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PREFACE

This symposium grew out of more than ten years of intensive investiga-
tions concerning frozen soil impacts in the northwestern United States
and other northern regions. The work was coordinated through the STEEP
(Solutions to Environmental and Economic Problems) organization, a re-
search consortium consisting of: Oregon State University, University of
Idaho, Washington State University, and the USDA Agricultural Research
Service. Many other institutions and agencies participated in, and con-
tributed to, this focused research. While much remains to be done, sig-
nificant progress has been made that should be documented. These sympo-
sium proceedings make much of this documentation available in one vol-
ume.

The organizing committee chairmen were:

Symposium Dr. Keith E. Saxton, USDA, ARS, Pullman, Washington
Vice Symposium Mr. Gary E. Formanek, USDA, SCS, Portland, Oregon

Program Dr. Myron Molnau, University of Idaho, Moscow, Idaho
Publication Dr. Keith R. Cooley, USDA, ARS, Boise, Idaho

Local Arrangements Dr. Don K. McCool, USDA, ARS, Pullman, Washington

We gratefully acknowledge the financial support provided by the USDA Soil
Conservation Service West National Technical Center, Portland, Oregon, and
the USA Corps of Engineers Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire (DA Project 4A161102AT24, Research in Snow, Ice and
Frozen Ground). We thank the many individuals who also contributed to the
success of the symposium and proceedings. We especially thank Shari L.
Hennefer of the USDA, ARS, Northwest Watershed Research Center, Boise, Idaho,
-or assistance in proofreading/editing the individual papers, and Stephen L.
Dwen of CRREL's Information Management Division for his assistance in pro-
acing this publication.

papers published in these proceedings are in the order shown in the
Sympob-um program. The authors submitted camera-ready copy to facilitate the
publication of the proceedings prior to the conference.
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FROZEN SOIL IMPACTS ON AGRICULTURAL, RANGE,

AND FOREST LANDS--AN INTRODUCTION

by

Keith E. Saxton, Gary E. Formanek and Myron MolnauI

INTRODUCTION

Soil freezing and thawing is a natural phenomena of any landscape in which the
climatic conditions and physical setting are such that heat transfer results in a soil
water phase change. Around the world, soil freezing takes on many patterns of cycles,
depths, and severity ranging from permafrost to never occurring.

Frost in the soil is extremely important to all the sciences and activities which are
represented on most landscapes such as the ecology, hydrology, agriculture, and
climatology. But it is where man's activities rely on land production that we begin a
special interest because now soil freezing may deny desirable results or significantly

modify expected benefits. Plants may be torn from their roots, infiltration prevented,
soil structure severely weakened, erosion magnified, and roads heaved.

Soil freezing impacts are particularly important on agricultural, range and forest
lands where mankind gleans valuable food and fiber while desiring to preserve the
sustainability of the land. It is on those lands were the climate is sufficiently cold to
cause intermittent to permanent soil freezing but yet mild enough for plant production
that soil freezing must be understood and the management options understood. Such lands
represent a large percent of the worlds land mass found generally in a band from mid-
latitude in both northern and southern hemispheres to often quite near the poles.

Large areas of cereal production, grasslands, and forests are included. Some 45% of
the land of the United States is impacted by freeze-thaw (Formanek et al., 1990). This
includes 1.2 million square kilometers of cropland, 1.3 million square kilometers of
forestland, and 1.8 million square kilometers of grazing lands.

Measurements and documentation of soil freezing have been a part of natural sciences
for a long time. The basic physics and interactions relative to agricultural production
have been well documented for many circumstances around the globe, for example the
observations of Post and Dreiblelbis (1942). Yet, detailed understandings, explanations
and predictions are wanting today when we attempt to describe such experiences as the
amount of infiltration and runoff from a melting snowpack or cold rain on a frozen or
thawing soil, the effect of tree removal on two areas with different slopes, or fertilizer
translocation after several freeze-thaw cycles.

Of particular interest is the management of agricultural soils where tillage is an
option for manipulating the structure and porosity for liquids and air. Empirical
evidence often has been obtained but the physical description and predictability are still
quite lacking. Thus we continue to attempt to develop more detailed theories and
experimentation with which to build our knowledge base.

The papers found in this publication present a broad summary of the current
understanding about frozen soils and their impact on the production activities found on

these lands. It is intended that the compiled information of these individual papers will
provide a sound base from which to develop the current status of frozen soil impacts and
launch additional research toward improved understanding and applications.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.

IResearch Agricultural Engineer, USDA Agricultural Research Service, Pullman, WA;

Agricultural Engineer, USDA Soil Conservation Service, Portland, Oregon; and Prof. of
Agricultural Engineering, Univ. of Idaho, Moscow, ID, respectively.



OCCURRENCES

Soil freezing is widely variable across regions, land forms, and management areas.
At mid-latitudes, the shallowest soil layers freeze and thaw ip an intermittent pattern
throughout the winter. Here surface residues, soil moisture and snow cover can
significantly impact the field-to-field variations of frost occurrences in both time and
depth.

In more northerly climates, a single, deep freeze occurs most winters regardless of
the field or forest treatment. Slight shifts in time and depth of freezing may occur, but
usually this is not significant enough to attempt major management strategies. However,

climatic variances such as radiation and snow depths may vary soil freezing patterns in
these regions.

Still further north in harsher climates, permafrost is the rule and all but limited
forest or rangeland production ceases and soil freezing is accepted as an unmanageable

natural occurrence. Interesting exceptions occur in these northern regions such as those
areas of Alaska where land naturally in forest and permafrost has been cleared for
agriculture and now has an unfrozen period each year in the upper several meters which
allows cereal production (Restad and McNicholas, 1983).

While much of the variation of soil freezing in all regions occurs as the result of
the climatic input variability, man's activities can often impact the soil-atmosphere
exchanges sufficiently to alter the occurrences and impacts. Vegetation or residue
removal or configuration can dramatically change the radiative and aerodynamic heat
exchange. Soil tillage will alter the soil's water and thermal characteristics (Kenny and

Saxton, 1988). These shifts need to be understood to improve management methods.

MEASUREMENTS AND RESEARCH

Recent advances in electronics, sensors, data acquisition, and computers have
Bnhanced the opportunity to more fully document and understand the frozen soil phenomena.
The capability to simultaneously monitor the energy exchanga between the atmosphere and a
soil mass has greatly enhanced the understanding of the complete system. Multiple natural
and created interface surfaces allow the separation and definition of influences by the
major layers of the atmosphere, plant material, and soil mass (Campbell, 1977; Flerchinger
and Saxton, 1989b).

Computer models have probably advanced the understanding and predictability of frozen
soils more than any other single capability. It is now possible to represent a rather
complete mathematical description of the energy and mass transfer physics within the
landscapes such that quite realistic and accurate predictions of soil freezing depths and
durations can be made (Flerchinger and Saxton, 1989a). These relatively complex recent
developments demonstrate why earlier, more simplified approaches often provided only
estimates for some circumstances and time periods (Cary et al., 1978).

Predictions with detailed models on todays computers can provide much needed insights
about soil freezing impacts and management opportunities. While these soil freezing
estimates are now acceptably accurate for many applications, the required input data are
still often not readily available for the regions and locations of interest. Hard
decisions will need to be made concerning the quantity and distribution of input data to
be acquired for many frozen soil applications such as large scale flood predictions.

IMPACTS OF SOIL FREEZING

Soil freezing and thawing impact productive lands in many aspects which may be either

positive or negative for the production of food and fiber. Soil morphology reflects the
natural occurrence of freezing over the eons during which it developed; the associated
plant community is that adapted to the expected freezing conditions; and the mean
hydrologic occurrences reflect the impacts of freezing. Thawing of permafrost allows soil
surfaces to dry which results in a wind erosion hazard; logging methods on fragile sites
can be highly effected by soil freezing; rangeland trampling and winter access for
livestock feeding can be impacted.
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Land application of agricultural wastes must consider limited application periods to
avoid impacting runoff quality. Methods such as residue and tillage management may
provide longer application periods and better trafficability. Agricultural waste
applications are becoming an even more important issue with the recent emphasis on low
input, sustainable agriculture and organic matter management.

Soil erosion impacts on crop production is a serious problem and runoff on frozen
soils is clearly associated with years of high soil loss (McCool and Molnau, 1974). Soil
frost may greatly reduce the infiltration capacity of the soil through changes in
hydraulic characteristics of the soil (Kane, 1980).

It is primarily when management by mankind is imposed on the landscape that we become
most concerned with more fully understanding and manipulating the soil freezing of the
land. The introduction of new plant species often finds them adversely impacted by soil
freezing and heaving. Baring large acreages through cultivation, severe grazing and
unwise logging creates more opportunity for shallow freezing, freeze-thaw weakening of the
soil structure, and increased resource degradation through runoff and erosion. Downstream
flooding can dramatically increase. Chemical applications and redistributions can become
increasingly complicated and hazardous with the advent of soil freezing.

Defining soil freezing impacts on the soil system and its functions as related to
plant-water-environmental relationships is of high importance in modern agricultural
science of colder climates. Not only the occurrence of soil freezing must be predictable,
but we must define the changes and impacts which result from that freezing as they relate
to other natural process and production practices. With improved knowledge of both
occurrence and impact of soil freezing, appropriate management choices can be made for
resource utilization and conservation on our farms, rangelands, and forests.
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FROZEN SOIL, RUNOFF AND SOIL EROSION RESEARCH IN NORTHEASTERN OREGON

by

John F. Zuzel and J. L. Pikul, Jr.'

INTRODUCTION

Soil erosion is excessive on much of the nonirrigated cropland used to produce small
grain east of the Cascade Mountains in the Pacific Northwest and in the northern parts of
the Intermountain West. Average annual soil losses range from 5 to 50 t/ha but losses in
excess of 200 t/ha have been reported (McCool et al., 1976). There is a strong associa-
tion of frozen soils with increased runoff, flood producing runoff, soil erosion, and
sediment production (Tigerman and Rosa, 1951; Storey, 1955; Johnson and McArthur, 1973).
Rain on snow can contribute significantly to flood damage but may also contribute sig-
nificantly to annual water yield in some low elevation basins. Severe winter flooding
occurs frequently and has produced some of the highest peak discharges recorded at some
runoff stations (Johnson and McArthur, 1973). These runoff events usually occur from
December through March while the soil is frozen and play a major role in erosion and
sediment production (Yen and Molnau, 1982; Zuzel et al., 1982).

The climate of these areas is characterized by cold, humid winters and dry, hot sum-
mers. Winter rainfall intensities are relatively low, usually less than 4 mm/hr (Brown
et al., 1983). The winter climate is also characterized by a shallow, transient snow-
pack. Frozen soil is also transient and may freeze and thaw several times each winter
(Zuzel et al., 1986).

Because of the adverse impacts of soil frost on soil erosion, sedimentation, and
water conservation, the prediction and eventual modification of frost formation and thaw-
ing has been identified as a major research need by the Soil Conservation Service. In
response to these concerns, a research program addressing soil frost was begun at the
Columbia Plateau Conservation Research Center beginning in 1979. The objectives of this
research were to: 1. predict depth and duration of soil freezing and thawing; 2. quan-
tify the effects of tillage and residue management on depth and duration of soil frost;
3. predict the effects of both extended freezing periods and diurnal freezing and thawing
on development of low permeable soil crusts; 4. relate the importance of soil frost to
runoff, erosion, and sediment production for field sized areas; and 5. validate soil
moisture conservation responses to repeated diurnal freezing and thawing. The purpose of
this paper is to briefly review the progress of this research program.

SOIL FROST PREDICTION

Extended freezing

We simulated the presence or absence of soil frost for a thirty year period for
sites in niorthcentral Oregon using a physically based frost model described by Cary
(1982). Model inputs are daily maximum and minimum air temperature, snow depth, and
solar radiation. The model predicts net daily heat flux across the soil surface.
Cumulative daily soil heat flux is then used to predict the presence or absence of soil
frost. Negative values of soil heat indicate the presence of soil frost while positive
values indicate an unfrozen soil. The model was modified to predict solar radiation from
potential radiation, slope, aspect, and daily temperature range. The model was validated
using data from field research sites near Moro, Oregon. Measurements of plot runoff,
erosion, weather variables, soil temperatures and soil frost were collected from a field
planted to winter wheat each year for a 5 yr period. The model correctly predicted the
presence or absence of soil frost 80 percent of the time for the 5 yr calibration period
(Table 1 and Figure 1). Once the model was calibrated, 30 yr of soil frost were simu-
lated for the Moro weather station. The results showed that the soil was frozen from 6
to 116 days per year with an average of 57 days per year. The number of freeze-thaw
cycles varied from I to 7 cycles per year. The simulation and analysis has been ac-
complished for other sites in northcentral Oregon.

Presented at the Frozen Soil Symposium, March 21-22, 1990, Spokane, Washington.

'Hydrologist and soil scientist, USDA-ARS, Columbia Plateau Conservation Research
Center, P.O. Box 370, Pendleton, Oregon. Joint contribution of OSU and USDA-ARS. OSU
Tech. Paper No. 8954.
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Table 1. Characteristics of sites near Moro, Oregon used to verify the frost
prediction model.

Distance from Moro

Site and Elevation Slope Aspect Prediction weather station
winter number (i) (percent) (deg) (percent) (km)

1 561 14 S40W 83 0

2 567 11 S61W 82 0.5

3 539 24 N65E 91 2

4 539 25 N65E 63 2

5 539 24 N65E 80 2

Prediction column is the percent of days between 1 November and 31 March in
which frost occurrence was correctly predicted.

Diurnal freezing and thawing

Repeated freezing and thawing may accelerate surface crusting, resulting in
decreased water infiltration and erosion resistance. In addition, diurnal freezing and
thawing is a wasteful natural mechanism in terms of conserving soil moisture because
freezing induces water flow to the soil surface resulting in high evaporative water loss
during subsequent thawing periods. A finite difference numerical model was developed and
used to simulate soil temperature, depth of freezing, and water movement. A 7 hr freez-
ing period followed by a 12 hr thawing period was simulated. The results of the
simulation were compared with measured depth of soil freezing, water content, and tem-
perature. Simulated ice and water content of the top I cm of soil compared favorably
with the measured value. Simulated maximum depth of freezing also closely approximated
the measured value. Details of the model and results are given by Pikul and Zuzel
(1990).

TILLAGE AND RESIDUE IMPACTS

Tillage and crop residue can both significantly affect frost formation and thawing
in agricultural soils (Benoit and Mostaghimi, 1984). Soil frost was measured at a site
near Pendleton, Oregon under several tillage and residue treatments over a 4 yr period.
Residue and tillage treatments included standing stubble, fall plow, fall chisel, straw
mulch, bare surface, and winter wheat. Frost depths during freezing weather were deter-
mined by hand sampling and duplicate frost tubes (Ricard et al., 1976) in each treatment.
In addition to meteorological variables, frost depth, snow depth, and soil temperatures,

5



we measured soil heat flux at the 1-cm depth during selected time periods. We used
duplicate sensors, each of which averaged the signal from 2 heat flux plates. The maxi-
mum frost penetration occurred in the bare surface treatments for all 4 yr, while the
minimum occurred in the standing stubble (Pikul et al., 1986). Frost depth and snow
cover for the 1983-1984 winter are shown in Figure 2. The persistence of soil frost

15 SNOW 3SCOVER -- Bare Surface
E 2 ...... Standing S2ubble

O CHISELED

I-
P OWED

OIUI~I~hIflI~~w~1BURNED
STUBBLE -4 ,-

v 1 3 5 7 9 II 13 15 17 19
Is February, 1982
0 STANDING Figure 3. Soil heat flux for a thawing

STUBBLE period of clear skies, high radiation

15 inputs and warm air temperatures.

0 ,,,i,,, - DISKED

20A 30 10
DECEMBER JANUARY

Figure 2. Frost depth and snow cover for
5 tillage treatments during the 1983-1984
winter. Lighter colored bars indicate a
porous concrete frost.

during thawing weather is linked to both surface residue cover and weather conditions
during the thaw. Average heat flux in the bare surface treatment was 40% greater than in
the standing stubble treatment in 1982 when clear skies and warm air temperatures
prevailed (Figure 3). Because of greater heat input in the bare surface treatment, both
the standing stubble and bare surface treatments thawed the same day, even through the
bare surface treatment was frozen to a greater depth. During 1980 the weather was
characterized by lower air temperatures and cloudy conditions. Soil heat flux in the
bare surface treatment was only 20% greater than the standing stubble (Figure 4). Under
these conditions, the stubble treatment thawed 4 days earlier than the bare surface
treatment.

4

3

/ V\ 

Bare Surface

S --------- ------------ Figure 4. Soil heat flux for
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RUNOFF AND EROSION

Beginning in 1979 and continuing for 5 yr, we obtained soil erosion and runoff
measurements from widely scattered sites in the dryland small grain producing area of
northeastern Oregon. The purpose of this research was to evaluate the climatic,
physiographic, cultural, and soils factors responsible for producing runoff and erosion.
Each site was equipped with holding tanks to collect all runoff and sediment from dupli-
cate bordered plots. Each site was equipped to provide continuous recordings of
meteorological variables and soil temperatures as well as plot runoff. The data in Table
2 illustrate the importance of frozen soil in the runoff and erosion process as well as
the influence of snowmelt and rain on snow. The data also show the extreme site to site
variability, even though all the sites are located in the same general physiographic
area. Sources of this variability are slope, aspect, soil type, and depth and duration
of the snowpack (Zuzel et al., 1982).

Table 2. Soil and climatic conditions responsible for November-March measurable
runoff and erosion from experimental plots in northeastern Oregon, 1979-1984.

Number of events in five years
Condition Site A Site B Site C Site D

Frozen soil, snowmelt 8 2 2 1

Frozen soil, rain and snowmelt 4 4 2 2

Frozen soil, rain 1 1 3 0

Thawed soil, snowmelt 2 1 0 0

Thawed soil, rain and snowmelt 2 1 1 0

Thawed soil, rain 11 5 3 0

Locations of sites were: A, Wasco county; B, Sherman county; C, Gilliam

county; and D, Morrow county.

The importance of snowmelt was evaluated from the site data by partitioning the ob-
served snowmelt hydrographs into the individual melt components using an energy balance
model (Zuzel et al., 1983). This procedure identified two distinct types of snowmelt.
The first type of snowmelt event is typified by warm air temperatures, a largely negative
energy balance, and low turbulent transfer rates as the result of low windspeeds. The
snowmelt produced by these conditions is refrozen in the pack, and evaporation is
dominant in ablation. Since no runoff is produced, this scenario is unimportant in
runoff and erosion, but is important from the standpoint of water conservation because of
the potentially large evaporative losses. The second type of event is characterized by
rain on snow, high windspeeds providing an effective turbulent transfer mechanism, and
high dewpoint temperatures resulting in condensation at the snow surface. These condi-
tions accelerate the snowmelt rate beyond that expected from radiation, sensible heat,
and advected heat. These conditions are associated with the rapid intrusion of warm,
moist Pacific air masses and if the soil is frozen can be a major factor in accelerated
runoff and erosion. Because these soils usually freeze at a high moisture level, the in-
filtration capacity is severely curtailed or nonexistent and nearly all precipitation and
snowmelt runs off.

A method to quantify daily rainfall amounts associated with different antecedent
conditions was developed and the relationships between daily rainfall, frozen soil, snow
on the ground, and runoff were investigated (Zuzel, 1986). The procedure incorporates
the soil frost model described under the extended fteezing section with an algorithm for
extracting rain and rain-on-snow events in the presence or absence of frozen soil from 30
yr weather records. A flowchart of the algorithm is shown in Figure 5. Outputs from
this procedure are probability distributions of rain and rain on snow in the presence or
absence of soil frost. An example of these distributions is shown in Figure 6. The
events produced by the algorithm were correlated with crest gage data for a site in
northcentral Oregon. This analysis provided an estimate of the precipitation amount
necessary to produce runoff. The crest gage had been in operation 20 yr and of the 20
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peak discharges recorded, five years had no flow, one peak occurred in June and 14 oc-
curred during the November-March period. The analysis showed that eight of these 14
events were the result of rain on snow while the remaining six were the result of rain
with no snow cover. Moreover, the soil was frozen during seven of the eight rain-on-snow
events and one of the rainfall events. Regression analysis of the available variables
indicated that daily precipitation amount and snow depth jointly accounted for 73% of the
variance in runoff peaks.
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INFILTRATION

We conducted a study designed to determine the effects of three tillage treatments
on water infiltration. The study was done near Pendleton, Oregon on a Walla Walla silt
loam soil (Typic Haploxeroll, coarse-silty, mixed, mesic). We measured infiltration
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rates using a Palouse rainfall simulator (Bubenzer et al., 1985) before, during, and
after a period of frozen soil on three tillage treatments. Infiltration rates were com-
pared for standing stubble, chiseled stubble, and winter wheat (Triticum aestivum, L.)
after summer fallow. The tests were conducted in the fall after seeding the winter wheat
and chiseling the standing stubble, in the winter when the soil was frozen, and in the
spring when the soil was thawed. The experimental area was in a summer fallow-winter
wheat rotation. The tillage sequence of this cropping system was spring moldboard Flow,
three rod weedings during the summer, and seeding in late October. Soil bulk density
measurements in the standing stubble indicated a maximum bulk density at 17 cm, about the
depth of plowing. A chiseling depth of 25 cm was chosen in order to fracture this high
den- 4ty layer and create zones of high water flow through the compacted surface layers of
soil. The results of the three infiltration tests are show in Table 3. For the fall and
spring runs, the chiseled stubble had the highest infiltration rate, followed by the
standing stubble and the winter wheat. The final infiltration rates for the three treat-
ments in fall and spring did not differ appreciably. Under frozen soil conditions, some
infiltration occurred in both the standing stubble and chiseled stubble, but no infiltra-
tion occurred on the winter wheat treatment (Figure 7). The results also showed that the
beneficial effects of chiseling on water infiltration wete not diminished over the winter
recharge period. Details of this study are given by Zuzel and Pikul (1987).

.1~-.010o

80

C
0 Figure 7. Measured infiltra-

tion for the three tillage
It, 40.+ treatments in January, 1985.

C
0

20-2.St "" ......... .

........... ......... ......
S..... ......... ............

60 120 180Time (rain)

Table 3. Final infiltration rates in mm/h by treatment and

season.

-------------- Season --------------

Treatment Fall Winter Spring

Wincer wheat 3 0 3

Chiseled stubble 11 6 16

Standing stubble 7 1 8
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NATURE OF THE CRYIC THERMAL REGIME OF AGRICULTURAL SOILS

IN THE YUKON TERRITORY, CANADA

by

C.A.S. Smith1

INTRODUCTION

The Yukon Territory is located in northwestern Canada between 60 and 69 degrees
north. It is bounded by the state of Alaska to the west and the province of British
Columbia to the south (Figure 1). The Territory occupies the northern extension of the
western cordilleran, being an area of north-south trending mountain ranges with broad
plateau areas in between.

Much of the southern and central portions lies in a rainshadow created by the coastal
St. Elias range. Whitehorse receives annual precipitation of 261 mm and has a mean annual
temperature of -1.2 degrees C (Table 1). Dawson receives 306 mm of precipitation and has
a mean annual temperature of -5.1 degrees C (Atmospheric Environment Service, 1982).
Dawson has a pronounced continental climate; winters at Dawson are significantly colder
than in Whitehorse but summers are warmer. Agricultural conditions are more favourable in
the Dawson area with over 1000 growing degree days (GDD >50C) as compared with
approximately 900 GDD in the Whitehorse area (Wahl et al., 1987). Air temperatures,
therefore, limit agricultural activities to the production of forage crops and cold-hardy
vegetables.

Table 1. Climatic conditions of the two study areas.

Location Elev. Latitude Longitude Mean Temp.(0 C) Precipitation GGD>50 C FFP
(m) Annual Summer (mm) (days)

Dawson 320 64003'N 139 0 26'W -5.1 14.2 306 1015 91

Whitehorse 703 60043'N 135 004'W -1.2 12.1 261 890 82

Both Dawson and Whitehorse lie within the discontinuous permafrost zone (Brown,
1978), but there is no permafrost within the control sections of the soils monitored. The
soils are weakly weathered, lack organic matter in their surface horizons and have
alkaline to neutral reactions (Tarnocai, 1987). In the Whitehorse area, cultivation is
most common on glaciolacustrine and fluvial sediments in the Takhini and Yukon valleys.
In the Dawson area, cultivation is most common on the alluvial soils of the Klondike
Valley.

The objective of this paper is to present data on the thermal regime of soils used
for agricultural purposes in northern Canada. Data recorded at two sites over a period
five years are analyzed for soil climate properties. Data from a third site recorded on a
daily basis over a nine month period are examined to describe seasonal effects.

IPedologist, Agriculture Canada, Land Resource Research Centre,
P.O. Box 2703, Whitehorse, Yukon, Canada YlA 2C6
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Table 2. Comparison of soil climate parameters at 50 cm depth of Yukon sites
with two sites from Alaska and southern Canada.

Location MAST MAAT1  MSST Degree Days >5*C Soil Thermal Regime
Soil Air U.S. Canada

Dawson, YT 0.9 -5.1 7.4 269 1015 Cryic Very Cold

Whitehorse, YT -0,1 -1.2 4.1 13 890 Pergelic Very Cold/
Extremely Cold

Fairbanks, AK 2.1 -2.7 9.5 .... Cryic Cold

Palmer, AK 3.0 1.3 11.2 .... Cryic Cold

Swift Current, SK 6.1 3.3 16.4 1576 1675 Frigid Cool

Ottawa, ON 8.8 5.9 17.5 1841 2072 Mesic Mild

1MAAT - mean annual air temperature

Table 3. Soil climate parameters based on best-fit curves for three depths.

00C 50C 150C

Location SEE 1 Thaw Freeze Days Spring Fall Days Spring Fall Days
>00 >50 >150

Dawson

10 cm 2.94 Apr.29 Oct.7 161 May 19 Sept.18 122 July 7 July 30 23

20 cm 2.37 May 4 Oct.13 163 May 25 Sept.20 118 .... 0

50 cm 1.47 May 12 Nov.10 182 June 13 Sept.25 104 .... 0

Whitehorse
10 cm 2.06 Apr.26 Oct.15 172 May 26 Sept.17 114 .... 0

20 cm 1.59 May 3 Oct.22 172 June 10 Sept.18 100 .... 0

50 cm 1.12 May 23 Nov.4 165 July 23 Sept.2 41 .... 0

1SEE - standard error of estimate, a measure of variation of observed temperature about
the estimated regression curve. Higher values indicate greater range in possible
dates when specified temperatures are reached.
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METHODS

All atmospheric climate data presented in this paper are from the 30 year normals for
Dawson and Whitehorse as reported by Atmospheric Environment Service (1982). All soils
are classified and soil properties described according to Agriculture Canada Expert
Committee on Soil Survey (1987) for Canadian taxonomies and Soil Survey Staff (1975) for
U.S. equivalents.

Soil temperatures in two pedons representative of Yukon agricultural soils were
monitored between September 1984 and July 1989. At Dawson, the soil belongs to the
Klondike soil association (Rostad et al., 1977), and is formed on fluvial parent material
of silt loam overlying gravelly sandy loam. The soil is well-drained and classified as an
Orthic Eutric Brunisol (Typic Cryorthent). This soil was initially underlain by
permafrost prior to its clearing and cultivation 30 years ago. A soil belonging to the
Shaneinbaw association (Day, 1962) was monitored in similar fashion near Whitehorse. The
soil is imperfectly drained, formed on silty clay loam glaciolacustrine parent material
and is classified as Humic Gleysol (Typic Cryaquept). At both sites the perennial forage
crop bromegrass (Bromus inermis Leyss) is grown.

Soils were instrumented with YSI 44004 thermistors (calibrated to ±0.10C) at depths
of 2.5, 5, 10, 20, 50 and 100 cm. Measurements were taken with a 3.5 digit multimeter on
a monthly basis during the winter and somewhat more frequently during the summer months.
Readings were usually obtained during the late morning. These data were analyzed
according to the method of Hayhoe et al. (1987) and Mills et al. (1977). The normal
annual soil temperature cycle for the depths 10 through 50 cm were fit as a function of
time to a Fourier series curve with two harmonics (Hayhoe et al., 1987; Eqn. 2). Values
were calculated for mean annual soil temperature (MAST); mean summer soil temperature
(MSST), i.e. mean of June, July and August readings; and days and degree days above 0, 5
and 15 degrees C.

A third site was also instrumented near Whitehorse, belonging to the Lewes soil
association. The soil is formed on fine sandy loam glaciolacustrine parent material, is
well drained and classified as an Orthic Eutric Brunisol (Typic Cryocrept). Thermistors
were installed at depths of 10, 20, 40, 60, 80, 100, 120 and 140 cm. Unshielded
thermistors were also located 1.5 m above ground to record air temperature and at 5 cm
above ground to record snow pack temperature during the winter months. Readings taken
each day at midnight were recorded on a Campbell Scientific CR-10 datalogger. The period
of monitoring ran from November 1, 1988 to July 30, 1989. These data were analyzed for
seasonal trends in cooling and thawing.

RESULTS AND DISCUSSION

Soil climate monitoring

Annual soil temperature curves for the 50 cm depth are given for the Klondike and
Shaneinbaw soil in Figure 2. Curves are based on mean monthly values which peak at both
sites in August and reach a minimum in March. The continental climate at Dawson is
reflected in cooler winter soil temperatures and warmer summer temperatures. However, the
MAST of these two sites are very low for agricultural soils (Table 2). The Shaneinbaw
soil with a MAST of <0 degrees C would have a pergelic thermal regime. In contrast, soils
near Ottawa, Ontario, and Swift Current Saskatchewan, have MAST between 6 and 90C.
Further comparison is noted in the growing degree days >50C (GDD>5). Although there are
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1015 GDD>5 at Dawson this is recorded as only 269 GDD>5 in the soil at 50 cm depth. Swift
Current with 1675 GDD>5 has over 1500 GDD>5 at this depth and is presumably a reflection
of the much colder subsoil temperatures at the Yukon sites.

In comparison with Alaska agricultural soil temperatures the MAST for the Dawson and
Whitehorse sites are only slightly cooler than those at Fairbanks and Palmer. Ping (1987)
reports values of 2.1 and 3.0 respectively at 50 cm depth (Table 2).

The nature of soil temperatures during the growing season is shown for the two sites
in Figure 3. The temperatures in the plow layer (10 and 20 cm) at the Dawson site reach a
maximum of 15.5 0C (based on mean monthly values) although individual values as high as
220C have been recorded occasionally at this depth. Soil temperature in the plow layer is
less at the Whitehorse site with maxima of only 100C. However, individual readings as
high as 200C have been recorded at this site. While the length of time that the plow
layer (10 cm depth) remains thawed is greater in the Shanejnbaw soils than in the Klondike
soil (172 versus 161 days), the number of days when the soil temperature is above 5oC as
well as the GDD>5 are greater in the Klondike soil (Table 2 and 3). The 5°C soil
temperature value is known to be important for germination and biological growth. Hence
the effective growing season within the Klondike soil is greater as shown by the hatched
areas in Figures 3a,b. The higher moisture regime of the Shaneinbaw soil contributes to
its generally cooler thermal regime.

Soils seldom reach temperatures over 150C for any length of time (Table 3). The
soils remain frozen for more than half the year and do not begin to thaw until the end of
April. Surface layers return to the frozen state by mid October. The effect of cold deep
ground temperatures is evident in the Shainebaw soil from Whitehorse. Cooling occurs from
below at the 50 cm depth in the fall. An inverse cooling trend is observed in the fall
dates at which soil temperatures drop below 50C.

Both these soils at the field sites are irrigated and, with ample fertilization,
produce up to 6,000 kg/ha/yr of grass hay. These annual curves may represent the minimum
soil temperatures which can support commercial field crops. Agriculture has not yeat
proven to be viable in locations at higher elevation or further north than the sites
reported here.

Seasonal monitoring

The monitoring of soil temperatures on a daily basis was undertaken at a second
Whitehorse site on the Lewes soil association. This soil has formed on similar parent
material about 10 km east of the Shaneinbaw site. The well-drained soil remained fallow
during the period of monitoring.

Figure 4 presents a summary of the thermal regime. Comparison of the geotherms with
the annual curves for the Shaineinbaw soil indicate that the winter temperatures recorded
were near the monthly mean values plotted in Figures 2 and 3 but that the summer
temperatures were higher. These higher summer temperatures are a result of the bare dry
soil surface and an unusually warm July in 1989, approximately 20C above normal.

The annual curves indicate that cooling begins in late August. The freezing
front had progressed to a depth of 40 cm when monitoring began on November 1.
The thermal gradient is small during the early winter with only 3 to 40C
difference in temperature between the 10 and 140 cm depths. Cooling progresses
at all depths until mid February when the minimum temperatures were recorded at
10 cm. Minimum temperatures were recorded at 140 cm in April and May when the
freezing front progressed to depths greater than the deepest sensor.
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Fig.4 Geotherms showing seasonal temperature distribution in the Lewes sandy loam soil
at Whitehorse.

Warming begins rapidly towards the end of April once the winter snow pack has melted
and almost isothermal conditions are reached in mid May. The difference in the nature of
the cooling and warming rates can be largely explained by the presence of a large snow
pack which insulates the soil from the effects of cold winter air temperatures. There is
no summer insulating factor and temperatures over 16C were observed at the time of
midnight recording in July.

In order to examine more closely the cooling phenomena during the winter one extreme
"cooling event" was analyzed to calculate maximum cooling rate, temperature lag, and the
thermal diffusivity within the surface meter of soil.

The effect on soil temperatures of an intense cold spell is presented in Figure 5.
The air temperature dropped from -2*C on January 28 to a minimum of -33 on February 2 and
warmed back up to -2.5 on February 9th, 1989. Temperature curves for the snow pack and
four soil depths are plotted and the slopes of the cooling portion of the curves
highlighted. Note that the slope angles (cooling rates) are greatest near .he surface and
decrease with depth. The lag effect is shown by the dates at which the coldest
temperatures are recorded at each depth. Minimum temperatures were recorded on February 3
in the snow pack, February 7 at 10 and 20 cm and on February 9 at 40 cm. No distinct
minimum beyond the seasonal cooling was noted at 80 cm or deeper.

The rates that were observed during this cooling event are taken as maximum rate, for
the season and are plotted on Figure 6. The snow pack cooled at a rate of almost
1.40C/day over a period of four days. Within the soil, rates of between 0.6 and
<0.2°C/day were observed. These values are larger by an order of magnitude than the
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values taken as seasonal cooling rates. These were calculated as the total temperature
drop between November 1 and the date at which the annual minimum temperature was achieved
at each depth. A seasonal value of 0.060 C/day was calculated at 10 cm depth and
0.025°C/day at 100 cm and deeper.

Warming trends in the soil between April 20 and July 15 indicated that surface soils
(10 cm) warm at a rate of approximately 0.20°C/day and soils at the base of the rooting
zone (50 cm) warm at the rate of approximately 0.12 0C/day. Hence seasonal warming rates
are larger, by an order of magnitude, than seasonal cooling rates.

Thermal diffusivity was calculated using the equation Kz 2/2wt 2 as described in Burn
and Smith (1988). Thermal diffusivity, K, is the ratio of thermal conductivity to
volumetric heat capacity and thus is an index of the change in temperature with time and
depth in the soil (Armson, 1977). It is calculated as a function of the thickness, z, of
the lag interval (m), the angular velocity of the wave, w,(s -I ) and the lag time, t, (s).
Using the depth interval of 0.30 m between the readings at 10 and 40 cm, and w equal to
6.05xi0-6 based on a wavelength of the cold period o( 12 days (the period between A and A'
on Figure 7), the thermal diffusivity was calculated as 2.4xi0-7 m2s-I. This is less than
the value of 2.5x10-7 m2s- reported for frozen peat in the central Yukon (Burn and Smith,
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1988) but equivalent to the value reported by Nakshabandi and Kohnke (1965) for unfrozen
dry loam. Thermal diffusivity has been shown to increase with deciceasing temperature from
-1 to -500° (Farouki, 1981). The dynamic nature of the property is attributed mainly to
the conside.able changes in the unfrozen water content through this temperature range.

The temperature buffering effect of snow cover and the condition of the snow pack is
illustrated in Figure 7. Whitehorse winter temperatures aret highly variabla. The
standard deviation of 6*C for January mean temperatures for south central Yukon are the
largest in Canada (Wahl et al., 1987). Midnight air temperaltures varied through the
period of monitoring from +10C to a low of -340C. The equivalent snow pack temperatures
during that same period only varied between -3 and -10*C. Most of the winter ithe sno4
pack temperature is greater than the air temperature. However, ldhen air temperature rises
quickly during incursions of maritime air into the Whitehorseg area, the snow I)ack may
temporarily remain colder than the air temperature. These intervals occurred about a
dozen times during the winter.

Maximum insulating effect is felt when the snow pack is thick (>50 cm) andt of low
density. A thaw in November left the early season snow pac'k in a dense icy condition
which provided little insulation. In this condition the snow pack temperature re, ached
almost as low as the air temperature. As the snow melted in April, the snow/ pack
temperature approached O0 C and upon melting the surface !soil was heated and cooled
directly according to air temperature (Figure 7). Ping (1987) concluded that elfserved
warmer wintcr soil temperatures in Fairbanks relative to Palmier, Alaska were the renault of
the ephemeral nature of the snow pack at the climatically warmer Palmer site. Sirnilarly
at Whitehorse and Dawson, colder soil temperatures could be expected In winters with less
snow.

CONCLUSIONS

I. Soils with very cold (cryic) and extremely cold (pergialic) soil thermal regin es still
have value as media for agricultural production. A 'MAST of -1.0 and MSST C f 40C at
50 cm depth after cultivation may represent the minimum temperature necessary to
sustain annual commercial crop production.

2. The soils studied have MAST and MSST values up to 80C colder than soilfi from the
traditional areas of agriculture in Canada but are roughly similar to algricultural
soils in the central interior of Alaska.

3. The general thermal properties and thermal responses of these northern sjoils are no
different than soils of more temperate environments. Colder ground temperatures
below the soil control section seem to inhibit subsoil warming.

4. Slight differences in the continentality of the climate at Dawson and V'hitehorse are
reflected in the soil climates at each location. The soils ir the W'hitehorse area
are subject to long slow periods of cooling (0.02-0.06°C/day) lasting eaight months of
the year and short, intense periods of warming (0.1 to 0.2°C/diay) liasting three to
four months of the year.

5. Snow has an extremely important effect on MAST and on the cooliing, thawing and
minimum temperatures experienced in cleared soil in any given year.
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SOIL FREEZING IN A SUBARCTIC DECIDUOUS FOREST

by

1 21Larry D. Hinzman1 , John D. Fox and Douglas L. Kane

INTRODUCTION

The soil hydrologic and thermal regimes are dynamic systems which change not only in
response to the meteorologic control at the surface but also change due to the coupling
that exists between them. The hydrologic and thermal regimes interact to such an extent
during phase change that one can not be understood without considering the other. This
interaction is manifested in the rate and direction of soil moisture movement, rates of
temperature change and rates of soil freezing.

We studied the process of freezing in the field in order to compare techniques of
measuring and calculating depths and rates of freezing. Our intensive analysis of a site-
specific data set allowed comparison of some commonly accepted methods and some
potentially useful new approaches. The changes in the thermal and hydrologic variables
which accompanied soil freezing were monitored during the 1987-1988 winter.

EXPERIMENTAL PROCEDURE

The selected site was a subarctic deciduous forest on a north-east facing slope near
Fairbanks, Alaska. This site is well drained in a non-permafrost area with a 10% slope.
The soils are Fairbanks silt loam and consist of 5 cm of highly organic soil overlying 10
m of very uniform loess. To enhance coupled heat transport, the soils were irrigated for
several weeks prior to freezing in mid-October to increase soil moisture to 40% by volume
in the top 1 m. These soils have relatively high percolation rates and by November the
moisture had drained to about 30%. Primary vegetation is birch (Betula papyrifera), with
a typical understory of horsetails (Ecruisetum spp), bluejoint grass (Calamagrostis
cavadensis) and scattered alder (Almus crispa).

The site was instrumented with soil thermistors in small increments near the surface,
at 10 cm above the surface, 0, 10, 20, 30, 40, 60, 80, 100, 125, 150, and 240 cm below the
surface and in greater increments as the depth increased, 0.6, 1.6, 2.6, 3.6, 4.6, 5.6,
6.6, 7.6, 9.6, and 11.6 m. The air temperature, relative humidity, net radiation, and
soil surface heat flux were also measured. The soil thermistors were sampled every 30
minutes and averaged every hour. The meteorologic sensors were sampled every minute and
averaged every hour. All of these measurements were recorded on a Campbell Scientific 21X
data logger from October 1987 until April 1988.

The unfrozen soil moisture was measured using a Tektronix time domain reflectometer
(TDR) about every 10 days. The TDR measures the dielectric constant of the soil which can
be related to the unfrozen soil moisture (Stein and Kane, 1983; Smith and Tice, 1988).
Probes, 30 cm in length, were installed horizontally at depths of 5, 10, 15, 20, 25, 30,
35, 40, 50, 60, 70, 80, 120, and 150 cm. Total soil moisture and soil density were
measured using a Campbell Pacific Strata Gage. Similar instruments have proven to be very
useful in studies of moisture movement in frozen soils (Goit et al., 1978). This is a
dual probe system which contains a gamma source and detector for determination of density
and a fast neutron source and thermal neutron detector for determination of moisture.
Density is measured between the two probes while moisture content is measured in a sphere
of influence around one probe. It directly outputs total moisture content and wet and dry
density in 5 cm increments from the surface to 60 cm in user specified units.
Measurements represent the integration of a 32 second sample period. Access tubes made of
2.5 cm diameter thin-walled aluminum were installed in the field to allow measurement in
the same location throughout the winter. The tubes were tightly capped at both ends to

Presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.
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prevent moisture from entering and to minimize heat transfer. Total soil moisture was

measured with the same frequency as the unfrozen soil moisture.

The Strata gage was recalibrated for moisture measurement in the laboratory using

soils collected at the experimental site. The factory calibration for density proved

adequate when checked against these soils and pea gravel. The Strata gage was calibrated

using large wooden boxes (100 cm x 60 cm x 60 cm) of soil. These boxes were equipped with

aluminum access tubes identical to those used in the field and the boxes were surrounded

with other containers of soil to emulate field geometry. As suggested by Rawitz et al.

(1982), the accuracy of the laboratory calibration was checked in the field by collecting
samples in a test site near the experimental site. After measurement with the Strata
gage, samples were collected and bulk density and moisture content were determined. This

instrument is rated by the factory to operate only at temperatures above OC, but in a 17

hour cold test, the instrument was allowed to cool from 22"C to -IO'C and reported nearly

identical results throughout the day.

MODELING PROCEDURE

The Stefan equation, modified by Kersten (1959) for layered media, was used to
calculate frost depth using the Fairbanks airport climatological data. The standard use of
these equations, referred to as the St. Paul (Minnesota) equations, employs one set of

calculations for the whole freezing season and generally assume no snowpack, i.e., typical

of roads and runways. However, we included the snowpack as another layer in the profile

and implemented this technique on a daily basis. This allowed a continual updating of the
variable snowpack thermal resistance and yielded information on the progression of the
frost front. A paper detailing these procedures, which link the St. Paul equations with a

soil water balance model, is currently in preparation (Fox, 1989).

Briefly, if the snow-soil profile is broken into a number of compartments and N(n+l)
is the number of freezing degree-days available after n compartments are already frozen,

then the depth of frost penetration into the (n+l) unfrozen compartment or the daily

increment to the previous frost depth is given by:

nd(n+l)=-K(n+l)'(E Ri]+{K(n+l)'[E Ri]2+[48"K(n+l)'N(n+l)/(L'O(n+l))]}I

i=l
where,-l-.-

K+ 1 = soil compartment thermal conductivity, cal cm- h- C -

48 = 2 * 24 h/day
L = latent heat of fusion, cal/g
e = volumetric moisture content, g/cm3

Nn+l = number of degree-days necessary to freeze n+l compartment
n

= [L.en+l.xn+i/24).[z(Ri)+Rn+i/2]
i=1

Xn+l = thickness of the n+l soil compartment, cm.
Rn+l = xn+i/Kn+l = thermal resistance of n+l1

compartment, h cm2"C cal-

Z(Ri) = cumulative thermal resistance of the profile above
the n+l compartment, h cm2"C cal-

The total frost depth is the sum of the completely frozen compartments plus the
frost penetration into the partially frozen (n+l) compartment or

n
Dfr = Z (xi) + d(n+l)

i=l
where,

Dfr = Depth of frost from surface, cm.

Soil thermal conduct.vity was calculated using Johansen's (1975) method (as cited by
Farouki, 1981). Soil lacent heat of fusion is the latent heat for water multiplied by the
volumetric water content of the soil. The thermal conductivity of snow was estimated from
Jumukis (1977) while the thermal resistance of the snowpack was simply the snowpack
thickness divided by the snow thermal conductivity.
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The second method of simulating the frost depth is the TDHC model. TDHC stands for
Two Dimensional Heat Conduction and was developed by Goering and zarling (1985). It is a
nonsteady state finite element prograr, written in BASIC and operates on IBM compatible
microcomputers. The program calculates phase change and accounts for latent heat through
the Dirac delta function. Frozen and thawed thermal properties are incorporated into
linear triangular elements. Calculations are based upon the two dimensional heat
conduction equation:

6/6x [K (6T/6x)] + 6/6y [K (6T/6y)] = C (6T/6t)

Where;
x = coordinate in horizontal direction, m
y = coordinate in the vertical direction, m
T = temperature, "C
C = heat capacity, J/m C
K = thermal conductivity, W/m'C
t = time, s

This equation of transient heat flow is solved using the Galerkin weighted residual
process. TDHC has been used by the authors with good results for calculating the depth of
thaw in continuous permafrost (Kane et al., 1989). It also performed well in comparison
to another model and to an exact analytical, solution (Zarling et al., 1989).

TDHC can be driven by many different forms of data input including harmonic or fixed
surface temperatures, constant heat flux, convection at the surface and/or an external
surface temperature or heat flux data file. In this application, the simulation proceeded
in one hour time steps using the measured soil surface temperature to drive the model. A
constant temperature specified the lower boundary condition at 11 m. Convection at or
below the surface was not considered. The soil thermal properties were determined from
empirical relationships of the soil material properties as described by Zarling et al.
(1989). Thermal properties, such as frozen and thawed thermal conductivity, frozen and
thawed heat capacity and latent heat can be input for each element and thus varied for the
entire profile, however only two soil zones were used with uniform properties in each
zone. The grid extended from the surface to 11 m consisting of 63 nodes and 80 triangular
elements with smaller elements near the surface and increasing with depth.

The use of the TDHC finite element model driven by on-site measured soil surface
temperatures, and the St. Paul equations driven by routinely collected National Weather
Service local climatological data, provides an opportunity to compare the effectiveness
and utility of the two models in relation to data requirements and availability.

RESULTS AND DISCUSSION

The 1987-1988 winter was especially mild by Fairbanks standards. Air temperature only
dropped below -30"C twice (Figure 1). Maximum snow depth was 38 cm and was less than the
average of 51 cm. Due to relatively high amounts of soil moisture and mild air
temperatures, the maximum depth of freeze was probabil less than normal for this locale.
The net radiation graphically describes a subarctic winter (Figure 2). Net radiation can
be quite high in the autumn and early spring, however as our daylength decreases, the
intensity of solar radiation also decreases and by late December, the net radiation is
near zero. The surface heat flux remained negative for most of the winter (Figure 3).
This actually simplified analysis of soil freezing. In subarctic and arctic climates,
sufficient warming to cause soil thawing usually happened only once a year, in the spring.
Consequently, during the winter, there was only one freezing plane and the freezing front
was usually continually advancing, though at a variable rate.

Although the air temperature dropped to -30°C, the soil, insulated by a snowcover and
warmed by phase change, never dropped below -7°C (Figure 4). The data in Figure 4 confirm
the validity of the assumption of constant temperature at 11 m. Measurements were
recorded until the soil temperature began to increace in April. The depth of freeze at a
particular depth was determined from the thermistors as the time when the temperature
dropped below O*C.
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Figure 1. Air temperatures during the 1987-1988 winter at the research site.
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Figure 2. Net radiation measured during the 1987-1988 winter.
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Figure 4. Soil temperatures measured at several depths during the 1987-1988 winter.
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The frost depth is quite apparent in the plot of decreasing unfrozen moisture content
with time (Figure 5). As the freeze front passed, the unfrozen moisture content dropped
from 30 to 5%. The unfrozen soil moisture represents an excellent indicator of the phase
of the soil and has been used for locating the frozen-unfrozen interface (Baker et al.,
1982). Even in very cold soils, some tightly held water will remain unfrozen. A frozen
silt will commonly contain 5 to 10% unfrozen water content (Stein and Kane, 1983). At the
point when the freezing front advances past the TDR probes, the unfrozen moisture content
will drop substantially. Although we did not monitor them continuously, the TDR method of
monitoring phase change offers several advantages over thermistors. In very wet soils,
the temperature may remain near 0*C for several weeks as the proportion of ice increases
and liquid water decreases. In these cases, freezing of the soil profile becomes more of
a slow process than an event, and determination of the depth of freeze involves more of a
range than a level.

The measurements of total moisture using the Strata gage yielded some useful
information. Measurement accuracy lapsed near the surface where the soil density was less
than the recommended minimum for operation of this instrument. After initially draining
to about 30%, the total moisture content of the soil did not change as drastically as
compared to the unfrozen soil moisture. However there is a distinct increase in moisture
content in the 30 to 60 cm layer over the course of the winter (Figure 6). Although this
change over the season may not be hydrologically important, the effect on the thermal
regime is significant. The migration of water vapor toward colder temperatures and liquid
water toward the freezing front is well documented and has been observed in numerous
studies (Goit et al., 1978; Williams and Wood, 1985). The process of moisture migration
will influence the freezing temperatures by adding sensible and latent heat and slowing
the advance of the freezing front. An excellent discussion of a field study of coupled
heat-moisture transport was published by Sheppard et al. (1981).

0
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60'-/\Ca / , .
15 " -l mlrv135 _____ __ ._ 

_ _ _ _

45-

0 5 10 15 20 25 30 35 40 45 50
UNFROZEN SOIL MOISTURE CONTENT (%by volume)

Figure 5. Unfrozen soil moisture content measured at several depths during the 1987-1988
winter.

26



0*

10-
, ,_

20-
E9 6 NOV 87

x 10 DEC 87
70 m 24 DEC 87

0 12 JAN 88.Q_40-
" 22 JAN 88

50- v 12 FEB 88

a 20 FEB 88

60- X v

70-
26 28 30 32 34 36 3s 40

TOTAL MOISTURE CONTENT (7o by volume)

Figure 6. Total moisture content at several depths in the soil profile during the 1987-
1988 winter.

TDHC functions well to model the thermal regime of the entire soil profile. Partial
results from a selected depth are displayed in Figure 7. The model is driven by measured
surface soil temperatures for which there are two periods of missing data during the
winter. Data to run the model during these periods were created using a linear regression
of the air temperature from the periods just prior and just after the missing data. The
predicted temperatures suffer the greatest errors after these periods of missing data and
thus this error does not necessarily reflect the accuracy of the model.

The freezing depth as predicted by TDHC is plotted in Figure 8 along with the freezing
depth as predicted by the Stefan-St. Paul equations and the observed freezing depths as
measured by thermistors and TDR. A regression analysis of the thermistor data shows the
characteristic fit to the square root of time normally expected in freezing soils (Carslaw
and Jaeger, 1959). The curve representing the thermistor data shows a rapid increase in
the rate of freeze in late March. This corresponds to much colder temperatures in the air
and throughout the soil profile. Although the TDR curve does not reflect this rapid
increase in freezing, this is largely due to the fact that no TDR data were collected
between 6 April and 18 May. The maximum depth of freeze normally occurs in late April in
this region.

The Stefan-St. Paul formulation was initially oversensitive to changing air
temperatures, but settled to a slight under-prediction during the beginning of the winter.
This underestimate continued through January followed by over-estimation during February
and March. The final estimate of the maximum depth of freeze was essentially the same as
that of the thermistors.

There were many possible differences between the parameters and variables of the study
site and those used to drive the Stefan-St. Paul equations. The most likely source of
error was the use of only three soil zones to represent the top 126 cm of soil and the
assumption of uniform moisture distribution within each zone. Figure 6 shows a reduction
in soil moisture below the 50 cm depth during the December-January period. This is the
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period of maximum error for both the Stefan-St. Paul model and the TDHC model.
Apparently, ooth models responded to the increased surface temperatures during this period
by slowing the rate of freeze. In contrast, the freezing front accelerated in the real
soil profile because it had reached a relatively dry soil zone. It is interesting to note
that the Stefan-St. Paul model does simulate the rapid frost front advance in March while
TDHC does not.

TDHC predicts freezing sooner than either thermistor or TDR measurement during the
first two months of freezing. This is probably for two reasons. At the surface, there
was some evaporative and convective heat loss in October which may have depressed readings
on the surface thermistor unrepresentatively. This would tend to make the simulation cool
faster than reality. There was also convective heat transfer within the soil profile as
the moisture migrated to the freezing front. This would tend to slow the advance of the
freezing front as compared to predictions based upon pure conduct'in theory. The
calculated frost depth was quite close to the me .sured depth in December and January but
again over-estimated during February and March. The calculated maximum depth of freeze
was 5 cm less than the measured frost depth.

In the final analysis, the best method of predicting frost depth depends upon what
information is available. Both techniques are easy to use and easily accessible. The
Stefan-St. Paul equations are driven by more readily available data, but may not simulate
the rate of freezing as well as the maximum frost depth. TDHC will present more
information regarding the entire thermal regime, but in this case required on-site soil
surface temperatures. With regard to measuring frost depth, TDR requires special
equipment and is not readily amenable to continuous measurement, but does give much more
information regarding the status of the soil profile. Thermistors are straightforward and
generally available, but only provide information on the soil thermal regime.
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TILLAGE AND CROP RESIDUE EFFECTS ON SOIL FROST DEPTH

by

D.H. Rickerl and J.D. Smolik
I

INTRODUCTION

Soil frost depth is greatly influenced by snow cover. In agricultural soils snow
catch is influenced by crop residues and fall tillage practices. The Northern Great
Plains Region frequently experiences minimal snowfall with open periods during the
winter months. The objectives of this study were to determine the effects of crop
production practices on snow catch, soil frost depth, and soil thawing.

PROCEDURES

A farming systems study initiated in 1985 at the South Dakota State University,
Northeast Research Station near Watertown, S.D. was chosen as the research site. The
three established farming systems were Alternate (A), Conventional (C), and Ridge-till
(R). The crop rotation treatments in system A were oat/alfalfa, alfalfa, soybean, and
corn. In systems C and R the crop sequence was corn, soybean, and spring wheat. Corn
in the Alternate system was disked in the fall and alfalfa plots were chisel plowed.
In the Conventional system, corn was disked in the fall of 1987 and 1988 but not in
1986. The spring wheat in C was turned under with a moldboard plow. Corn ridges
(15-20 cm) were established at second cultivation in 1987 and 1988, and in the wheat
stubble the fall of 1986. Soybeans were planted on the ridges from the previous corn
crop, but not ridged at cultivation. This resulted in a level seedbed for spring wheat
rotated after corn in the Ridge System. Depth of tillage was approximately 8-10,
18-25, and 20-28 cm for disk, chisel plow, and moldboard plow, respectively. Crop
rotations, primary tillage, and treatment numbers (TRT) are summarized in Table 1.

Table 1. Crop rotation and primary tillage in each system during 1986, 1987 and 1988.
Crop Treatment Year

System Rotation Number 1986 1987 1988
- Primary Tillage -

Alternate Oat/alfalfa 1 none none none
Alfalfa 2 chisel chisel chisel
Soybean 3 none none none
Corn 4 disk disk disk

Conventional Corn 5 none disk disk
Soybean 6 none none none
Spring Wheat 7 moldboard moldboard moldboard

Ridge Corn 8 ridge ridge ridge
cultivation cultivation cultivation

Soybean 9 ridge plant ridge plant ridge plant
Spring Wheat 10 fall ridge chisel chisel

Soil frost tubes (Rickard and Brown, 1972) were installed in the fall of 1986,
1987, and 1988. A Giddings probe was used to remove a soil core from each plot to a
depth of approximately 100 cm. Placement below this depth was inhibited by a gravel
layer in the glacial till. The soil is a Brookings silty clay loam classified as a
Pachic Udic Haploboroll. Frost tubes were placed between the crop rows. They were

--------IAssistant Professor and Professor; Plant Science Department, South Dakota State
University, Brookings, South Dakota 57007.
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read at approximately 7 day intervals until spring wheat planting in April. Snow depth
was also recorded as an average of 3 random measurements per plot. In the fall of 1987
and 1988, residue was estimated using a point method sited by Sloneker and Moldenhauer
(1977) calculated as a percentage of ground cover.

The data were analyzed with a General Linear Model program for PC-SAS (1985).

Fisher's protected Least Significant Difference was used to separate means.

RESULTS

Frost tubes were installed in early January in 1987 and removed on April 4th.
There was no snow accumulated during these months. Depth of soil frost was greatest
during mid-February (Table 2). In the Alternate System, oat/alfalfa (TRT 1) producing
soil had significantly less frost depth than other treatments. This effect was
consistent throughout the winter. Conventional and Ridge systems were similar to each
other in frost patterns. Corn producing soils froze less deeply than soybean soils and
the pattern for frost in spring wheat soils lie between the two. The lack of
significant differences between corn and soybean soils in the Alternate system was
probably due to the corn being disked. C and R systems chopped the corn residue, but
it was not incorporated into the soil. Differences in frost depths within crops, due
to systems, were significant.

Table 2. Soil frost depths in the winter of 1987 as influenced by treatment.
Date

TRT 1-23 1-30 2-5 2-13 2-20 2-25 3-13 3-20 3-26 4-4
- cm -

1 45 54 55 55 55 53 50 48 48 43
2 56 68 69 69 66 64 59 62 51 47
3 60 74 74 76 76 72 66 65 67 55
4 55 69 74 72 70 69 65 64 60 53
5 54 65 67 68 67 66 60 61 66 54
6 62 75 77 79 77 76 67 60 66 65
7 59 71 74 74 71 70 61 64 60 52
8 54 65 67 65 65 64 58 54 56 61
9 60 76 76 77 74 72 68 65 71 52
10 57 67 68 70 69 68 65 62 60 56
LSDo 5  8.5 8.5 8.7 9.2 8.2 7.7 8.5 10.4 10.8 9.2

Thaw depths (from the surface downward) were highly variable and significant
differences were not found (Table 3).

Table 3. Soil surface thaw depths in the spring of 1987, 1988, and 1989 as
influenced by treatment.

-- 1987 1988 989
TRT 3-20 3-26 4-4 3-10 3-30 4-5 4-12 3-23 3-30 4-6 4-13 4-19

- cm -

1 3 5 7 8 17 29 42 1 19 30 14 48
2 5 14 5 9 17 27 45 3 20 36 40 --
3 5 11 4 11 19 30 52 1 24 35 39 66
4 4 15 5 9 19 34 63 1 23 36 36 71
5 11 14 9 10 20 36 74 1 22 32 27 67
6 7 13 8 10 18 29 48 2 22 31 26 52
7 6 21 7 10 21 30 49 5 22 30 32 44
8 2 7 10 8 16 26 51 0 20 29 30 43
9 6 11 6 11 19 30 51 0 20 32 35 52
10 8 12 10 7 16 21 42 1 21 33 27 47
LSD.0 5  NS NS NS NS NS 6.8 6.6 2.8 NS NS 11.6 13.8
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Spring temperatures (15 April 1987) at the 15 cm soil depth had two significanf
extremes (Table 4). The oat/alfalfa producing soils averaged 10 C and the conventional
spring wheat soils which had been turned with a moldboard plow averaged 200C. Other
TRT soil temperatures ranged from 15-170C.

Table 4. Fall residue and spring soil temperature as influenced by treatment.
TRResidue 8 Temperature

TRT 10-20-87 10-19-88 4-15-87 5-23-88 4-19-89

1 99 99 10 18 8
2 31 41 16 20 8
3 66 46 17 20 10
4 61 46 17 20 9
5 66 28 15 19 9
6 78 38 16 20 9
7 26 15 20 19 7
8 66 48 16 19 io
9 69 61 17 20 8
10 91 68 17 19 8
LSD 0 5  12.7 14.1 3.2 NS 1.5

------------ ---------- -

Frost tube readings in the 1987-88 winter began on December 12th and ended on
April 12th (Table 5). By the middle of February, the ground was frozen below the depth
of the tubes and measurements could not be made. Generally, the oat/alfalfa producing
soils froze less deeply than other treatments in the A system. Residues
measured after harvest in 1987 were 99% for oat/alfalfa (Table 4) and snow catch was
consistently high for this TRT (Table 6). In the conventional system, the disked corn
had less residue and less snow than the C soybean and the soii froze deeper than the
soybean soil. This was opposite the results in 1987 when the corn
was left on the surface and there was no snow cover. Spring wheat in the Ridge system
had 91% residue, high snow levels, and less frost than R soybean and corn. In
comparing systems, R corn and wheat retained more snow than in the A or C system and
frost depth was less. During mid-winter, slightly higher (non-significant) amounts of
re-idue and snow in C soybean resulted in less frost depth for that system than the A
soyoean.

Table 5. Soil frost depth in the winter of 1987-88 as influenced by treatment.

Date
TRT 12-8 12-17 1-8 1-11 1-21 1-26 2-2 2-9 3-30 4-5 4-12

- cm -
1 14 20 42 60 70 70 71 82 78 72 16
24 22 26 52 76 86 .. .. .. 87 86 82
3 20 28 57 82 94 98 92 101 98 99 99
4 20 29 60 84 95 97 99 -- 98 97 98
5 22 30 60 84 92 93 95 -- 93 92 92
6 19 26 51 74 84 86 91 99 95 91 90
7 21 28 53 78 93 95 99 -- 99 99 104
8 14 21 49 76 84 79 84 89 89 87 85
9 21 29 56 80 92 94 99 -- 98 98 98
A0 16 24 45 62 72 73 75 86 86 75 54
LSD.0 5  4.0 3.3 5.2 6.8 8.7 9.2 11.0 NS NS 9.0 24.8

*Soil frost depth greater than 100 cm is designated by --.

Surface thaw depth in corn soils on the last two dates ranked R < A < C. Soybean
soils were not tilled in the fall, and there were no differences among systems. Wheat
residues plowed under in the conventional system allowed soils to thaw more rapidly
than in the R system. Spring temperatures showad no significant differences.
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During February of 1989 soil frost depth in all treatments was greater than the
depth of frost tube placement. Only the A alfalfa (TRT 2) soils thawed upward to
detectable levels before frost tubes were removed in April. Fall frost readings were
less deep in the A oat/alfalfa (TRT 1) than other treatments (Table 7). Treatment I
also had 99 percent ground cover (Table 4) and generally caught more snow (Table 6).
In system R, corn producing soils had less frost than spring wheat or soybean until
12-29 when snowfall eliminated significant differences among R crops.

Table 6. Snow depth in the winters of 1987-88 and 1988-89 as influenced by treatment.
1987-88 1988-89

TRT 1-8 1-21 1-26 2-2 2-9 12-29 1-6 1-13 1-20 2-8 2-15 3-8 3-16
- cm -

1 5 14 16 10 18 11 8 8 2 5 10 10 6
2 5 9 10 3 10 5 3 3 0 3 4 7 3
3 2 2 4 2 8 9 8 10 3 6 10 11 8
4 4 4 4 1 6 8 6 6 1 3 9 9 4
5 3 4 4 1 5 7 4 5 0 2 7 8 4
6 4 4 6 1 9 5 5 5 0 2 5 10 3
7 5 6 8 4 6 3 2 4 0 2 3 6 0
8 5 12 13 6 9 9 6 3 2 6 8 8 5
9 2 2 3 1 6 9 9 7 3 5 8 10 7
10 10 13 14 8 16 10 9 9 4 7 10 9 6
LSDo 5  3.7 4.5 5.4 4.7 4.8 2.0 2.7 4.0 1.9 2.7 2.5 2.3 2.5
-------------------------------------------------------------------------

Table 7. Soil frost depth in the winter of 1988-89 as influenced by treatment.
Date

TRT 12-9 12-16 12-23 12-29 1-6 1-13 1-20 1-27 2-8
- cm -

1 23 39 48 58 66 75 80 79 90
24 30 50 59 67 -- -- -- -- --

3 28 47 56 66 79 72 92 92 99
4 28 46 55 68 82 85 99 99 --
5 28 46 54 65 79 84 94 90 --

6 31 48 56 67 81 90 100 100 --

7 28 44 51 61 69 79 -- --

8 25 40 48 58 76 90 92 89 96
9 27 44 54 63 73 83 88 88 93
10 29 45 53 61 70 80 88 92 100
LSD 05  3.0 4.8 5.0 6.0 6.2 NS NS NS NS

*Soil frost depth greater than 100 cm is designated by --. After 2-8, all
treatments were --.

Alternate alfalfa which had been chiseled was the first soil to thaw. Other TRT
were grouped as 3, 4, and 5 > 1, 6, 7, 8, 9, 10. Spring temperatures ranged from 700
(TRT 7) to 1000 (TRT 3 and 8) (Table 4).

CONCLUSIONS

Crop residues act as an insulating material and affect soil frost depth in winters
with no snow cover. In this study, soil frost depth was oat/alfalfa < corn < spring
wheat < soybean when there was no snow cover. Fall tillage reduced crop residue and
its insulating effect. With moderate snow catch (4-8 cm) residues which trapped snow
reduced frost depth and slowed spring thaw. When snow catch exceeded moderate levels,
differences among crop and tillage systems were not significant.
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Comparison of Numerical Simulations with Experimental
Data for a Prototype Artificial Ground Freezing

by
John M. Sullivan, Jr. and Laurie A. Stefanov1

ABSTRACT

This project numerically simulates the use of artificial ground freezing as a
means of containing and consolidating toxic chemical spills. This innovative treat-
ment technology can cleanse the soil in situ through the use of freeze/thaw cycles.
Artificial ground freezing has been in practice for over a century in civil engineer-
ing applications. Its ability to form impermeable barriers, dewater sludge, and
consolidate solids has been demonstrated. Additionally, the environmental dangers
of the treatment process are virtually nonexistent even in populated regions. How-
ever, predicting or controlling the location of the frozen barrier as a function of time
for arbitrary geometries is unsolved. This control is paramount for successful im-
plementation of the process.

The numerical simulations herein are compared to existing, large-scale experi-
mental data for situations involving the solidification of saturated Lebanon silt soil.
The successful agreement of the numerical simulations and experimental data sup-
ports the use of numerical modeling as a necessary tool for deployment of refrigera-
tion systems for the treatment of toxic spills.

KEY WORDS: Frozen Soil, Hazardous "Waste Containment,
Artificial Ground Freezing
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Comparison of Numerical Simulations with Experimental
Data for a Prototype Artificial Ground Freezing

by
John M. Sullivan, Jr. and Laurie A. Stefanov

INTRODUCTION
Hazardous wpste and ground freezing

The containment, consolidation and treatment of toxic chemicals in the soil is an
unresolved national tragedy. Recent investigations into new frontiers for hazardous
waste management show that current treatment methods are inadequate for ensuring
safe immobilization or consolidation of hazardous waste.(Hill, 1985; EPA, 1984; Neely,
1981) A new, innovative application of an established technology is the use of ground
freezing as a means of hazardous waste containment.(Sullivan, 1984; Iskandar, 1985
and 1986)

Ground freezing is not a new technology. Its application dates back over a 100 years
in the mining industry for shaft sinking.(Sadovsky, 1980) The construction industry uses
ground freezing routinely for open excavations, deep unsupported construction trenches,
inclined tunnels and subway constructions.(Sadovsky, 1980; Braun, 1982; Dorman,
1971) Some of the advantages of ground freezing over other construction practices are
that: a.) ground freezing is not restricted to any specific soil type; b.) ground feezing can
handle a large spectrum of boundary conditions and construction site requirements; c.)
there are few environmental concerns in the use of ground freezing; and d.) ground freez-
ing is a fast and temporary site application. Essentially, ground freezing is a proven tech-
nology for increasing the rigidity of the soil and decreasing the permeability of the soil.

There are three ground freezing scenarios being investigated for the treatment of
contaminated soils.(Sullivan, 1984; Iskandar, 1985,1986 and 1988) In each case con-
sider a hypothetical situation shown in Fig. 1 where a derailed chemical car disperses a
toxic substance over an area
about the railroad track. (Sulli-
an, 1984) The first scenario is

containment of hazardous
waste. This process involves
placement of refrigeration rods Freeze Ring Placement
in the uncontaminated soil about
the perimeter of the toxic region.
Ideally, the refrigeration rods
reach the depth of bedrock. A M1
frozen wall of uncontaminated
soil encloses the hazardous
waste. Thereafter, clean up
crews treat the localized toxic
region. The second scenario,
immobilization of hazardous
waste, involves placement of Toxic Spill Interstate
refrigeration rods about the
perimeter of the toxic region as
well as within the zone. The
method of refrigeration is liquid
nitrogen. In this scenario the Figure 1 - Hypothetical Train Car Toxic Spill
entire toxic zone is frozen (Taken from Sullivan, 1984)
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rapidly. Ice wedges and dendritic fingers form throughout the zone entrapping the solute.
The frozen soil is excavated and treated elsewhere. The third scenario is the consolida-
tion of the chemical spill. A toxic zone is initially contained via controlled ground freezing
in the uncontaminated perimeter as in the first scenario. The frozen wall or solidification
front continues to advance, driving the solute ahead of the front. This consolidates the
toxic solute into a region of smaller diameter. The higher the solute concentration of this
smaller region the easier the recovery process. In fact, the recovery process may be
able to reclaim the hazardous material (as opposed to hazardous waste). In order to
carry out these scenarios one must be able to predict and control the solidification front.
However, predicting or controlling the location of the frozen barrier as a function of time
for arbitrary geometries is unsolved.

This project numerically simulates the use of artificial ground freezing as a means of
containing and consolidating hazardous waste. Inherent in the coupled heat and mass
transfer system lie nonlinearities associated with the phase transformation and constitu-
tional supercooling. The coupled transport system dealing with solidification of contami-
nated soils is unamiable to analytical solutions beyond idealized one-dimensional situ-
ations. Consequently, it is the third science, i.e. computational science, that holds the
greatest promise of illuminating the nonlinear solution to the control of ground freezing.
Herein, we delineate the physics and numerical formulation of the coupled heat and mass
transport system. Numerical results are presented for the thermal solution of solidifica-
tion of saturated Lebanon silt soil. These simulations are compared to the experimental
data obtained at the U. S. Army Cold Regions Research and Engineering Laboratory
(CRREL) in their prototype test facility.(Ayorinde, 1988)

PROBLEM STATEMENT

Consider a solidifying homogeneous soil matrix with an internal moving boundary S that
separates the frozen and unfrozen phases, Fig. 2. It is assumed that heat conduction is
the only mechanism of thermal transport, i.e. natural convection effects are small for the
thermal range of interest; and that the density remains constant during phase transforma-
tion. Therefore, the heat transfer process in the frozen and unfrozen phases is governed
by

c.-- =V.KVT (1)

where c is the volumetric heat ca-
pacity; K is the thermal conductivity
and T is the temperature expressed v/I C/a 0

as a deviation from the thermody- F r
namic equilibrium temperature for a S(t)
planar front without solute T,. With- 8
out natural convection or ground 0 I-

water flow in the unfrozen soil the I1 Soil Soil --
solute must diffuse away from the U n_
interface. The governing mass trans- 8
fer equation is oI Y ii

'~~~ ~ 0ZT/Dy aC/1y = 0

Figure 2 - Two Phase Domain

with Interface S
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a = V.DVC (2)

where C is the solute concentration and D is the mass diffusivity in the unfrozen soil. The
mass diffusion in the solid is assumed negligible. The usual temperature and concentra-
tion boundary conditions apply on the external boundary r as displayed in Fig. 2. How-
ever, multiple boundary conditions exist on the interface. The solidification temperature
is a function of the solute concentration and surface energy effects,

T(s(t)) = m C - I0 m K (3)
L

where T(S(t)) is the time dependent temperature on the interface. The first term of (3)
accounts for the temperature depression due to the solute where m, is the slope of the
constitutional phase diagram. The geometry effect is a function of the interfacial energy
,y, and curvature K with L/Tm being the entropy of fusion.

A second boundary condition on the interface is required to account for its motion.
The equation of motion preserves the balance between the sensible heat transported
away from the interface into the frozen and unfrozen regions and the latent heat of fusion
L released during solidification at the interface,

L V . n = L K1 VTII - K2 VT1I sW0" (4)

where subscripts 1 and 2 denote frozen and unfrozen regions, respectively. The unit
normal n is directed out of region 1. A similar boundary condition on the interface exists
to balance the solute displaced ahead of the moving front and its transport away from the
front,

Cs (1-k) Vn = -D VC .n (5)

where Cs is the solute concentration on the interface S in the unfrozen soil and k, is the
partitioning coefficient, i.e. the ratio of the frozen/unfrozen soil concentration at the inter-
face.

NUMERICAL FORMULATION

The soil solidification problem is solved on deforming finite elements, with element
boundaries tracking the phase front. There are therefore three fundamental unknowns at
each node; temperature, position and solute concentration. For the temperature, the
Galerkin formulation of the heat equation (1) is employed. On a deforming mesh this is
(Sullivan, 1987)

< c d j £b >--- I + [< -c Ve'Vdj b > + < K V )j V~b i >] Tj=dt~

(6)

IrKVT .n~jds + JsLV.n bids

in which <( )> indicates integration over the domain; Z4_, are the finite element basis
functions; T, is the temperature at node j, and (4) is incorporated into the surface integral
on S. V° is the motion of the computational mesh, and the advection term accounts for
this motion.
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A finite difference approximation is used for dT/dt

dTj Tk+1 k
= _J -VT (7)

dt tk+l tk

where superscripts imp!y time steps and subscripts indicate node index. The heat equa-
tion is evaluated at time tk+9

t 0 t l + (1-0) (8a)

with

kO k+k1 TTk+0 = 0Ti+ + (1-0) T. =T k +OAt _j (8b)
dt

and 0 < 0 < 1. Rearranging (6) to solve for dT/dt produces the Galerkin formulation of (1)
used in this investigation

[< coj (i>- AtO0 <cVe" V( j (i > +At 0 < K V(j Vobi >I dT=dt

(9)
[<c .Ve VO, di> - < KV~j Vp,>] +f KVT.np, ds + fLV.ni ds

which may be solved for the set of dT,/ dt given VO on the interior, Vn on S and the
thermal boundary conditions.

In exactly the same manner the transport of solute in the unfrozen zone, Eq 2, be-
comes

[< j4i> -At 0< Ve- VO ~> +At 0< D Voj V~i>] i -

dt

(10)
[< Ve.Vj 4, > - < DV~jV¢, >1 C4k +fJDVC'n 4i ds + fsCs(1-kc) Vn 4i ds

where (5) is incorporated into the surface integral on S.
Since the physics of the problem specify only V-n on the interface, one is free to

choose Vt. Our numerical strategy is to maintain uniform node spacing along the phase
front by adjusting the tangential velocity of the nodes while satisfying (4).(Sullivan, 1988)
The interior node motion Ve of the finite element grids has to maintain a numerically intact
and computable topology during the evolution of the physical domain. Additionally, the
unfrozen thermal and mass finite element meshes must be coupled at the int6,,ace. The
finite element meshes are assumed to behave as perfectly elastic materials such that
once the motion of the boundaries is specified, the interior motion satisfies the linearized
equations of elasticity for plane stress.(Lynch, 1982; Sullivan, 1986) We emphasize that
this interior node motion is a numerical issue only. There are no solidification physics
involved.

RESULTS

One- and two dimensional simulations of (9) were performed using the experimental
data obtained at the U.S. Army CRREL for boundary and initial conditions only. (Ayor-
inde, 1988) The experimentally measured temperatures of the soil interior were not used
by the nur-erical simulations rather these data were compared to the simulated results to
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validate the numerical solution. The experimen-
tal apparatus consisted of an insulated
concrete tank (180 x 120 x 120
cm), instrumented and filled
with saturated Lebanon a 'n..la -'
silt soil. CRREL
monitored and re- -- - -. -- -

corded 66 thermo- -- -- - ' -
couples dispersed ----- ---
throughout the test 3: 4 .. ---

apparatus as shown -

in Fig. 3. Table I K 6a
summarizes the I
thermal parameters Location of Thermocouple Strings (1 - 6)
used during the Each String has 11 Uniformly Placed Thermocouples
simulation and Fig. 4
displays a typical two Figure 3 - Schematic View of Thermocouple Placement
dimensional mesh within
used to simulate the Experimental Apparatus (from Ayorinde, 1988)
freezing process.
The duration of CRREL's test was 2200 hours with temperature values recorded approxi-
mately every 4 hours.

62

F+2

E Y

FB D IH 2

9 Shrink1 1 22 2

0. 2~0 . O

Figure 4 - Typical 2-D Finite Element Mesh Used in Simulation
a.) Complete Y range shown, X range extends to 152.4 cm.

b.) Enlarged lower left section - where 1 = solid and 2 = liquid region

Table I -Thermal Properties Used in the Numerical Simulations
of the Freezing of Lebanon Silt Soil.

Thermal Property Solid Domain Liquid Domain
Thermal Conductivity Cal/(cm 0C hr) 16 14.5
Volumetric Specific Heat Capacity Cal/(cm 3 C) 0.36 0.478
Latent Heat of Fusion Cal/(cm 3) 17.0
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A series of graphs document the progression of the freezing front and the thermal dis-
tribution through the soil system. The initial conditions of the simulation were those of the
experimental state throughout the domain. Our data comparison with the experimental is
based on the average temperatures of thermocouple strings 3 and 4. Figure 5 displays
the numerical temperature profiles and the experimental temperature values at the 11
thermocouple positions along the length of the test facility. Note that the agreement in
the temperature profile as well as the location of the solidification front between the
numerical simulation and experimental data is excellent throughout the transient and
steady state periods. The motion of the phase front was greatest during the initial 400
hours of the test, Fig.5(a-d). Over the next 600 hours the experimental system ap-
proached its steady state location with little change in the phase front location or tem-
perature profile, Fig.5(e-f).

V 0- 0

0 
10. .10 

210

FiDs -N(cm) E Un Expermenta I Dt Dug IiD

TransFreigTruhSad SaeMoe

- -

T1t u 400hous . t m i Tum - I O hoa

i-1 .10- .10

0 ita = I(D 0 0 D ISO (CM 1D

Figure 5 - Numerical (Lines) and Experimental (*) Data During Initial
Transient Freezing T hrough Steady State Modes

The CRREL refrigeration system malfunctioned during the test hours of approximately
1100 hours through 1300 hours. During this time the refrigeration plate lost its coolant
and the temperatures oscillated within the test domain as attempts were made to restart
the refrigeration system. Fortunately, the automatic data acquisition of the test facility
was completely operational during these refrigeration failures. As a consequence of this
situation we had an exciting opportunity to simulate the highly transient behavior of the
physical system during the malfunction period. Figure 6 documents the experimental
temperature oscillations and the results of the robust numerical system. The experimen-
tal temperatures rose and fell rapidly causing temperature inflections within the test
domain. Our numerical system tracked the experimental data with fidelity. The close
agreement of numerical and experimental results establishes the validity of this numerical
strategy as a necessary tool for the deployment of refrigeration systems.
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Figure 6 - Numerical (Lines) and Experimental ()Data During
Refrigeration Malfunction Period

CONCLUSIONS

A numerical strategy for the solution of two phase solidification situations with latent heat
of fusion released at the interface has been formulated, tested and compared to existing
experimental data. The numerical simulations tracked the experimental system through-
out all transient and quiescent stages of the test. The close agreement of the numerical
work to the observed data support the use of numerical modeling as a necessary tool for
deployment of refrigeration systems for the treatment of toxic spills.
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EFFECT OF FREEZE-THAW ACTIVITY ON WATER RETENTION, HYDRAULIC CONDUCTIVITY,

DENSITY, AND SURFACE STRENGTH OF TWO SOILS FROZEN AT HIGH WATER CONTENT

by

George R. Benoit and Ward B. Voorhees'

INTRODUCTION

It has been shown that freezing and thawing affect soil physical properties. However,
the type and magritude of effect reported have not always been consistent. For instance,
Baver (1956), Bisel and Nielson (1964 and 1967), Domby and Kohnke (1955), Leo (1963),
Slater and Hopp (1949), and Willis (1955) showed that soil frost caused a breakdown of soil
physical properties while Gardner (1945), Sillanpaa (1961), and Sillanpaa and Webber (1961)
showed that frost action improved a soils physical properties. In addition, Benoit (1973),
Chepil (1954), Mostaghimi et al. (1988), and Sillanpaa and Webber (1961) showed that frost
action could have a positive or negative affect on soil physical properties depending on
the soil involved, its initial water content and degree of aggregation, and rate of
freezing. Thus, frost affects soil physical properties as a result of complex actions and
interactions of initial soil conditions and freezing temperature.

Most of the reported work has dealt with rates of freezing, degree of aggregation and
water content at freezing. Little work has dealt with soil density-frost interactions even
though prevailing concepts suggest that frost action will improve the density and water
characteristics of compacted soil. Our objective here is to show how cyclic soil freezing
and thawing affect soil bulk density, aggregate size, water content, and hydraulic
conductivity for various conditions of initial density, aggregate size, and numbers of
freeze-thaw cycles.

PROCEDURE

Soil from the Ap horizon of a Barnes loam (Udic Haploboroll) and a Hamerly clay (Aeric
calciaquoll, fine-loamy, frigid) was collected near Morris, Minnesota, dry-sieved into
three aggregate size groups (0.0 to 0.5, 1-3, and 5-12 mm) and stored in covered, large
plastic barrels. Random samples of each aggregate size were packed with a hydraulic press
into 76-by 76-mm thick-walled (6 mm) plastic cylinders to target densities of 1.0, 1.2, 1.4
and 1.6 Mg/m3. Five replications of each aggregate size and bulk density were prepared.
All cores were saturated by immersion in water to their upper surface for at least 48 hours
and then drained to the atmosphere for 24 hours. Saturation caused soil swelling to occur.
After saturation and drainage, all cores were trimmed to remove excess soil and an initial
density and a free drainage water content (Kg/Kg) value was calculated for each density-
aggregate size group. A duplicate set of five identically treated cores was used for
determining initial surface strength values with a fall cone penetrometer. After removal
of excess soil, an initial saturated hydraulic conductivity value was determined for each
core by a standard vertical flow, constant head procedure. The cores were then inserted
into a closed cell foam system that insulated the sides and bottom of the cores from
ambient conditions and made it possible to impose freezing treatments from the upper
surface that simulated normal vertical freezing and thawing as found under field
conditions. Five replications of eacl aggregate size and density group were then subjected
to 1,5 or 10 freeze-thaw cycles. All cores were than resaturated, drained to the
atmosphere and final values determined for water content, saturated hydraulic conductivity,
bulk density and surface soil strength. Data were converted to express the change that
occurred between initial values and values recorded after freeze-thaw action as the ratio
of final to initial values (Final Initial). Thus, all numbers greater than I indicate an
increase in value of the property measured while numbers less than I indicate a decrease.

Presented at Frozen Soil Symposium, March 21-22, 1990, Spokane, Washington.

'Soil Scientists, USDA-Agricultural Research Service, North Central Soil Conservation
Research Laboratory, Morris, MN 56267.
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A complete analysis of variance was run on all data collected to evaluate freeze-thaw
effects as related to soil type, aggregate size group, initial density and number of
freeze-thaw cycles and their interactions. In addition, a stepwise multiple regression
analysis was used to develop equations expressing change in bulk density, water content and
hydraulic conductivity to freeze-thaw cycles, initial density, and initial aggregate size.

RESULTS

The data collected were expressed as relative change (Final+Initial) values for bulk
density (ABD), water content (AW), hydraulic conductivity (AHC), and surface strength (ASS)
after 1, 5, and 10 freeze-thaw cycles. Examination of these data showed that the greatest
change in relative value occurred after the first freeze cycle with further changes caused
by freezing cycles being significant but of smaller value. Relative changes recorded after
10 freeze cycles are the only values shown (Table 1). The zero values shown for changes
in hydraulic conductivity at high initial density and 1-3 mm aggregate size are due to a
zero initial value (i.e., no water flow detectible after 24 hours). Thus, dividing final
values by initial values gives meaningless results in this case.

Table 1. Relative change (Final+Initial) in bulk density (ABD), water
content (AW), hydraulic conductivity (AHC), and surface strength
(ASS) after 10 freeze-thaw cycles as related to initial soil
density and aggregate size.

BARNES LOAN NAMERLY CLAY

AGGREGATE SIZE < .5 m'm.

INITIAL 8D 1.04 1.14 1.09 1.12 1.04 1.15 1.19 1.26

F/I - F/I

L8D 1.00 0.98 1.05 1.03 1.00 1.00 1.01 0.98
AW 0.75 0.81 0.90 0.77 0.74 0.84 0.79 0.77
AHC 0.62 2.11 3.26 9.79 0.44 0.65 1.98 6.24
AFC 5.33 9.17 3.26 6.07 16.36 5.04 5.56 3.67

AGGREGATE SIZE 1-3 fm.

INITIAL 8D 0.97 1.13 1.10 1.50 1.02 1.17 1.24 1.51

F/I - F/I

BD 1.13 1.16 1.04 0.86 1.20 1.15 1.00 0.99
AU 0.93 0.74 0.84 0.83 0.81 0.63 0.94 0.76
AHC 0.16 0.60 24.63 0.00 0.16 0.30 3.07 0.00
AFC 0.00 0.00 2.92 0.00 0.00 0.00 0.50 0.00

AGGREGATE SIZE 5-12 mm.

INITIAL 8D 0.89 0.99 1.18 1.20 0.94 1.07 1.29 1.36

F/I F/I

LS0 1.00 1.32 1.02 1.03 1.31 1.29 0.98 0.97
AW 0.74 0.76 0.81 0.69 0.82 1.30 0.81 0.73
AHC 0.12 0.12 4.30 0.55 0.27 0.15 1.50 1.49
AFC 4.96 2.66 0.77 2.18 2.54 1.41 0.40 1.81

The data show complex relationships with freezing and thawing causing increased or
decreased relative change as related to initial aggregate size and soil density. An
analysis of variance of the complete data including numbers of freeze cycles shows that
ABD is significantly (p < 0.01) related to soil type, aggregate size, initial density and
numbers of freeze cycles. Interactions between and among these items are also significant.
The change in hydraulic conductivity showed similar results except that the probability
level for numbers of freeze cycles was 0.04. 11. contrast, the change in water content was
significantly related only to initial aggregate size and numbers of freeze cycles.

Our statistical analysis of surface strength (penetrometer) data is incomplete.
However, relative numbers for changes in fall cone penetration show increased penetration
after freeze-thaw depending on aggregate size, density, and numbers of freeze cycles.
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A stepwise multiple regression analysis was completed for the data for each soil to
show the complex, interactive effects of initial aggregate size, initial density, and
numbers of freeze cycles on ABD, AHC, and AW. The analysis yielded the equations:

ABDI = .60279*AS + 1.1426*BD - .046434*AS2 -.32243*BD
2

+.0060098*AS*FC - .35041AS*BD - .0085692*FC*BD

AWl .28964*AS + .65644*BD + .026917*BD - .0054375*AS3

-.0053023*AS*FC - .20382*AS*BD + .0038805*FC*BD

AHCI = -1.5748*AS - .56148*FC + 4.2887*BD + .012972*FC
2

+.090358*AS3 - 1.1488*BD3 + .39091*FC*BD

ABD2 .17297*AS + 1.703*BD - .73584*BD2 - .0052373*AS3

-.000079433*FC3 = .0063808*AS*FC - .10963*AS*BD

AW2 .22899*AS - .060502*FC + 1.4178*BD - .69692*BD 2

-.010914*AS3 - .10334*AS*BD + .049121*FC*BD

AHC2 = -51672*FC + .054463*FC2 + 1.4248*BD2 - .81796*AS3

-6.5966BD3 + .093618*AS*FC + 9.074*AS*BD

where ABDI, AWl, and AHC1 and ABD2, AW2, and AHC2 are relative changes (unitless) in bulk
density, water content and hydraulic conductivity for Barnes loam and Hamerly clay,
respectively. BD (Mg/m3), AS, and FC represent initial bulk density, aggregate size, and
numbers of freeze cycles, respectively. These equations have r2 values of 0.99, 0.95, 0.48,
0.99, 0.99, and 0.23, respectively, all highly significant (p <0.01). The corresponding
standard errors for these equations are 0.049, 0.185, 1.248, 0.066, 0.083, and 7.30,
respectively.

The relative change in bulk density, water content, and hydraulic conductivity are all
represented by equations that are functions of initial soil bulk density, soil aggregate
size group, and numbers of freeze-thaw cycles. By holding any one of the three independent
variables constant, a surface can be generated that shows how each dependent variable
responds to changes in the remaining two independent variables. For example, at a constant
initial bulk density of 1, the density of a Hamerly clay increases for each aggregate size
group with each freeze cycle evaluated (Fig. la). At an initial density of 1.4, the first
freeze cycle caused a density decrease, particularly for aggregate size group 3 (5-12 mm),
with subsequent freeze cycles causing increased density (Fig. Ib). Data for a Barnes loam
show many of the same general trends except that freeze cycles cause little density change
for the first aggregate size group (0-0.5 mm) at an initial density of I (Fig. Ic). At an
initial density of 1.4, repeated freeze cycles cause increased density after the first
freeze for aggregate size group 3 (5-12 mm) but decreased density for aggregate size groups
1 (0-.5 mm) and 2 (1-3 mm).

Response surfaces generated by the multiple regrssion equations show that relative
hydraulic conductivity generally increased with repeated soil freezing at initial bulk
densities of 1.0 and 1.4, with the amount of increase being greatest for aggregate size
group 2 (1-3 mm) for Hamerly clay (Fig. 2a and b). The Barnes soil showed a decreasing
relative hydraulic conductivity with repeated freeze cycles for an initial bulk density of
I (Fig. 2c) with values less than one for aggregate size group 3 (5-12 mm) indicating that
final hydraulic conductivity was always less than initial. At an initial density of 1.4
(Fig. 2d) relative hydraulic conductivity increased with freeze cycles indicating improved
water flow.

The change in saturated-free drainage water content after freezing Hamerly clay and
Barnes loam samples at constant initial bulk densities of I or 1.4 (Fig. 3a-d) shows a
relative water content less than I in all cases indicating reduced final water retention
capabilities. However, after the first freeze cycle, increasing numbers of freeze cycles
caused a decreased relative water content at an initial bulk density of I (Fig. 3a) but an
increase at an initial bulk density of 1.4 (Fig. 3b). The least freeze-thaw effect is
shown for aggregate size group 2 (1-3 mm). The Barnes soil showed a continually decreasing
relative water content for all freeze cycles evaluated for both constant initial bulk
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HAMERLY CLAY
BD =1.0 BD= 1.4

A. B

BARNES LOAN
BD =1.0 BD =1.4

SC D.

Figure 1: Relative change in soil bulk density after freeze-thaw treatment (ABD =
Final BD/Initial BD) as related to aggregate size groups 1 (0-0.5 mm), 2 (1-
3 mm), and 3 (5-12 mm) and number of freeze-thaw cycles (FC) at constant
bulk density (BD) of 1.0 and 1.4 Mg/ma for a Hamerly clay and a Barnes loam.
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Figure 2: Relative change in soil hydraulic conductivity after freeze-thaw treatment
(AHC = Final HC/Initial HC) as related to aggregate size groups 1 (0-0.5
mm), 2 (1-3 mm) and 3 (5-12 mm) and numbers of freeze-thaw cycles (FC) at
a constant bulk density (BD) of 1.0 and 1.4 Mg/r3 for a Hamerly clay and a
Barnes loam.
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Figure 3: Relative change in saturated-free drainage soil water content after freeze-
thaw treatment (AWa = Final W/Initia'l W) as related to aggregate size groups
1 (0-0.5 nun), 2 (1-3 mm), and 3 (5-12 mm) and numbers of freeze-Lhaw cycles(FC) at a constant bulk density of 1.0 and 1.4 Mg/m 3 for a Hamerly clay and

Barnes loam
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density values with the greatest total decrease associated with a constant initial bulk
density of I and aggregate size group 3 (5-12 mm; Fig. 3c).

The relative change in bulk density that occurs after 10 successive freeze cycles as
a function of initial bulk density and changing aggregate size groups show that freezing
causes an increase in density at low initial densities and a decrease at high initial bulk
densities for both Hamerly clay (Fig. 4a) and Barnes loam (Fig. 4b). The greatest density
decrease is associated with high initial bulk densities and aggregate size group 3.

For constant aggregate size group 2 (1-3 mm) the relative change in bulk density
increases with numbers of freeze cycles for Hamerly clay (Fig. 4c) but not for Barnes loam
(Fig. 4d). However, again at low initial bulk density, freezing causes increased final
bulk density values while the reverse is true for high initial density values.

SUMMARY

These data show that changes in soil density, saturated water-holding capacity and
hydraulic conductivity as a result of freeze-thaw activity is significantly related to soil
type, initial aggregate size, initial bulk density, and number of freeze cyzles. In
general, freezing and thawing effects are complex, with the magnitude of change! recorded
depending on the particular mix of initial conditions evaluated. For example, changes in
density caused by freeze cycles at high initial densities and small initial aggreagates may
not be the same as for low initial density and large or small initial aggregate sizes.
Similar statements can be made for changes in hydraulic conductivity and saturated-free
drainage water contents.
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Figure 4I: Relative change in bulk density after freeze-thaw treatment (ABD -Final
BD/Initial BD) after 10 freeze-thaw cycles as related to initial bulk
density and aggregate size groups; and for aggregate size group 2 as related
to initial bulk density and number of freeze cycles for a Hamerly clay (A
and Q) and a Barnes loam (B and D).
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PREDICTING UNFROZEN WATER CONTENT BEHAVIOR
USING FREEZING POINT DEPRESSION DATA

P.B. Black and A.R. Tice'

INTRODUCTION

It has been rec.gnize( ice the pioneering work of Taber (1929,1930) and
Beskow (1135) that the dy. , ' s of soil freezilig is controlled by the continu-
ous Uiauid layer that separate- .e goll matrix from the ice in frozen soil.
All con.4zitutive relationships cdai.,ribing the transport of mass and energy
through frozen soil can be written as explicit functions of unfrozen water
content. It thus becomes essential to be able to know the behavior of unfrozen
water content if we are to determine the freezing behavior of soil.

Unfortunately, the complex interactions between the soil's physical and
chemical environment prohibit, at this time, direct prediction of unfrozen
water content from basic physical and chemical properties. Instead, unfrozen
water content is empirically determined by nuclear magnetic resonance (NMR),
time domain reflectometry (TDR), differential scanning calorimetry (DSC), and
dilatometry. There are several detailed reviews of these techniques (Anderson
and Morgenstern, 1973; Smith and Tice, 1988), but for the purpose of this pa-
per, the important trait shared by these methods is the requirement of expen-
sive and complicated equipment. We propose another, simpler method, that of
freezing-point depression (FPD), to determine the unfrozen water content be-
havior in frozen soil. While the FPD method is not new (Bouyoucos and McCool,
1916; Schofield, 1935), it is most often used to infer the thermodynamic state
of water in dry soils and is only occasionally employed as a method of deter-
mining unfrozen water content (Kozlowski, 1989).

This paper presents a framework by which freezing point depression data are
interpreted to determine the unfrozen water content behavior of a soil. The
transformed data are then fitted to a Brooks and Corey type function and com-
pared to the unfrozen water content behavior determined by separate warming
curve data that were measured by NMR.

MODEL

When discussing the state of water in frozen soil-water systems, it is
convenient to employ the generalized Clapeyron equation

uW - ui/y, = [h/0o]O (1)

where the ice and water phases are respectively denoted by the subscripts i
and w; u is the pressure, h is the latent heat of fusion, y is the specific

Presented at the Frozen Soil Symposium, March 21-22, 1990, Spokane, Washington.
'Soil physicist, Cold Regions Research and Engineering Laboratory, Hanover, NH
03755; and Staff Scientist, Science and Technology Corporation, P.O. Box 7390,
Hampton, VA 23666.
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gravity, 0. is the equilibrium temperature of pure water, and 0 is the tempera-
ture of the system in question. Now if we define the difference between the
ice and water pressures as

u1 - u~ (2)

the Clapeyron equation can be expressed as

lw- [-,,- !]u, - C[1 h/0.]0 (3)

Brooks and Corey (1964) found that they could satisfactorily fit ice free
water retention curve data to the relation

S-Wd bb 
(4)

where Wd, W, and W are respectively the water contents at the lower limit of
drying, at saturation, and at the matric pressure, wa, in question. In this
case, the subscript wa refers to the difference between water and air pres-
sures, also called the matric pressure, and b is the "air-entry" value. The
parameter X is obtained from a best fit to the data and has been found to have
a large value for nearly uniform grain sizes.

Black and Tice (1989) showed that Eq. 4 can be transformed to represent
unfrozen water content and simplified by making the reasonable assumption that
Wd is zero. They proposed that unfrozen water content data be represented by

W = ( iw ; W>b (5)

where b now takes upon the meaning of ice entry pressure. The data collected
in this paper are fitted to Eq. 5 using the relationship given by Eq. 3.

PROCEDURES

We collected unfrozen water content data determined by NMR and FPD for two
soils, Chena Hot Springs silt and Tuto clay, whose physical properties are
given in Table 1. Unfrozen water content data were determined using NMR in
earlier experiments for warming curves by the procedure given by Tice et al.

Table 1. Physical properties of Chena Hot Springs silt and Tuto clay.

Percent passing sieve
4.6 0.42 0.02 0.01 G

_D60 DlO (mm) (mm) (mm) (mm) (Mg/m 3 )

Chena Hot
Springs silt' 0.027 0.005 100 100 39 20 2.80

Tuto cly .... 2.54

'Personal communication with R. Berg, CRREL.
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Figure 1. Unfrozen water contents determined by NMR for
warming curve data and the best-fit curve to Eq. 5 using
the parameters listed in Table 2.

(1978, 1981, 1982) and contained in CRREL's frozen soils database (Tice and
Black, in preparation). The results of these measurements are presented in
Fig. 1 in which the 4-values were obtained by assuming that u, was zero in Eq.
3. This is a reasonable assumption since the specimens were compacted in tubes
exposed to the atmosphere.

Additional 8 cm3 specimens were prepared in the test tubes for the FPD
measurements to different initial water contents ranging from 3 to 68 (cm3 wa-
ter/cm3 total) and individually cooled to -50C to -200C. After thermal equilib-
rium was obtained, the supercooled specimen was struck to initiate ice nuclea-
tion and the resulting temperature increase was measured by an embedded cali-
brated thermistor. The amount of freezing-point depression was determined by
calculating the difference between the temperature at the plateau in the re-
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Figure 2. Unfrozen water contents determined by FPD,
assuming all soil water freezes, and the best-fit
curve to Eq. 5 using the parameters listed in Table 2.

corded temperature rise and 00C. The specimens were then oven-dried and the ac-
tual water contents and densities determined. From these data, the magnitude
of freezing-point depression at each water content was obtained. Again Eq. 3
was employed to determine the 4-value with uw assumed to be zero and this time
0 was set equal to the magnitude of freezing-point depression. The outcome of
these transformed measurements are also shown in Fig. 2 in which the water
contents are assumed to be equal to the total amount of water contained in
each specimen.
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Table 2. Statistical results of unfrozen water content
measurements determined by NMR and FPD fitted to Eq. 5
for Chena Hot Springs silt and Tuto clay. In each case,
W. was set fixed to the porosity.

Method W Ib r2  error 2

Chena Hot
Springs silt FPD 42.8 0.79 -0.55 0.995 38.86

NMR 42.8 0.01 -0.26 0.998 0.81

Tuto clay FPD 51.6 4.42 -0.70 0.995 43.42
NMR 51.6 0.94 -0.53 0.998 4.21

RESULTS

Table 2 contains the results of fitting the NMR- and FPD-determined unfro-
zen water contents to Eq. 5 using the Gauss-Newton nonlinear optimization tech-
nique (ASYSTANT, 1988). In each case, the high r-squared and low error-squared
indicate that Eq. 5 is sufficient to describe these individual data sets. How-
ever, these results do not give a measure of how correctly the FPD method meas-
ures unfrozen water content. While there may be a suitable statistic that de-
termines how closely these nonlinear data compare, a more physically intuitive
approach of comparing these methods is chosen for the purpose of this paper.
In this approach, predicted water contents at identical temperatures are simul-
taneously plotted and trends observed.

The parameters presented in Table 2 are used in Eq. 5 to predict unfrozen
water contents by each method for identical temperatures in the range from
-0.30C to -50C. These predicted water contents are simultaneously plotted in
Fig. 3. A perfect match between the two methods would be indicated by the pre-

50

a 40W

Z 30

E
0

S20

10 hena Hot Springs Silt

045

0 10 20 30 40 50
W, Determined from FPD Equation

Figure 3. Comparison of unfrozen water contents
predicted by FPD and NMR method for the tempera-
ture range of -0.30C to -5.00C and a 450 line rep-
resenting identical correspondence.
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dicted curves falling on the 450 line. Instead the FPD method tends to overes-
timate the amount of unfrozen water at a given temperature and skew the pre-
diction curves beneath the 450 line. Further inspection of Fig. 3 reveals that
the amount of overestimation is steadily increased as the temperature is in-
creased. It is most unlikely that any statistical method could explain this
deviation; hence, our intuitive approach is sufficient to explain the behavior
of these methods if we can explain this deviation.

There are two physical factors influencing these data that would result in
an apparent overestimation of unfrozen water content by the FPD method. The
first physical factor is the bias introduced in the NMR method by using warm-
ing curve data. If we assume that the FPD method is more similar to the behav-
ior of a cooling curve, then the hysteresis involved in the warming curve
would underestimate the unfrozen water content at a given temperature and give
results in the same direction as those in Fig. 3. Past measurements though
have found this effect to be slight in the case of an Alaskan silt with char-
acteristics similar to the Chena Hot Springs silt used in this study (Tice et
al., 1988). The second physical factor included in these data is the implicit
assumption that all available water froze in the FPD method. That is, the
amount of water in the soil determined by oven drying at the end of the test
was assumed to change completely to ice upon freezing and thus correctly rep-
resent the amount of unfrozen water for the measured amount of freezing-point
depression. This clearly is not the case since there is always some water that
does not freeze, especially for silt and clay; unfrozen water will exist in
small pores and the adsorption space. This factor will therefore overestimate
unfrozen water content and do so progressively. The warmer the temperature,
the more unfrozen water will be remaining in the smallest pores and adsorption
space, causing a greater overestimation, just as in the sense of Fig. 3.

CONCLUSIONS

The freezing-point depression (FPD) method of inferring unfrozen water
content was compared to the more exact nuclear magnetic resonance (NMR) method
and found to overestimate the amount of unfrozen water present in two soils,
Chena Hot Springs silt and Tuto clay. It was further observed that the amount
of overestimation progressively increased with warmer temperature, resulting
in a doubling of estimated unfrozen water content at a temperature of approxi-
mately -0.3'C for these two soils. While this aspect might not be suitable for
many applications, the ease and low cost of obtaining such data by the FPD
method makes it an attractive alternative compared to not having any informa-
tion on the soil.
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EFFECTS OF FREEZING ON AGGREGATE STABILITY OF SOILS
DIFFERING IN TEXTURE, MINERALOGY, AND ORGANIC MATTER CONT.NT

by

G. A. Lehrsch, R. E. Sojka,
D. L. Carter, and P. M. Jolley'

INTRODUCTION

Aggregate stability, a measure of a soil aggregate's resistance to breakdown,
influences many soil physical and hydraulic characteristics, such as surface sealing rate,
infiltration rate, and hydraulic conductivity. Thus, because aggregate stability is so
important, processes that may increase or decrease it should be studied.

Different soils have been observed to respond differently to the freezing process.
Hence, it was hypothesized that soils differing in texture, mineralogy, and organic matter
content would be affected differently. A laboratory experiment was designed to test this
hypothesis.

Recently, numerous studies of aggregate response to freezing have been reported.
Aggregate stability has usually been inversely proportional to soil water content at the
time of freezing (Bullock et al., 1988; Benoit, 1973; Bryan, 1971; Logsdail and Webber,
1959). Aggregates from poorly aggregated soils, however, are more stable when frozen at
intermediate water contents (Mostaghimi et al., 1988; Sillanpaa and Webber, 1961). The
number of freeze-thaw cycles to which aggregates have been subjected is important. With
increasing freeze-thaw cycles, aggregate stability usually decreases (Logsdail and Webber,
1959; Mostaghimi et al., 1988; Willis, 1955) but may increase for some soils (Mostaghimi
et al., 1988; Richardson, 1976).

Aggregates in soil samples constrained from expanding, especially in the horizontal
direction, may respond to freezing differently than unconstrained aggregates. The
stability of constrained aggregates has decreased more than that of unconstrained
aggregates, though affected to an extent by the aggregate's size and water content at
freezing (Bullock et al., 1988).

The influence of inorganic bonding agents on aggregate stability has also been widely
studied. For example, Al-Ani and Dudas (1988) found that mean weight diameter increased
with additions of calcium carbonate from 0 to 4% by weight but thereafter decreased with
CaCO 3 additions from 4 to 32%. In contrast, Chepil (1954) reported that 3% calcium
carbonate had no effect on aggregate stability but that 10% increased it. Others (Kemper
and Koch, 1966; Toogood, 1978) found no significant effect due to lime content.

Many of the inconsistencies noted above may be due to different soils being used from
experiment to experiment. The current investigation was conducted under a uniform set of
conditions with six soils quite different in character, yet having paired soil properties.
The experiment was composed of two studies. The objective of Study I was to determine the
effects of constrainment, number of freeze-thaw cycles, and water content at freezing on
the aggregate stability of six continental U.S. soils differing in texture, mineralogy,
and organic matter. In Study II, two potential inorganic bonding agents at two rates were
added as additional factors to a subset of the treatments of Study I.

Papet presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.

'Soil Scientists and Biological Technician (Soils), respectively; USDA-Agricultural
Research Service, Soil and Water Management Research Unit, 3793 N 3600 E, Kimberly, Idaho
83341.
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MATERIALS AND METHODS

The six soils studied (surface horizons only) were obtained from widely separated

locations across the United States. The soils were: a Cecil sandy loam (clayey,
kaolinitic, thermic Typic Hapludult) from Watkinsville, GA; a Barnes loam (fine loamy,
mixed, Udic Haploboroll) from Morris, MN; a Sverdrup sandy loam (sandy, mixed Udic
Haploboroll) from Elbow Lake, MN; a Sharpsburg silty clay (fine, montmorillonitic, mesic
Typic Argiudoll) from Lincoln, NE; a Portneuf silt loam (coarse silty, mixed, mesic
Xerollic Calciorthid) from Kimberly, ID; and a Palouse silt loam (fine silty, mixed, mesic
pachic Ultic Haploxeroll) from Pullman, WA. Properties of the six soils (Table 1) were
determined (Soil Conservation Service Staff, 1984) by the personnel of the National Soil
Survey and Soil Mechanics Laboratories, Lincoln, NE.

Table 1. Soil properties.

Predominant Organic
Particle size distribution Bulk mineral matter

Soil type Sand Silt Clay density type p}! content*

g cm"3  (in CaCI2) %

Barnes Loam 49 34 17 1.25 2:1 7.1 3.41
Cecil sandy loam 67 16 17 1.69 1:1 4.6 1.24
Palouse silt loam 10 70 20 1.15 2:1 4.5 3.03
Portneuf silt loam 22 66 12 1.24 2:1 7.8 1.24
Sharpsburg silty clay 3 56 41 1.33 2:1 5.4 3.19
Sverdrup sandy loam 76 15 9 1.43 2:1 6.0 2.21
.as estimated from the organic C content using the Van Bemmelen 1.724 factor.

Study I

A randomized complete block design with three replications and a factorial arrangement
of treatments was used. Sources of variation were soils, number of freeze-thaw cycles,
constrainment, and water content. Freeze-thaw cycles were either 0, 1, 3, or 5 with Lhe 0
level signifying no freezing. The constrainment factor was at one of two levels, either
constrained (in brass cylinders 5 cm high with an inside diameter of 2.75 cm) or

unconstrained (aggregates placed loosely on Al weighing dishes). The water content factor
(qualitatively either low, medium, or high) was quantitatively either 0.05, 0.15, or
0.25 g/g for the coarse-textured Sverdrup and Cecil soil or 0.10, 0.20, or 0.30 g/g for
the remaining soils. It should be noted that subsequent figures, for the sake of
uniformity, will indicate Sverdrup and Cecil soil samples to have water contents of 0.10,
0.20, or 0.30 g/g. Because some data were missing due to sample mistreatment in the
laboratory, statistical analyses were performed using a linear model (SAS Institute, Inc.,
1985). Aggregate stability values were reported as least-squares (or marginal) means
(Searle et al., 1980). These least-squares means, estimates of the means that would have
been obtained had no data been missing, wore separated, utilizing a significance
probability of 5%, using an option available in SAS (SAS Institute, Inc., 1985).

Samples were prepared by sieving field-moist soil (gravimetric water contents ranged
from 7 to 22% and averaged 13%) through a 4-mm sieve. Soil was not permitted to air dty

between the time it was sampled in the field and analyzed in the laboratory. To prepare
constrained samples, the water content of the sieved soil was first adjusted slowly to the
desired level, i.e., either lowered by drying in air or raised by misting in a vaporizer

(Kemper and Rosenau, 1986). Moist soil was packed by tapping into each brass cylinder
until a dry bulk density of 1.15 g/cm3 was reached. Each packed cylinder was sealed in a

polyethylene bag to both inhibit water loss and prevent water uptake, inserted into a
styrofoam tray, and stored at +6C until the remaining cylinders were packed. The
styrofoam, a minimum of 7 cm underneath and 2 cm around each cylinder, served as
insulation so that freezing occurred primarily downward from the surface. Unconstrained
samples were prepared by sieving the less than 4-mm field-moist soil through a 1-mm sieve

and placing the equivalent of 10 g of oven-dry 1- to 4-mm aggregates in an Al weighing
dish. Our interest was in the response of the 1- to 4-mm aggregates. When studying
unconstrained samples, the less than 1-mm aggregates would by design exert no confining

pressure on the desired size fraction of aggregates and thus could be omitted from the
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unconstrained samples. Each dish was sealed in a polyethylene bag, placed on a plastic
tray, and stored at +6C until the remaining unconstrained samples were prepared.

All prepared samples were subjected to either 0, 1, 3, or 5 freeze-thaw cycles. One
cycle was completed when prepared soil samples were fro:.en at -14'C for 24 hours, and
subsequently thawed at +6C for 48 hours. Samples were convectively frozen Uithout access
to water. Freezing-induced vertical expansion of the soil in the cylinders was measured.
For all samples, a data logger within each enclosure recorded ambient air temperatures.
The 0 cycle samples were not frozen but were stored at 46*C for a minimum of 48 hours.
Before the aggregate stability analysis, all samples were brought to room temperature on a
lab bench for 2 hours. Aggregate stability was determined using the procedure of Kemper
and Rosenau (1986) modified so that field-moist I- to 4-mm aggregates were vapor-wetted to
0.30 g/g prior to wet sieving.

Study II

The experimental design was the same as for Study I but the sources of variation were
different. Factors were soils, number of freeze-thaw cycles, water content, potential
bonding agents, and bonding agent addition rates. Freeze-thaw cycles were either I or 3.
All samples were constrained in brass cylinders. The water content factor was either 0.05
or 0.25 g/g for the coarse-textured Sverdrup and Cecil soil or 0.10 or 0.30 g/g for the
remaining soils. Finely ground reagent grade CaCO 3 or CaSO was added as a bonding agent
at a rate of either 0.2 or 1.0% by weight of oven-dry soil. The statistical analysis was
similar to that of Study I. Least-squares means were separated utilizing a significance
probability of 5%.

Samples were prepared by coating less than 4-mm field-moist soil with ground CaCO3 or
CaSO4 . The desired mass of CaCO3 or CaSO 4 was distributed as evenly as possible over all
surfaces of a known mass of sieved soil on plastic sheeting, and thoroughly mixed.
Thereafter, in a vaporizer, soil water content was raised to the desired level as
described earlier. This moist, coated soil was then packed into a brass cylinder using
the procedure of Study I. All packed cylinders were subjected to either 1 or 3 freeze-
thaw cycles. After the soil had thawed the last time, it was permitted to warm to room
temperature over a 2-hour period, removed from the cylinder, and analyzed for aggregate
stability using the procedure of Study I.

RESULTS AND DISCUSSION

Study I

Aggregate stability (averaged over freeze-thaw cycles) is shown as a function of water
content in Figure 1 for constrained samples and in Figure 2 for unconstrained samples.
Figure I reveals that, for each soil, aggregate stability decreased as water contents
increased from 10 to 30%. The stability of the Sharpsburg, Palouse, and Barnes soils (all
medium-textured or finer with organic matter contents of 3% or more) decreased twice as
much from 20 to 30% than from 10 to 20% water content. The stability of the Portneuf silt
loam, with nearly 60% less organic matter (1.24%, Table 1), however, dropped just as much
from 20 to 30% as it did from 10 to 20%. Thus, elevated organic matter, known to improve
the stability of aggregates with diameters over 0.25 mm (Tisdall and Oades, 1982), was
also more effective in stabilizing aggregates frozen at lower than at higher water
contents. The coarse-textured Cecil exhibited the greatest drop in aggregate stability
from 10 to 20%. Large differences in aggregate stabLlity exist from soil to soil even at
the same water content. For example, Portneuf and Palouse, two silt loams from the
Pacific Northwest, differ in stability by over 25 percentage points at a 10% water
content.

Findings for constrained samples (Fig. 1) were similar to those for unconstrained
samples (Fig. 2). Some differences were noted, however. In Figure 2, though the
difference was not significant, aggregate stability tended to increase slightly from 10 to
20% for the Sharpsburg, Palouse and Barnes soils. Figure 2 also indicates that the
Sharpsburg, Palouse, and Barnes, the soils highest in organic matter, had the highest
percentages of stable aggregates when frozen at a water content of 10%. These same three
soils were still the most stable when frozen at 30%.
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Figure 1. Aggregate stability (averaged over freeze-thaw cycles) as a function of water
content for constrained samples of each soil. Within each soil, means without
a common letter differ significantly at the 0.05 level.
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Figure 2. Aggregate stability as a function of water content for unconatrained samples of
each soil. Within each soil, means without a common letter differ
significantly at the 0.05 level.
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In Figure 3, the data (again averaged over freeze-thaw cycles) for a Palouse silt loam
illustrate a typical response to constrainment of aggregates while frozen at different
water contents. For every soil, constrainment decreased the stability of aggregates
frozen at higher (20-30%) water contents. Expansion of ice crystals likely caused planes
of weakness in the aggregates whose horizontal displacement was limited by the confining
pressure of the brass cylinders. These planes of weakness subsequently manifested their
presence during the wet sieving process. Figure 3 also indicates that aggregate stability
decreased faster with increasing water content when frozen constrained rather than
unconstrained.

90 a a
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60

0•.*-' 50•

Q) 40

0) 30
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" 20 •

<10

1 2 1 2 1 2

(constr.) (unconstr.) (constr.) (unconstr.) (constr.) (unonstr.)
-- 0.10 gig -------- 0.20 gig -------- .30 gig ---

Figure 3. Stability of Palouse aggregates as affected by constiainment at each water
content. Within each water content, means without a common letter differ
significantly at the 0.05 level.

Table 2 lists aggregate stabilities, averaged over water content, of constrained
samples of each soil after each freeze-thaw cycle. The Palouse and Barnes soils increased
significantly in stability with increasing number of freeze-thaw cycles. Both are medium-
textured soils with relatively high organic matter contents.

Table 2. Effect of freeze-thaw cycles on aggregate stability (constrained samples only).

Aggregate stability
Number of freeze-thaw cycles

Soil 0 1 3 5

Barnes 53.0 c* 56.3 bc 59.6 ab 65.4 a
Cecil 49.5 a 55.1 a 55.8 a 51.5 a
Palouse 43.5 c 60.6 b 71.1 a 62.1 b
Portneuf 38.1 a 38.1 a 36.5 a 38.4 a
Sharpsburg 82.8 a 86.0 a 88.7 a 89.1 a
Sverdrup 45.8 a 46.5 a - 50.6 a

* Means within a row not followed by a common letter differ significantly at the 0.05

level.
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When unconstrained, four soils (Fig. 4) increased significantly in aggregate stability
with freeze-thaw cycles. In contrast, when constrained, the stability of only two soils
increased with freeze-thaw cycles (Table 2). Figure 4 reveals that the coarse-textured
Sverdrup and Cecil and, as before, the Palouse and Barnes soils increased in stability.
The aggregate stability of Cecil and Palouse increased with each subsequent freeze-thaw
cycle, but the response of Sverdrup and Barnes was more variable. The Palouse silt loam
was the only soil whose stability increased statistically (and likely practically) from 0
to I freeze-thaw cycle. For the remaining three soils, the improvement in stability was
minimal, averaging less than nine percentage points over the entire range of cycles
studied.
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" 40
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O7 20
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0135 0135 0135 0135 0135 0135
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Portneuf Sharpsburg Palouse Barnes Sverdrup Cecil

Figure 4. Effects of freeze-thaw cycles on the stability (averaged over water content)
of unconstrained aggregates of each soil. Within each soil, means without a
common letter differ significantly at the 0.05 level.

Figure 5 reveals that, within each freeze-thaw cycle, aggregate stability, averaged
over all six soils and both constrainment levels, decreased with increasing water content.
Also, at least for water contents of 20 and 30%, the stability of aggregates increased
when subjected to up to three freeze-thaw cycles but then decreased when subjected to five
cycles. Thus, for some soils, there seems to be some rather low number of freeze-thaw
cycles beyond which aggregates may become less stable with continued freezing and thawing.
This suggests that to minimize soil structural damage (and attendant erosion), soil water
contents (at least at the surface of the profile) should be as low as possible entering
the winter season (Benoit, 1973). Figure 5 also shows that the higher the water content,
the greater the increase or decrease caused by freeze-thaw cycles. In other words,
freeze-thaw cycles exerted their greatest effect, whether beneficial or detrimental, on
aggregate stability at the highest water contents.

Study II

Results from Study II confirmed a number of the findings of Study I. First, aggregate
stability decreased when water contents increased from 10 to 30%. Second, the decrease in
aggregate stability varied from soil to soil, in general being greatest for coarse-
textured soils and least for fine-textured soils. Of particular interest, however, was
the influence of CaC03 and CaSO4 on aggregate stability. Statistical analysis indicated
that, at the 5% level, neither of the potential bonding agents affected
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Figure 5. Aggregate stability (averaged over soils and constrainment levels) as a
function of freeze-thaw cycles at each water content. Within each water
content, means without a common letter differ significantly at the 0.05 level.

aggregate stability. The effect of the bonding agents did, however, approach significance
at the 10% level. The trend of the response indicated that aggregate stability was higher
with the addition of calcium sulfate than calcium carbonate. Moreover, aggregate
stability tended to decrease with increasing rates of the bonding agents. This decrease
in stability was greatest when CaC03 was added to soil samples at a water content of 30%.
Statistical analyses of these data are continuing.

Results in light of the objectives

Interactions among the factors examined were the rule rather than the exception in
both studies. Constrainment, number of freeze-thaw cycles, and water content at freezing
were all found to significantly affect the stability of the six soils, though differently
depending upon both the soil in question and the levels of the other factors. In Study I,
the effect of constrainment differed depending upon the soil, the water content, and the
number of freeze-thaw cycles. When the six soils were taken as a whole, the effect of
freeze-thaw cycles on aggregate stability depended upon the water content at freezing. In
Study II, the decrease in aggregate stability caused by an increase in water content
differed according to the texture of the soil being frozen.

Results in relation to others' findings

The results of these two studies are similar in most but not all respects to the
results obtained by other investigators. The decrease in aggregate stability with
increasing water content, found by others for loam and silt loam soils (Bullock et al.,
1988; Benoit, 1973), was confirmed and found to occur for finer- and coarser-textured
soils as well (Fig. 1 and 2). We found that constrained aggregates were less stable than
unconstrained aggregates after freezing (Fig. 3) as reported by Bullock et al. (1988). As
found by Mostaghimi et al. (1988) for unconstrained samples of a silt loam and Richardson
(1976) for a different silt loam, aggregate stability may increase with increasing number
of freeze-thaw cycles (see Fig. 4, especially the Palouse silt loam). When, as in this
study, soils are not air-dried prior to analysis, this increase in stability with freeze-
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thaw cycles may be the norm rather than the exception (Figs. 4 and 5). The finding of
this study that aggregate stability (as an average response for six soils) increases with
up to three freeze-thaw cycles but decreases thereafter (Fig. 5) is supported by the
results of Mostaghimi et al. (1988) for a Crofton silt loam (fine silty, mixed, mesic
Typic Ustorthent). In contrast, the results presented in Figure 4 showing an increase in
stability with freeze-thaw cycles for unconstrained samples of four of six soils are at
odds with the results presented by Hostaghimi et al. (1988) showing a decrease in
stability with freeze-thaw cycles for two of three soils. Such a discrepancy may well
result because their soils were air-dried before their experiment was conducted. Air-
drying could have strengthened bonds within the aggregates, thus effectively masking the
increase in aggregate stability detected for the first few freeze-thaw cycles (Fig. 5).
The finding in Study II that CaCO 3 added at either 0.2 or 1.0% by weight did riot
significantly affect aggregate stability agrees with the results of Chepil (1954), Kemper
and Koch (1966), and Toogood (1978) but disagrees with those of Al-Ani and Dudas (1988).
There were, however, differences in both soils and procedures between the study of Al-Ani
and Dudas (1988) and Study II. The soil samples used by Al-Ani and Dudas (1988) were from
the BC horizons of two soils with clay contents of 32 or 42% whereas the soil samples used
in Study II were from the surface horizons of soils generally of much lower clay content
(Table 1). Procedurally, air-dry soil and 4- to 8-mm aggregates were used by Al-Ani and
Dudas (1988) while field-moist soil and 1- to 4-mm aggregates were used in Study II. A
number of the earlier studies that found CaCO 3 to affect aggregate stability used very
high calcium carbonate application rates. The rates considered in Study II were more
feasible application rates for agricultural production.

CONCLUSIONS

Constrained aggregates at gravimetric water contents of 20% or more were less stable
after freezing than were unconstrained aggregates. For some soils particularly when
unconstrained, aggregate stability tended to first increase with increasing number of
freeze-thaw cycles and then decrease. The mean response of all six soils showed that the
effect of different numbers of freeze-thaw cycles was most pronounced at the highest water
content (30%). The one response most consistent throughout the experiment was that
aggregate stability decreased with increasing water content at the time of freezing.
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FREEZE THAW EFFECTSION SOIL STRENGTH
by

Hans Kok and Donald K. McCool
I

INTRODUCTION

Erosion occurs on the 4 million hectares of non-irrigated cropland in the Pacific
Northwest at rates much higher than tolerable to sustain long-term productive agriculture.
For example, ten percent of the Palouse river basin of eastern Washington and northern
Idaho has already lost all of its topsoil (USDA, 1978) and current annual erosion rates
for cropland average from 5 to 50 ton per hectare (Papendick et al., 1983). Rates as high
as 224 ton per hectare have been reported (McCool et al., 1976a). Intensive tillage
practices associated with common crop rotations, that frequently contain summer fallow,
leave the soils pulverized and very vulnerable to erosion. The long and steep slopes in
loessial soils of the region combined with the many freeze-thaw cycles (up to 120 per
year) during the winter season result in extremely erodible conditions. Soils accumulate
moisture prior to the freezing cycles and often freeze wet with resultant low infiltration
capacities (McCool and Molnau, 1974). The majority of the precipitation occurs as low
intensity rain or snow during the winter months when soils are bare and unprotected
(McCool et al., 1982). Runoff detachment and transport are the dominant erosion processes
(McCool et al., 1976a; 1987). More than 50 percent of the soil erosion in the Palouse
region is related to rain or snowmelt on frozen or thawing ground, often accelerated by
warm, moist Pacific air masses (McCool et al., 1976b; Yoo and Molnau, 1982; Zuzel et al.,
1982), yet one of the least understood aspects of the physical erosion process is the
effect of freeze and thaw.

This report will briefly summarize research conducted at Pullman, Washington
pertaining to the effects of freeze-thaw cycles on soil properties.

FIELD RESEARCH

Field research has been conducted since 1931 at the Palouse Conservation Field
Station (PCFS). A series of runoff plots have been installed since 1978 that are
subjected to tillages and crop rotations common to the area. Results have been primarily
used to adapt the Universal Soil Loss Equation to the Pacific Northwest (McCool and
George, 1983, McCool et al., 1976a, McCool et al., 1982). On tillage weakened soils, 60
to 70 percent of the annual runoff and about 55 percent of the yearly soil loss was
related to rainfall and snowmelt on frozen ground.

During the 1987-88 and 1988-89 erosion seasons, soil strength was monitored on a
Palouse silt loam on a 21 percent slope at the PCFS (Kok, 1989, Kok and McCool, 1989).
Several instruments were used; fall-cone, pocket penetrometer and Torvane* ,a device with
vertical vanes radiating from a central point. Satisfactory results were obtained only
with a metal Torvane apparatus. Torvane soil strength varied drastically over the period
of field testing, from virtually zero while thawing to 14 kPa under dry soil conditions in
early spring.

An example of observations as obtained with the Torvane apparatus for early 1988 is
shown in Figure 1, together with soil water content observations for this period. The
soil had been tilled with a Lely Roterra (a tiller with vertical teeth rotating around a

The mention of trade or brand names in this publication does not constitute endorsement

or recommendation for use by the authors and is provided for the reader's information
only.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990

1 Research Associate, Washington State University, Pullman, WA, and Agricultural Engineer,

USDA-ARS, Pullman, WA
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vertical shaft) the previous fall and had beenlin continuous fallow since 1978. Several
freeze-thaw cycles occurred before the soil froze for several weeks in early 1988 followed
by another series of freeze-thaw cycles until the soil shear strength was 6.4 kPa on day
89 (March 29). Snow and frost occurred and the strength decreased to 5.7 kPa at 1000 PST
on day 91 (March 31). By 1600 PST sun and strong wind had dried the surface and the shear
strength increased to 11 kPa. Overnight rain increased the soil water content to 25
percent but strength remained constant at 11 kPa on the morning of day 92 (April 1); by
1700 PST it had increased to 13 kPa, due to sun and very strong drying winds. Snow, rain,
frost and thaw caused the strength to drop to 4.4 kPa at 1000 PST on day 96 (April 5); by
1600 PST it had increased to 10 kPa, and the next day it was 14 kPa. Rain caused the
strength to decrease to 12 kPa overnight. A frost on the night of day 98 (April 7) might
have resulted in a lower strength, since the soil water content went up to 36 percent;
however by 1100 PST on day 99 (April 8) when the soil was completely thawed and strength
measurements were possible, the water content had decreased to 24 percent and the strength
was 13 kPa, by 1500 strength was 14 kPa. Further measurements were not possible since the
soil was now hard and dry. Insertion of the Torvane caused cracking and crumbling of the
soil. Similar trends as described here were observed for late 1988 and early 1989.

16 40

035
12 ,, /

*30

I- ',25
-

1 ,,,,20 0°

6 --

) 10

0
3 -i I L . L

88 89 90 91 92 93 94 95 96 97 98 99 100 101 102

Calendar day

4 Torvane strength -- Water content

Figure 1. Torvane and water content observations for early 1989

Note the major variations in soil strength and soil water content around freeze-thaw
events, shown in Figure 1, especially during diurnal freeze cycles. Similar soil water
content fluctuations were observed by Pikul and Allmaras (1984). Soil strength upon
thawing would often be 50 percent or less of the pre-freeze strength. Sunny conditions
caused rapid thaw of the top several millimeters of the soil profile while the underlaying
layers were still frozen. The super-saturated top layer would flow down the hill
indicating a near absence of soil strength. Under sunny and windy conditions the soil
temperatures could reach up to 80C while the air temperature remained around OC. Under
these conditions , the soil would regain its pre-freeze strength within a couple of hours
as the soil water content decreased rapidly, indicating an appreciable effect of
evaporation. Under overcast conditions it could take several days for the soil to regain
its pre-freeze strength.

No clear seasonal trends in soil strength were found. A slight consolidation and
strengthening of the soil after fall tillage and a slight strengthening trend in the
spring as the soil dried were observed. Soil water content was as high as 58 percent
under frozen soil conditions, 44 percent while thawing, and 25 percent during rain or
snowmelt. A weak negative linear relationship between soil strength and soil water
content of the top ten millimeter of the soil profile was found (Equation 1).

71



r - a + b*Ml0  (1)

Where r - Torvane soil shear strength (kPa)
a,b - fitted coefficients
M1O - water content of the top 10 millimeter of the soil profile.

Observations were made in four distinct periods that were separated by periods that
did not allow for measurements due to frozen conditions in the winter and dry soil
conditions in the summer. Coefficients as obtained for the four periods and for the total
period of the experiment are shown in Table 1. The wide range in values for the
coefficients is currently under study.

Table 1. Regressions between Torvane soil shear strength and soil moisture content.

Period r2  Relationship Number of
observations

Late 1987 No data
Early 1988 0.81 r - 32.16"* - 84.07** M1 0  8
Late 1988 0.59 r - 22.53** - 60.60 M10  13
Early 1989 0.59 r : 25.20** - 62.50** M10  14
Total period 0.51 r 22.95** - 0.57** M10  35

** - Significant at the I percent level.

LABORATORY RESEARCH

Laboratory experiments on the effect of freeze-thaw cycles on soil strength of a
Palouse silt loam have been conducted by means of radiative freezing (Formanek 1983;
Formanek et al., 1984). Undisturbed soil samples were frozen with a thermo-electric plate
at minus 40C for 20 to 30 hours to a depth of 50 mm. The experiment was conducted under
soil water tensions of 0.49, 1.47 and 4.41 kPa; during fall-cone tests, the soil water
tension was set to 0 kPa. Measurements with a fall-cone before freezing and after thawing
indicated a 50 percent reduction in average strength over all tensions, from 0.89 to 0.44
kPa, after one freeze-thaw cycle. Subsequent freeze-thaw cycles did not further reduce
the average soil strength. The soil was allowed to consolidate overnight at a pre-set
tension. Fall-cone strength of the consolidated soil was found to be a function of the
logarithm of the soil water tension during consolidation.

rs -a + b ln Om (2)

where rs - fall-cone shear strength (kPa)
a,b - fitted coefficients for the soil
om - soil water tension during consolidation (kPa)

Coefficients are shown in Table 2. This relationship shows the extreme weakness of
the soil under very wet conditions and explains the high erodibility, and erosion rates,
observed in the field.

Table 2. Cohesion of a silt loam at 0 kPa tension after freeze-thaw cycles and
consolidation.

freeze-thaw on a b L Number of
cycle kPa observations

1 0.05-4.41 1.11 0.22 0.64 36
2 0.05-4.41 1.46 0.36 0.85 30
3 0.05-8.82 1.64 0.42 0.82 68

In order to determine the influence of freeze-thaw on rill detachment, a tilting
flume apparatus was built (Van Klaveren, 1987, Van Klaveren and McCool, 1987). A large
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soil sample (2.74m long by 0.45m wide and 0.60m deep) was frozen while maintaining a
constant water table at 50, 150 or 450 millimeter (0.5, 1.5, and 4.4 kPa respectively)
below the slightly V-shaped soil surface. The soil sample was frozen by circulating a
cooled brine solution (minus 120C to minus 220C) through a plate suspended over the soil
surface. Freezing to a depth of 120 mm was achieved in 7 to 14 days. The soil was
allowed to thaw in 5 to 14 days. Fall-cone strength measurements were obtained on the
thawed, consolidated soil and a relationship similar to the one determined by Formanek
(1983) was found (Figure 2). Values for a and b were determined at 1.6 and 1.1
respectively with a coefficient of determination of 0.64.

0)4

C.

co
0

LL __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

0 1 2 3 4 5 6 7
Soil moisture tension (kPa)

VanKlaveren, 1 cycle - Formansk, 3 cycles

Formanek, 2 cycles --- Formanek, I cycle

Figure 2. Fall-cone strength after consolidation as a function of soil moisture tension
and number of freeze-thaw cycles.

The flume was tilted to a 6.75 percent slope, and surface flow was introduced to the
thawed soil surface, causing a rill to develop. Parameters for the relationship between
flow shear stress and soil detachment (Equation 3) were determined for the three water
table settings. Critical shear strength values were extrapolated from the data (Figure
3).

Dcr - a (r-rcr)b (3)

where Dcr - detachment capacity of the rill flow (g m
2 min "I)

r - flow shear stress (Pa)
Tcr - critical shear stress at which erosion begins in a channel
a,b - fitted coefficients.
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Figure 3. Detachment versus flow shear stress; extrapolation of critical shear.

The coefficient b was found to be near 1, indicating a straight line relationship.
This coincides with experiments by Van Liew (1983), who found a value of 0.95, with pre-
formed rills in a Palouse silt loam with slopes of 7 to 24 percent under field conditions.
The coefficient a represents the soil erodibility. Erodibility of the soil decreased
during initial rill formation, but increased for the 4.4 kPa tension. After about 30
minutes the rill stabilized, but for the 0.5 kPa tension it took an hour for the critical
shear strength to stabilize. (Figure 4).

2.6 2.6

2.4 ----.--.------------- 2.4
(.

2.2 2.2

2 2
L.

1.8 1.8

= 1.6- 1.6
0)+ + +
.1.4 1.4

+
" 1.2 - 1.2
0+

1 I I I 1

0 10 20 36 40 60 60 70 80 90 100

Minutes into test

0.6 kPa tension + 1.6 kPa tension "- 4.4 kPa tension

Figure 4. Critical shear stress versus time.

Erodibility followed similar patterns for the 4.4 kPa tension, but showed reversed
trends for the 0.5 and 1.5 kPa tensions (Figure 5).
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Figure 5. Erodibility versus time.

SUMMARY

Field measurements show extremely low shear strength during soil thaw. Laboratory
measurements show a change of strength with applied soil moisture tension after thaw,
similar to what actually happens in the field. Erodibility was found to be a function of
soil moisture tension. Little change in critical shear stress was found with changing
soil moisture tension.
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SOIL FREEZING AND THAWING SIMULATION WITH THE SHAW MODEL

by

G.N. Flerchinger, R.F. Cullum, C.L. Hanson and K.E. Saxton'

INTRODUCTION

Frozen soil plays a significant role in the hydrology and management of watersheds in
northern climates. Soil freezing can inhibit infiltration, increase the potential for
flooding and erosion, and delay soil warming and spring planting. Accurately predicting
the occurrence and depth of soil freezing and subsequent thawing enhances our ability to
evaluate management options for soil and water conservation.

Many methods ranging from simplified, semi-empirical approaches to very detailed,
physically-based models of coupled heat and water flow have been developed for predicting

frost depth in soils. The Stefan formula and the Bez=6 ren equation (Lunardini, 1981)
represent some of the earliest models for frost-depth prediction. Benoit and Mostaghimi
(1985) developed a simple frost depth model which utilizes mean daily air temperature to
calculate heat flux from the snow or soil surface to the frost front. Harlan (1973) was
one of the first to formulate a mathematical model for the coupled heat and water
transport in partially frozen soils. Harlan's model, like others to follow (Guymon and
Luthin, 1974; Jame and Norum, 1980; Pikul et al., 1989; and others), was based on the
assumption that the soil characteristic curve and water movement in partially frozen soil
are analagous to that in unsaturated soil. Gilpin (1980), and O'Neill and Miller (1985)

extended the coupled heat and water flow models to include frost heave. Cary (1987)
presented a method for including solute effects on frost heave. While some of these
models are very complex, most require surface temperature or surface heat flux for input
rather than standard weather data, and none include the effects of sno4, residue, and
tillage on heat and water flow.

The occurrence, depth and permeability of frozen soil results from the interactions
between climate, soil, antecedent water content, slope, cover and management practices.
The Simultaneous Heat And Water (SHAW) model (Flerchinger and Saxton, 1989a) uses hourly
weather data to simulate the interrelated heat, water, and solute transfer through snow,

residue and soil for a wide range of conditions. Because the model uses fundamental
equations for heat, water, and solute flux, input parameters are readily definable for
dilferent soil, residue, topographic and climatic conditions. This paper illustrates the
-. i*'s applicability to widely varying site and climatic conditions. Field data and

aod, results are presented for. shallow, transient freeze-thaw cycles which are prevalent
in the Pacific Northwest grainlands, elevational effects in the mountainous rangelands in
southwestern Idaho; and deep, soil-frost conditions in interior Alaska.

MODEL DESCRIPTION

The physical system described by the SHAW model consists of a one-dimensional vertical
profile extending from _" i snow, residue or soil surface to a specified depth within the
;oil. The model is suffiziently flexible to represent a broad range of conditions,

although transpiring plant canopies are currently not included. The system, illustrated

in Figure 1 may or may not have snow, a residue layer or a tillage layer. Hourly
predictions include evaporation, soil frost depth, snow depth, runoff and soil profiles of

temperature, water, ice and solutes.
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Input to the SHAW model includes initial soil temperature and water content profiles,
hourly weather conditions, general site description, and parameters for the snow, residue
and soil. General site information includes slope, aspect, latitude, and surface
roughness parameters. Parameters necessary for simulating snow include coefficients for
the functional relation between snow depth and percent snowcover (Flerchinger and Saxton,
1989a). Residue or litter properties include residue loading, thickness of the residue
layer, percent cover and albedo. Input soil parameters for the model are bulk density,
saturated conductivity, and coefficients for the matric potential--water content relation,
albedo--water content relation, and De Vries' thermal conductivity relation (De Vries,
1963).

Hourly weather conditions above the upper boundary and soil conditions at the lower
boundary define the heat and water fluxes to the system. Water and heat flux at the
surface boundary include absorbed solar radiation, long-wave radiation exchange and
turbulent transfer of heat and vapor. Absorbed solar radiation is dependent on surface
albedo, slope, aspect, snow depth, and residue cover, long-wave radiation exchange depends
on cloud cover (estimated from solar radiation) and surface temperature, and turbulent
transfer is a function of wind speed, surface roughness and atmospheiic stability.

A layered system is established through the snow, residue and soil, and each layer is
represented by a node (Fig. 1). After computing the flux at the upper boundary, the
interrelated heat, liquid water, and vapor fluxes between layers are determined. The neat
and water flux equations for the system are solved simultaneously using finite difference
equations to balance the net flux into each layer with changing conditions within the
layer. The implicit finite-difference equations are solved iteratively using a
Newton-Raphson procedure. A more detailed description of the model is given by
Flerchinger and Saxton (1989a).

T,u, h Stpi

Iongwave I
solar radiation precipitation

radiation convection/

evaporation

I. ... :"'1 snowpack

A' residue

tilled zone

I * I

I I

t - ------------- undisturbed
node layer , I soil

systemb •uritr I- o
i T, e

Figure 1. Physical description of system represented by SHAW model (T,u,h,S,, and i
represent air temperature, windspeed, humidity, solar radiation and
precipitation, respectively).
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Site characteristics

Data were collected from two plots at each of three sites representing widely varying
climatic regions. Sites included: the USDA Palouse Conservation Field Station near
Pullman, Washington; Reynolds Creek Experimental Watershed located in southwestern Idaho;
and Alaska Agriculture Experimental Field Station near Delta Junction in interior Alaska.
Specific plot data are presented in Table 1.

Table 1. General site description.

Pullman, WA Reynolds Creek, ID Delta Junction, AK

Plot No-till Convent'l Quonset Reynolds Mtn No-till Double-disk
Slope (%) 14.6 17.0 0.0 0.0 2.0 2.0
Aspect S S - - NW NW
Residue wheat wheat grass/moss grass/moss barley barley

weight(kg/ha) 10415 0 1250 1250 8500 2000
cover (%) 91 26 40a 40a 90a 40a
layer (cm) 3.0 0.0 0.5 0.5 4.0 0.7

Surface soil
sand(%) 9 9 52 38 30 30
silt (%) 65 65 39 47 63 63
clay(%) 26 26 9 15 7 7
density(gm/cm 3) 1.36 0.95 1.58 1.39 0.82 0.86

a - Estimated values.

Climate in the Palouse region is characterized by hot dry summers and cool wet
winters. The soil typically goes through three to four freeze-thaw cycles annually
excluding diurnal cycles (Zuzel, 1986) and seldom freezes to depths greater than 40 cm.
Precipitation at the study site averages 540 mm annually, most of which occurs during the
winter months. Plots at the Pullman site included a heavy-residue no-till and a
light-residue tilled plot, both on a Palouse silt loam having been annually cropped with
winter wheat. Residue was applied to the plots in the fall prior to tillage. The tilled
plot was plowed and disked to produce a clean-tilled, finely pulverized seedbed, and both
plots were planted to winter wheat.

The Reynolds Creek Watershed is a mountainous rangeland site, predominantly vegetated
with sagebrush and rangeland grasses. Precipitation, snowcover and frost depth on the
watershed are greatly dependent on elevation. The Quonset and Reynolds Mountain sites at
elevations of 1193 and 2097 m, respectively, were selected for simulation. Mean annual
precipitation at these sites is 284 and 796 mm, respectively. Snowcover is often
sufficient at Reynolds Mountain to prohibit soil frost penetration, while the Quonset site
often freezes to soil depths greater than 60 cm. Soils at these sites are a gravelly loam
at Reynolds Mountain and a sandy loam near the Quonset site. Sagebrush canopy at each
site was very sparse and offered negligible resistance to heat transfer.

The Delta Junction site is a forested area cleared for barley production in the
interior of Alaska. Mean annual air temperature is -2 *C and mean annual precipitation is
300 mm. Forested areas immediately surrounding the site have permafrost and thaw to a few
meters over the summer. The site typically experiences two freeze-thaw cycles annually:
one cycle which freezes on the top 2 to 5 cm and the main event having rapid frost
penetration which freezes the soil below two meters in depth. Soil profile at the site
consists of a 10-cm low-density silt loam soil high in organic matter (4%), underlain by a
much denser sandy loam. The plots had been continuously cropped for spring barley since
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1980. Post-harvest plot treatments consisted of double-disked and no-till tillage
treatments, representing a maximum disturbance, minimum residue condition and a minimum
disturbance, maximum residue condition.

Field data

Hourly weather data collected at the Pullman and Reynolds Creek sites included air
temperature, humidity, windspeed, precipitation and solar radiation. Soil temperature
profiles to a depth of 168 cm on a three-hour basis were taken at the Pullman site, and to
a depth of 120 cm on an hourly basis at the Quonset site. Average daily soil temperature
profiles to a depth of 90 cm were collected at Delta Junction, and soil temperatures were
measured weekly at Reynolds Mountain.

Hourly weather data for Delta Junction were generated from daily weather
observations, which included maximum and minimum air temperature, precipitation and solar
radiation. Hourly temperatures were extrapolated by fitting a sinusoidal curve through
the observed temperatures, assuming that the minimum temperature occurred at 1/2 hour
before sunrise, and the maximum temperature occurred midway between noon and sunset.
Hourly solar radiation was generated from total daily solar radiation assuming that the
atmospheric transmissivity was constant for the day. Hourly values were calculated from
(Campbell, 1977)

S - (St/Sh0) Sosina (1)

where S, is measured daily solar radiation, Sh. is total daily solar radiation incident on

a horizontal surface at the outer edge of the earth's atmosphere, S,/S"o is the atmospheric
transmissivity for the day, S. is the solar constant (1360 W/m) and a is the sun's
altitude angle above the horizon for the hour. Wind at the site was assumed at a constant
3m/s. Humidity for each day was assumed constant and equal to the saturated vapor density
at the minimum air temperature.

Soil water data were not available for Delta Junction and were estimated at 25 percent
by volume near the surface, and 20 percent at depths beyond 15 cm. Soil water content
profiles at the other sites were measured weekly. Frost depth was measured using
cylindrical gypsum moisture blocks read every three hours for the Pullman plots, and frost
tubes filled with a flourescein solution and sand (Harris, 1970) were used at Reynolds
Creek. Frost tubes filled with a methylene-blue dye solution were used at Delta Junction,
but appeared to unsatisfactorily lag frost penetration when compared with soil temper-
ature data. The 0 *C isotherm was therefore used to indicate frozen soil depth. Gypsum
blocks, sand-filled frost tubes, and 0 'C isotherm indicate approximately the same frost
depth under moist conditions (Hanson and Flerchinger, 1990).

Values for soil albedo (0.25), residue albedo (0.40) and snow depth-percent cover

parameters for the Pullman plots were based on calibration results of Flerchinger and
Saxton (1989b). Surface roughness was determined fiom measured wind profiles and soil
thermal and hydraulic properties were measured by Knny and Saxton (1988).

The model was run without prior calibration for the Reynolds Creek and Delta Junction
sites. Soil albedo for these sites was calculated from water content, 0, using the
equation

-2.40
A - 0.30e (2)

based on data presented by Idso et al. (1975). Soil hydraulic properties were measured
for the Delta Junction plots and estimated from soil texture (Saxton et al., 1986) for the
Reynolds Creek sites. Residue albedo, surface roughness and snow depth--percent cover
parameters for the Delta Junction plots were assumed approximately equal to the Pullman
plots. Residue albedo for the Reynolds Creek sites was estimated at 0.30, surface
roughness was taken as 0.13 of the height of surrounding vegetation (Campbell, 1977), and
the minimum depth for 100% snowcover was estimated as half the height of surrounding
vegetation. (This was the depth at which surrounding vegetation was estimated to
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significantly influence snowmelt). Because of the large sand and silt fractions, thermal
conductivity of soil minerals for the Reynolds Creek and Delta Junction sites was assumed
to be that of quartz (8.8 W/m/C).

MODEL SIMULATIONS

Data from the winter of 1986-87 were used at all sites for simulation with the SHAW
model. Soil freezing was simulated from November 4 to February 23 (day 308 to 54) for the
transient freeze-thaw cycles on the Pullman plots, from September 7 to May 30 (day 250 to
150) for the Reynolds Creek sites, and from October 15 to November 17 (day 288 to 321) for
the rapid frost penetration on the Delta Junction plots. Daily average air temperature
for these sites is plotted in Figure 2.

Simulated and measured hourly temperatures were compared using a coefficient of
efficiency, E, calculated as (Kitanidis and Bras, 1980)

A 2
X(T(i) - T(i))

E - l - (3)
2

Z(T(i) - T)
A

where T(i) are simulated temperatures, T(i) are corresponding measured temperatures, T is
the average measured temperature for the simulation period, and E (51) is the fraction of
variation in measured values explained by the model. Values of E less than zero indicate
that the average measured value for the period is a better estimate than simulated values.
The coefficient of efficiency for simulated soil temperature of all plots is given in
Table 2.
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Figure 2. Average daily air temperature for simulation periods.
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Table 2. Coefficient of efficiency for simulated soil temperatures.

Pullman, WA
Depth (cm) 0 8 15 25 38 53 69 84 107 138 168
No-till' 0.70 0.78 0.84 -- 0.87 -- 0.89 0.85 0.91 0.96 1.00
Conventional' 0.70 0.79 0.80 0.83 0.84 0.76 0.74 0.78 0.88 0.96 1.00

Reynolds Creek, ID
Depth (cm) 2.5 5 10 20 30 45 60 75 90 120
Quonset2  0.92 0.92 0.94 0.95 0.95 0.95 0.94 0.98 0.99 1.00
Reynolds Mtn.3  .. .. 0.27 -- 0.95 -- 0.97 -- 1.00

Delta Junction, AK
Depth (cm) 0 5 10 15 22 30 45 60 75 90
No-till4  0.56 0.64 0.63 0.67 0.62 0.84 0.89 0.93 0.98 1.00
Double-disk4  0.69 0.80 0.78 0.76 0.76 0.76 0.78 0.81 0.88 1.00

Soil temperatures measured every three hours.
2 Soil temperatures measured hourly.

3 Soil temperatures measured weekly.
4 Average daily soil temperatures.

Soil temperatures were simulated somewhat better for the Pullman and Reynolds Creek
sites than the Delta Junction site where only daily weather data were available. Average
absolute error in simulated near-surface temperature ranged from 0.82 *C for the no-till
Pullman plot to 1.66'C for the double-disk Delta Junction plot. Errors in simulated
temperature generally decreased with depth. The coefficient of efficiency for simulated
surface temperature was 0.70 for both plots at the Pullman site, and generally exceeded
0.80 for most other depths. Efficiency of simulated soil temperature exceeded 0.92 for
all depths at the Reynolds Creek Quonset site. The coefficient of efficiency at the Delta
Junction site was 0.56 and 0.69 for average daily surface soil temperature of the no-till
and double-disked plot, respectively. Efficiency at deeper depths exceeded 0.62 and 0.76,
respectively for the two plots. Measured windspeed, soil water content and hourly weather
observations would undoubtedly improve model predictions at the Delta Junction site.

Simulated and measured frost depth plotted in Figures 3 and 4 for the Pullman plots
illustrate the model's applicability to simulate transient snowcover and freeze-thaw
cycles under widely varying tillage and residue treatments. Maximum frost depth indicated
by moisture blocks was 3 cm for the residue-covered no-till plot and 10 cm for the bare,
tilled plot. Maximum simulated frost depths were 5 and 12 cm, respectively.

Maximum frost depth and the rate of freezing and thawing were simulated quite well at
the Reynolds Creek Quonset and Reynolds Mountain sites as illustrated in Figures 5 and 6.
Snow depth at Reynolds Mountain was simulated reasonably well except where the model
underestimated the large snow accumulation between days 65 to 75 due to problems in
distinguishing rain from snow at near-freezing temperatures and drifting of snow.
Precipitation for the simulation period totaled 127 mm at the Quonset site and 455 mm at
Reynolds Mountain. As a result, the Quonset site had little or no snowcover and the soil
froze much deeper than at Reynolds Mountain. Maximum measured frost depth was 58 cm at
the Quonset and 31 cm at Reynolds Mountain. Simulated frost depths of 58 and 34 cm,
respectively, compare very well with measured values.

Rapid frost penetration at the Delta Junction site was simulated well using
extrapolated hourly data from daily weather observations. Simulated frost depth and depth
of the 0 0C isotherm determined from measured soil temperatures are plotted in Figure 7
for the no-till and double-disked plots. Night-time air temperatures of -15 *C and Lilder
caused frost to penetrate the double-disk plot more than 90 cm in less than 25 days.
Results from this site illustrate that reasonably good predictions can be obtained using
daily weather observations.
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SUMMARY AND CONCLUSIONS

The Simultaneous Heat and Water (SHAW) model is a physically based model of the
interrelated heat, water and solute transfer through snow, residue and soil and may be
easily parameterized for diverse site conditions. The SHAW model was applied to two
diverse plot conditions at each of three sites repzesenting widely varying climatic
conditions. Effects of tillage and residue management were simulated for shallow,
transient freeze-thaw cycles of Pullman, Washington and for deep, rapid frost penetration
near Delta Junction, Alaska. Effects of elevation and snowcover in mountainous rangeland
were simulated on the Reynolds Creek Experimental Watershed in southwestern Idaho.
Tilled plots with light residue cover froze faster and deeper than heavy-residue no-till
plots at the Pullman and Delta Junction sites. High-elevation sites with adequate
snowcover on the Reynolds Creek Watershed had relatively little frost compared to
low-elevation sites.

Results obtained from the three sites illustate the versatility of the SHAW model to
simulate heat and water transfer for widely varying tillage, residue, topographic and
climatic conditions. Maximum frost depth was simulated within 3 cm for all plots at the
Pullman and Reynolds Creek sites. (Maximum frost depth at the Delta Junction site
exceeded monitoring depth.) Soil temperature, snow depth and rate of freezing and thawing
were successfully simulated for all sites. Application of the SHAW model to the Delta
Junction site, where only daily weather observations were available, supports the use of
the model even where data is limited.
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SIMULATING THE FREEZING AND THAWING OF ARABLE LAND IN SWEDEN

by

Lars-Christer Lundin'

INTRODUCTIJN

A number of models treating coupled heat and water flows in soils have been presented (e.g., -larlan, 1973;
Guymon & Luthin, 1974). The objective with the development of these models was mainly to study frost actions
such as heave and ice lens formation. In many cases the applications have been directed towards construction of
roads and pipelines, often in permafrost areas. Since there is very little permafrost in Sweden and no pipeline
construction in the areas where the permafrost is located, the research on frost processes has here been concentrated
on road problems. The theoretical problems in this area were already treated in detail by Beskow (1935) and later
research has been very practica!ly oriented.

Frost also influences agriculture in a country with a cold climate. The influence on the paths of the meltwater
during spring is very strong. There is also evidence that the hydraulic properties of some soils are influenceded by
the frost action throughout spring, several weeks after the thawing of the soil. Such effects are important to consider
when studying leakage of nutrients or erosion from arable land because these problems are closely related to the
transport of water through or on top of the soil.

The problems cannot be solved in the same manner on arable land as is traditionally done in engineering
applications. The soil material present cannot be replaced with less frost susceptible material. This means that the
problems often have to be accepted as being properties of the system. Thus, the study of frost action among
agronomists tends to be descriptive and focused on measurements more than modeling. Dismissing frost because
there is none during the growing season is to simplify the problem to much.

In Sweden, frost modeling started when Jansson & Haildin (1979) developed a coupled heat and water flow
model. The first simulated frost depths were presented by Halldin et al. (1979) and Jansson & Halldin (1979).
However, these works were not related to arable land. Further developments of the frost description in the model
were initiated by Lundin (1984). Simultaneously the model was adapted to agricultural soils (Jansson & Thoms-
Hjiirpe, 1986). Recently, winter applications of the model to agricultural soils have been presented by Jansson &
Gustafson (1987), Johnsson & Lundin, (in press), Lundin (in press) and Thunholm et al. (1989). Engelnark (1986)
develops a similar model to study infiltration and runoff but is mainly interested in urban applications.

The objective of this paper is to discuss the problems related to an introduction of frost processes in agricultural
hydrology modeling and to point at what can be gained by such an introduction. How the introduction can be done
in practice will be demonstrated on a physically based model of the atmosphere-plant-soil-system. The model
chosen was the SOIL model (Jansson & Halldin, 1979), being widely used in Sweden (e.g., Grip et al., 1979;
Jansson, 1980; 1986; 1987; Jansson & Thoms-Hjlirpe, 1986; Dressie, 1987; Gustafson, 1987a; b; Johansson,
1987a; b; Persson & Jansson, 1988) to study the hydrology of both forests and arable land. The aspects of the model
that needed to be developed to improve the winter hydrology treatment included the hydraulic conductivity
functions, the temporal changes in the soil moisture characteristic curve, the infiltration of melt water through the
frozen soil and the discrimination of the runoff into drainage and surface runoff. Results from Johnson & Lundin
(in press) and Lundin (in press) will be used as a base for this discussion. Implications to the problems of erosion
and nutrient leakage in connection with snow melt and frost will also be discussed.

Presented at the Frozen Soil Symposium, March 21-22, 1990; Spokane, Washington

Assistant Professor; Section of Hydrology, Uppsala University, Vistra Agatan 24, S-752 20 UPPSALA,

Sweden
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Figure 1. The structure of the SOIL model. (Modified from Jansson & Halldin, 1979 and Jansson & Gustafson,
1987.)

THE SOIL MODEL

The SOIL model (Figure 1) was designed to be operationally simple, i.e., flexible with respect to the handling
of different boundary conditions, rather than numerically or physically sophisticated. The numerical integration
is based on an explicit finite difference scheme.

A brief description of the model is given below. The technical description by Jansson & Halldin (1980) gives
more details. Mass transfer is described by the Darcy equation and the mass balance equation:

0 5 (kSpw g' ))+ (1)++ jj

where 0is the water content, t is time, z is depth, k, is the hydraulic conductivity,p, is the hydraulic potential, g
is the gravitational constant, V. is the specific volume of water, and s. is a sink term. The hydraulic conductivity,
k,, varies with water content according to the function proposed by Mualem (1976). This function is modified at
water contents close to saturation to allow for an increased conductivity due to the influence of macro-pores. This
feature is important in cultivated clay soils which commonly show a high conductivity close to saturation.

The heat flow equation, accounting for the latent heat of phase change, is formulated with the heat content, E,
as the state variable:

BE L 50i 8 k 8T) 8(Tq) (2)
Bt V i 5t ='TZ'T' C-W" -8Z

where E is the heat content, L is the latent heat of thawing, Vi is the specific volume ot ice, 0,is the ice content,
k is the thermal conductivity, C is the heat capacity of water, q is the flow of water, and Tis the temperature. The
terms to the left describe the change of sensible and latent heat. The first term to the right describes the divergence
of the heat flow, whereas the second term accounts for convective flow. The thermal conductivity is in mineral soils
assessed from Kersten's (1949) equations. Model compartment sizes are normally chosen to increase with depth.
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In this study the upper compartments were 5- 10 cm thick. State variables and parameters are interpolated linearly
between the model compartments.

The two flow equations are coupled and account for the phase change of water during freezing and thawing.
This is a central problem in models of frozen soils. An empirical relation between the latent energy content and
the temperature is used in the SOIL model. Sensible and latent heat contents from which ice and water contents
are calculated, follow uniquely from a known temperature.

Frost heave is treated in a rudimentary way. The soil heaves if the total volume of ice and unfrozen water exceeds
the porosity of the soil in a layer.

The SOIL model has a special routine to handle a snow pack as the upper boundary condition. The accumulation
and melt functions are driven by precipitation, global radiation, air temperature, and the soil surface heat flow.
Liquid water exceeding a given retention threshold infiltrates into the soil. The thermal condtctivity of the snow
is calculated from the snow density (Corps of Engineers, 1956).

Two alternative formulations are introduced into the model for the hydraulic conductivity at frozen ,onditions
(Lundin, in press). The first aims at improving the numerical performance of the model. The linear interpolation
of the hydraulic conductivity at the boundary between a frozen compartment and an unfrozen one is replaced by
a procedure in which the hydraulic conductivity is put to the minimum value of the frozen compartment and the
linearly interpolated boundary value.

The second approach is an impedence factor similar to the ones of Jame & Norum (1980) and Guymon et al.
(1983; 1984). The hydraulic conductivity of frozen soil, k, is formulated as:

k, = 107- P k ,  
(3)

where a is the thermal quality, i.e., the mass ratio of frozen water to the total amount of water, and E is an impedence

parameter.

Measurements and basic parameterizations of the model

Measurements were carried out on a heavy clay profile in Uppsala (Lat. 59' 49') and on two layered loam-sand
profiles at Kjetislinge, 40 km north of Uppsala. The measurements are also used by Johnsson & Lundin (in press)
and Lundin (1989; in press) in their analyses.

The :lay loam soil had a loamy fine sand horizon extending from approximately 20 to 30-70cm depth underlain
by a heavy clay (Steen et al., 1984). Measurements were made on two plots. One plot was cleared from snow once
a week and the other was undisturbed. The distance between the profiles was approximately 15 m. Measurements
of temperature and total water content were carried out from 1 November 1984 to 6 May 1985. The temperatures
in the top layers were measured every three hours, using Pt- 100 sensors. Deeper down, temperature readings were
taken weekly using thermistors. The measurements of total water content were made with a Wallingford IH II
neutron probe (e.g., Morgenschweis & Luft, 1983). The winter of 1984/85 was cold with air temperatures occa-
sionally below -30 *C. A minor frost cycle started in mid November and lasted for two weeks. The major frost cycle
started in early December and lasted throughout the winter.

Field measurements of precipitation and soil temperature at the depth of 5 cm were used as driving data together
with Penman evaporation, estimated by Alven~is et al. (1986) from climatic data from Kjettslinge, Marsta, 20 km
south of Kjettslinge, and occasionally Uppsala. The soil parameters (Figure 2) were taken from Steen et al. (1984).

Measurements of profiles of unfrozen water content, using Time Domain Reflectometry (TDR), were
conducted in a plot during 1 December 1982 - 5 July 1983. The measurements are reported by Vikstrbm (1984)
and Ryd6n (1986). The winter of 1982/83 was a warm winter for Swedish conditions with an air temperature
seldom below -10 °C. Snow started to fall in mid December, but a lasting snow pack was not established until late
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Figure 2. Water content and hydraulic conductivity as a function of depth for the matric potentials 0, 20,50, 100,
1,000, 5,000, and 15,000 cm (from right to left) for the heavy clay profile, left, and for the loam profile,
right. Data from Sandsborg & Wiklert (1976) and Steen et al. (1984).

January. The weather was unstable in December and January; a warm winter climate interrupted by occasional cold
spells. The maximum snow depth, observed in early March, was less than 20 cm.

Measurements of climatic data from a nearby bioclimatic station were used as driving variables to the model
The set of dnving data consisted of daily values of air temperature, precipitation, relative humidity, wind speed,
net radiation, and global radiation.

Soil moisture retention data from Sandsborg & Wiklert (1976) were fitted to the analytical function given by
Brooks & Corey (1964).

In the clay soil, Lundin (in press) assumed that the ice lenses contributed to an increase in the occurrence of pore
sizes in the range lower than 0.1 mm. Before thawing, the soil moisture characteristic curve was changed in order
to decrease the water content at tensions below pF 1. The new set of soil moisture characteristic curves changed
the unsaturated conductivity as well since it is coupled to the matric potential.

Lundin (in press) compares data from the heavy clay profile to

a) simulations using the original conductivity concept with linear interpolation and

b) simulations using the modified interpolation. In this case, a different set of soil moisture characteristic curves
was given to the frost affected layers on 1 April, i.e., just before thawing.
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The sensitivity to the different conductivity formulations is also tested using data from the layered loam-sand

profiles (Lundin, in press). Model experiments are carried out using

a) the original model formulations with a linear interpolation procedure,

b) the alternative interpolation procedure, and

c) the alternative conductivity formulation with values of 4 and 6 for the impedence parameter E,.

Experiments with the combined use of the alternative interpolation and the impedence parameter were also carried
out.

The simulated results were spatially interpolated to be comparable with measured values of temperature and
water content. Water contents are expressed as % by volume throughout the paper.

Validation of the model

The loam profile with a sand layer

The measured temperatures for the loam profile with a sand layer were well described by the model (Figure 3).

8 0lcm

8
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0. 0
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E
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50cm8
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Figure 3. Measured (broken lines and crosses) and simulated (solid line) soil temperature at three depths in the
loam profile from I November 1984 to 6 May 1985.

The measured total water content (Figure 4) showed an increase in the top layers when freezing started (Lundin,
in press). This increase was accompanied by a decrease in deeper layers, indicating a freezing induced
redistribution. A marked increase in total water content also occurred in mid March. The simulation did not
describe this; an underestimation, observed at all depths, occurred. Ten days after the measured increase, an
increase occurred in the simulated total water content at the 10 cm depth.

The sensitivity test made by Lundin (in press) for the snow cleared ground shows that the alternative
interpolation procedure gave the best fit at the 10 cm depth (Figure 4). At a depth of 25 cm the alternative
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Figure 4. Measured (crosses) and simulated total water content for three depths in the loam profile from
I November 1984 to 6 May 1985. The different simulations were made with a) the original hydraulic
conductivity formulations, i.e., E1--O (solid line), b) the modified interpolation of the hydraulic conduc-
tivity (dotted line), and the values c) E].--4 (dot-dashed line), and d) E,=6 (broken line). (From Lundin, in
press.)

interpolation procedure did not give a very good fit, an overestimation of 20 % occurred at this depth in January.
The decreasing water contents, seen at the 25 cm depth, created by this interpolation procedure were not found in
the measurements. Percolation was taking place below the frozen zone in the model when the alternative
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interpolation procedure was used. This feature was seen to a small extent in the original approach but not in the
measurements.

Using the original description of the hydraulic conductivity of frozen soil resulted in an owerestimation of
10 % at the 10 cm depth and 15 % at the 25 cm depth was seen in January. An underestimation occurred at the
50 cm depth.

The greatest sensitivity was seen at a depth of 25 cm. A change in value of the impedence parametei from 4 to
6 (Figure 4) created a 20 % difference at this depth. Maximum differences ranged from 4 to 20 %, dependent on
depth. A value of 6 for the impedence parameter was found to be the optimal if the linear interpolation procedure
was used. Using the alternative interpolation procedure allowed the use of an impedence parameter of 2.

Johnson & Lundin (in press) could use the same parameters for the snow covered plot when they studied runoff.
During the snowmelt period (March-April) almost all simulated total runoff from the field consisted of surface
runoff (Figure 5). The limited infiltration capacity was caused by frost in the soil. The simulated tile drainage did
not start until the beginning of May, i.e., after thawing of the frost and after the snowmelt period. However, meas-
urements showed that the drainage flow started 2-4 weeks earlier, in early April.
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Figure 5. Simulated total runoff and tile drainage (left) and observed tile drainage (right) from the loam soil field
atKjettslinge. The mean of four observations, with the standard deviation as thin bars, is shown in the right
subpicture. (From Johnsson & Lundin, in press.)

The heavy clay profile

The dynamics of the unfrozen water content (Figure 6) was depicted quite well during winter in the simulation
of the heavy clay profile made by Lundin (in press). When the alternative interpolation procedure was applied no
impedence correction was necessary. However, after thawing, the simulated and measured water contents did not
correspond in the simulation with static soil properties. The discrepancy was especially marked in the upper
layers. The water content was overestimated by 15 % in late May at the 5 cm depth. The discrepancy was noticeable
to a depth of more than 50 cm and decreased successively from May, at the top layers, to finally disappear in early
July. The correspondence between measured and simulated water content was good when the soil physical
properties were modified upon thawing of the soil.

DISCUSSION

Freezing induced redistribution of water

The modeling of frost processes in the field is associated with a number of difficulties. One is the description
of the upper boundary, including processes such as snow accumulation and melting, infiltration into the thawing
soil, and the assessment of the surface temperature of the ground. Others are the coupling of water and heat flow
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Figure 6. Measured (crosses) and simulated (solid and broken lines) unfrozen water contents for three depths in
the heavy clay soil from 1 December to 5 July 1983. The soild line represents a simulation with the
unaltered model. The broken line represents a simulation with the modified interpolation procedure and,
from 1 April, the modified soil moisture characteristic curves. (From Lundin, in press.)

through the freezing point depression function, the formulation of a hydraulicconductivity function for frozen soil,
the effects of frost on soil structure, and the spatial and temporal variability of parameters and variables.

Freezing of fine-grained soils is accompanied by the development of ice lenses. This is not explicitly considered
by the model. Instead, a reduction of the hydraulic conductivity of the frozen soil is done by the introduction of
an impedence parameter. This procedure is applied in the model studies by Taylor & Luthin (1976), Jame &Norum
(1980) and Guymon et a. (1983) as well. No measurements of the impedence parameter exist; it is a calibrated
parameter. Thus, the impedence parameter will include all numerical and other errors present in, the simulation,
making it difficult to compare the impedence parameter between models and perhaps even between different fields.
Lundin (in press) reviews parameter values for various models and various applications and gives a range from
2.2 to 10.

From the sensitivity tests done by Lundin (in press) and Johnsson & Lundin (in press) it seems that the
impedence parameter is not dependent on the thermal regime. They could use the same value on the undisturbed
plot as on the snow cleared one. This means that a single value for the parameter can be used for a series of years.
When the alternative interpolation procedure was used in the SOIL model, the impedence parameter could be
decreased form 6 to 2 for tihe loanm soil.

In the SOIL model it is assumed that the soil-moisture characteristic curve is valid for frozen soils as well.
However, for a coarse, non-colloidal soil a correction for the difference in surface tension between the ice-water
interface and the air-water interface has to be applied. "Ilie correction factor was reported to be 2.2 by Koopmans
& Miller (1966), implying that, at a given water content, the pressure difference in a frozen soil is about half the
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difference found in an unfrozen soil. In soils containing a mixture of non-colloidal and colloidal particles the factor
would be somewhere between unity and 2.2, possibly varying with water content.

For the SOIL model, these findings means that water contents obtained from the freezing point depression curve
could give a matric potential that is more than twice its actual value. The error will be smaller in the gradient of
matrie potential than in the potential itself since the error is systematical. The error will affect the hydraulic
conductivity estimations as well. The resulting flows will not be affected, however, because the errors are corrected
by the impedence parameter.

It could be argued that the surface tension correction factor is to be preferred from a theoretical point of view
because it is has a more physical base and because the possibilities to measure the fraction of non-colloidal par-
ticles in a soil may be greater than the possibilities to measure the ice lens irnpedence. However, no attempt to
measure the surface tension correction factor in a field soil sample is known to the author. In practice, the problem
of estimating the two parameters are probably comparable.

Frost induced structural changes

The difference in water content between simulation and measurements seen in the upper layers during spring
at the heavy clay site at Uppsala is related, by Lundin (in press), to changes in the soil structure, influencing the
soil moisture characteristics. He intuitively altered the soil moisture characteristic curve, increasing the pore size
distribution index by a factor of five, decreasing the air entry value to half, and decreasing the wilting point by
5 %. A less intuitively model should establish the time dependent relation between the soil moisture characteristic
curve and the thermal quality of the soil, so that changes are related to the degree of freezing. Different behavior
should be expected for different soil types. Changes in porosity because of frost heave may also occur. As the soil
thaws it consolidates and the retention characteristics gradually return to their original values, making the process
fully reversible in seasonally frozen soils. Series of soil moisture characteristic curves from winter and spring are
needed to certify the effects of frost on the spring drainage properties of the soil.

The spring drainage properties are important not only because they influence the drying up of the soil but also
because they affect the runoff volumes during and after snow melt. Improved drainage during spring leads to runoff
volumes in excess of the water contained in the snow pack and can also lead to increased leakage of nutrients.

Drainage - surface runoff

Jansson & Gustafson (1987) tried to simulate the discharge from drainage pipes on an agricultural field in
Rt~bdicksdalen in northern Sweden. They observed a consistent delay in simulated discharge in connection with
snow melt for the studied period (1977-1981). In order to solve the observed problem they added a surface pool
to the model, containing melt water that was not able to infiltrate immediately. Water in the surface pool was
directed either as surface runoff or infiltrated at a later time step. The model development contributed to a more
correct partitioning between surface runoff and tile drainage but did not improve the timing of the simulated
discharge in the drainage pipes.

Thunholm etal. (1989) performed infiltration experiments on a thawing heavy clay soil and tried to model their
results. Problems occurred in that it was not possible to simulate infiltration unless the soil was fully thawed, al-
though infiltration capacities were considerable in the experiment.

Johnsson & Lundin (in press) experienced a similar problem in their loam soil simulations at Kjettslinge. The
measured pipe discharge started two weeks before the soil profile was thawed, while the simulated pipe discharge
commenced in connection with the complete thawing of the soil.

Several possible causes to the discrepancies have been suggested, i.e., macropore flow, spatial variability of the
field, frost influence of the water flow in the model not accounted for, or an overestimation of the soil water deficit
at the beginning of infiltration. Surely, the first two of these propositions have influence on some fields. However,
a more plausible general explanation is presented by Thunholm et al. (1989) and further developed by Johnsson
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& Lundin (in press). They lean towards the findings that the spring infiltration capacity is related to the ice content
of the soil, reported by, e.g., Kane (1980) and Granger et al. (1984).

Most soils are unsaturated when they freeze in field conditions. The result is that the finest pores are filled with
unfrozen water, the intermediate pores are filled with ice, and the large pores are filled with air. If no thawing occurs
during winter this situation will be conserved until spring. Snow melt water can then infiltrate in the large air-filled
pores and the infiltration capacity is not related to water content in the way assumed in the SOIL model. Instead
it is related to the volume of voids.

A very interesting aspect of the system is its irreversibility with respect to infiltration capacity, i.e, the infiltration
capacity can only decrease during winter. For each melt event followed by refreezing, such as the diurnal cycle
of freezing and thawing, a portion of the infiltrating water is frozen, jamming the large pores. The infiltration of
water contributes to the decrease of the infiltration capacity. To restore the fall infiltration capacity a complete
thawing of the ground or infiltration of water with a temperature considerably above 0 C is needed.

Johnson & Lundin (in press) presents an algorithm and states that the infiltration process as described could be
simulated with the SOIL model provided a discrimination between bound water in the fine pores and free,
infiltrating, water is done. However, they do not present any results using the new procedure. Further work is
needed to this end.

Erosion and nutrient leakage

A correct description of the pathways of the melt water is imperative when studying problems related to erosion
and leakage of nutrients. The transport processes are quite different depending on whether the melt water
contributes to surface runoff or to infiltration and pipe discharge.

Surface runoff is a major cause of erosion and leakage of phosphorus form arable land (e.g., Alstr6m &
Bergman, 1988). There is currently a limited knowledge of the extent of the erosion problem in Sweden. However,
recent investigations indicate that serious problems exist, at least locally. Alstr3m & Bergman (1988) report phos-
phorous losses of up to 3.63 kg/ha from October1986 to April 1987 on a field in southern Sweden. The nitrogen
loss caused by surface runoff for the same period was 11 kg/ha.

Often the nitrogen losses are related to nitrate dissolved in the soil water. This nitrate is located in the unfrozen
waterin thefine pores during winter. Rather high concentrations develop here. If infiltrating watercan pass through
the air-filled large pores, as described earlier, the exchange between the nitrate-rich, bound, water and the
infiltrating water will be very limited. On the other hand, if no infiltration is possible before the soil is completely
thawed, the exchange with the nitrate-rich water will be well developed. In addition to this, the water in the fine
pores will participate in the percolation as soon as the soil is thawed.

Thus, a cold, uninterrupted, winter leads to a fairly rapid infiltration of melt water through large pores and very
limited surface runoff. No problems of erosion or leakage are to be expected. A warm winter, interrupted by melt
events, leads to clogging of the large pores with ice, limited infiltration capacity, and surface runoff. Severe
problems of erosion and leakage could be expected.

It must be concluded that the ability to model erosion and leakage of nutrients during spring is intimately coupled
to the frost treatment in the model used.

REFERENCES

Alstr6m, K. and A. Bergman (1988) Sediment and nutrient losses by water erosion from arable land in south
Sweden. A problem with nonpoint pollution? Vatten, Vol. 44, No. 3, pp. 193-204.

Alvenis, G., H. Johnsson and P.-E. Jansson (1986) Meteorological conditions and soil climate of four cropping
systems: Measurements and simulations from the project "Ecology of Arable Land. Report 24, Department
of Ecology and Environmental Research, Swedish University of Agricultural Sciences, Uppsala, 58 pp.

96



Beskow, G. (1935) Soil freezing and frost heaving with special application to roads and railroads. Swedish
Geological Survey, Yearbook 1932, Ser. C, No. 375, 242 pp. (Translated by Osterberg, J. 0., Technical
Institute, Northwestern University, Evanston.)

Brooks, R. H. and A. T. Corey (1964) Hydraulic properties of porous media. Hydrology Paper, No. 3, Colorado
State University, Fort Collins, 27 pp.

Corps of Engineers (1956) Snow hydrology. Summary reportof snow investigations. Portland, Oregon, U.S.Army
North Pacific Division, 437 pp.

Dressie, Z. (1987) Recharge and soil water studies using different models and measurement methods. Ph.D. Thesis,
Section of Hydrology, Uppsala University, Report A Nos 2 and 39, 236 pp.

Engelmark, H. (1986) Infiltration and run-off during the period of snow melt. Field observations and numerical
simulations. Licentiatuppsats 1986:08L, Water Resources Engineering LuleA Rapport, Serie A, No. 145,
H6gskolan i LuleA, 67 pp. (In Swedish with an English summary.)

Granger, R. J., D. M. Gray and G. E. Dyck (1984) Snowmelt infiltration to frozen Prairie soils. Canadian Journal
of Earth Sciences, Vol. 21, pp. 669-677.

Grip, H., S. Halldin, P.-E. Jansson, A. Lindroth, B. Nor6n and K. Perttu. (1979) Discrepancy between energy and
waterbalance estimates of evapotranspiration. In: Comparison of Forest Waterand Energy Exchange Models,
Ed. S. Halldin, Society for Ecological Modelling, Copenhagen, pp. 237-255.

Gustafson, A. (1987a) Water discharge and leaching of nitrate. Ph.D. Thesis, Swedish University of Agricultural
Sciences, Uppsala, Ekohydrologi, Vol. 22, 113 pp.

Gustafson, A. (1987b) Simulation of water discharge rates from a clay-till soil over a ten year period. Journal of
Hydrology, Vol. 92, pp. 263-274.

Guymon, G. L., R. L. Berg and T. V. Hromadka 11 (1983) Field test of a frost heave model. Permafrost: 4th
International Conference, Proceedings, National Academy Press, Washington, D. C., pp. 409-414.

Guymon, G. L., T. V. Hromadka II and R. L. Berg (1984) A two-dimensional model of coupled heat and moisture
transport in frost-heaving soils. ASME Journal of Energy Research and Technology, Vol. 106, pp. 336-343.

Guymon, G. and J. N. Luthin (1974) A coupled heat and moisture transport model for arctic soils. Water Resources
Research, Vol. 10, pp. 995-1001.

Halldin, S., P.-E. Jansson and H. Lundkvist (1979) Ecological effects of long-term soil heat pump use. Proceedings
Nordic Symposium on Earth Heat Pump Systems, University of Technology, Gothenburg, Supplement,
pp. 14-23.

Harlan, R. L. (1973) Analysis of coupled heat-fluid transport in partially frozen soil. Water Resources Research,
Vol. 9, pp. 1314-1322.

Jame, Y.-W. and D. I. Norum (1980) Heat and mass transfer in a freezing unsaturated porous medium. Water
Resources Research, Vol. 16, No. 4, pp. 811-819.

Jansson, P.-E. (1986) The importance of soil properties when simulating water dynamics for an agricultural crop-
soil system. NHP-seminar on Water in the Unsaturated Zone, As, 29-31 January 1986.

Jansson, P.-E. (1987) Simulated soil temperature and moisture at a clearcutting in central Sweden. Scandinavian
Journal of Forestry Research, Vol. 2, pp. 127-140.

Jansson, P.-E. (1980) SOIL waterand heat model. II. Field studies and applications.Acta Universitatis Upsaliensis,
Abstract of Uppsala Dissertations from the Faculty of Science, 568, 26 pp.

Jansson, P.-E. and S. Halldin. (1979) Model for the annual water and energy flow in a layered soil. In: Comparison
of forest and energy models, Ed. S. Halldin, Society for Ecological Modeling, Copenhagen, 145-163 pp.

Jansson, P.-E. and S. Halldin (1980) SOIL water and heat model. Technical description, Technical Report, 26,
Swedish Coniferous Forest Project, Uppsala, 81 pp.

97



Jansson, P.-E. and C. Thoms-Hjirpe (1986) Simulated and measured soil water dynamics of unfertilized and
fertilized barley. Acta Agricultura Scendinavica, Vol. 36, pp. 162-172

Jansson, P.-E. and A. Gustafson (1987) Simulation of surface runoff and pipe discharge from an agricultural soil
in northern Sweden. Nordic Hydrology, Vol. 18, pp. 151-166.

Johansson, P.-O. (1987a) Methods for estimation of direct natural groundwater recharge in humid climates -with
examples from sandy till aquifers in southeastern Sweden. Ph.D. Thesis, KTH, Stockholm, Trita-Kut 1045,
120 pp.

Johansson, P.-O. (1987b) Estimation of ground water recharge in sandy till with two different methods using
groundwater level fluctuations. Journal of Hydrology, Vol. 90, pp. 183-198.

Johnsson, H. and L.-C. Lundin (in press) Surface runoff and infiltration as affected by snow and frost.

Kane, D. L. (1980) Snowmelt infiltration into seasonally frozen soil. Water Resources Research, Vol. 3,
pp. 153-161.

Kersten, M. S. (1949) Thermal properties of soil. Engineering Experimental Station Bulletin, No. 28, Institute of
Technology, University of Minnesota, Minneapolis, 226 pp.

Koopmans, R. W. R. and R. D. Miller(1966) Soil freezing and soil watercharacteristi- curves.SoilScienceSociety
of America Proceedings, Vol. 30, pp. 680-685.

Lundin, L.-C. (1984) Model for frozen soils: Infiltration and drainage. 8. Nordiske Hydrologiske Konference,
NHK-84, Nordisk Hydrologisk Program, NHP-rapport, No. 5, pp. 63-72.

Lundin, L.-C. (1989) Water and heat flows in frozen soils. Basic theory and operational modeling. Acta
Universitatis Upsaliensis, Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science,
Vol. 186, 50 pp.

Lundin, L.-C. (in press) Hydraulic properties in an operational model of frozen soil. To be published.in Journal
of Hydrology.

Morgenschweis, G. and G. Luft (1983) Vorstellung und Standortspezifische Kalibrierung der fiirpedohydrologis-
che Gelgindearbeit entwickelten Neutronsonde Wallingford IH II. In: Probleme beim Einsatz von Neutronson-
den im Rahmen hydrologischer Melprogramme, Ed. H.-M. Brechtel. Deutscher Verband fOr Wasser-
wirtschaft und Kulturbau, Schriftreihe, Vol. 50, Kommissionsvertrieb Verlag Paul Parey, pp. 273-296.

Mualem, Y. (1976) A new model for predicting the hydraulic conductivity of unsaturated porous media. Water
Resources Research, Vol. 12, pp. 513-522.

Persson, G. and P.-E. Jansson (1988) Simulated water balance of a willow stand on clay soil. In: Simulation of
Growth and Profitability of a Willow Energy Forest, Eds. Kowalik, P. and K. Perttu, Wageningen.

Ryd6n, B. E. (1986) Winter soil moisture regime monitored by the Time Domain Reflectometry technique (TDR).
Geografiska Annaler, Vol. 68A, No. 3, pp. 175-184.

Sandsborg, J. and P. Wiklert (1976) Soil physical investigations on four soil profiles. Grundfdrbdttring, Vol. 27,
No. 2-3, pp. 89-109.

Steen, E., P.-E. Jansson and J. Persson (1984) Experimental site of the 'Ecology of Arable Land' project. Acta
Agricultura Scandinavica, Vol. 34, pp. 153-166.

Taylor, G. S. and J. N. Luthin (1976) Numeric results of conceptual heat-mass flow during freezing and thawing.
Proceedings of the 2nd Conference on Soil-WaterProblems in Cold Regions, Edmonton, Alberta, pp. 155-172.

Thunholm, B., L.-C. Lundin and S. Lindell (1989) Infiltration into a frozen heavy clay soil. Nordic Hydrology.

Vikstrim, P. (1984) Vatten i frusen jord. En studie med ny teknik. Report Series B, Vol. 1984:2, Avdelningen fdr
Hydrologi, Uppsala Universitet, Uppsala, 33 pp.

98



MODELING THE EFFECTS OF SOIL FROST AND SNOWMELT ON RUNOFF AND EROSION

by

R. A. Young, G. R. Benoit, and C. A. Onstad'

INTRODUCTION

Successful watershed planning efforts require accurate assessment and predictions of
the movement of sediment and chemicals throughout a catchment. This can be accomplished
with sediment yield and/or water quality models. However, providing accurate estimates of
the average annual runoff and erosion occurring on a watershed as a result of a
representative series of weather events requires consideration of the effects of winter
processes on erosion and runoff in addition to the effects of land management during the
growing season. This paper describes a procedure to model overwinter processes on a
watershed so that snowmelt runoff and changes in soil erodibility brought about by freezing
and thawing can be predicted.

BACKGROUND

Freezing modifies the physical characteristics of a soil, changing its ability to
transmit or retain water (Benoit and Bornstein, 1970; Benoit and Mostaghimi, 1985; Campbell
et al., 1970; Loch and Kay, 1978), its structural stability (Benoit, 1973; Mostaghimi et
al., 1988), and its erodibility (Bisal and Nielsen, 1967). The development of soil frost
is the result of complex interactions of several primary factors, including soil
characteristics, type of tillage and residue management, surface roughness, type of
vegetative cover, duration and extent of freezing temperatures, and the extent and timing
of snow cover. The freezing process itself modifies those soil physical properties that,
along with temperature, determine the depth and duration of soil frost. The magnitude of
soil changes that take place as a result of soil freezing depends on temperature, soil
water content at freezing, initial size of soil aggregates, initial soil density, and the
number of freeze-thaw cycles that take place over winter. As a result, tillage-residue
management combined with over winter frost action determines a soil's erodibility during
winter thaw periods and from spring snowmelt to planting (Benoit et al., 1986).

The snowmelt-frozen soil procedure described here is composed of three separate
components which interact with each other on a daily basis. These components deal with
soil frost, snowmelt, and snowdrift. The frost component estimates the extent of frost
development and thawing over the winter period as well as changes in soil water content and
infiltration capacity. The snowmelt component estimates the amount of snowmelt occurring
and how much snowmelt water is available for runoff in the spring. The snowdrift component
estimates the depth, density, and distribution of snow cover over a watershed. Prediction
of the effects of soil frost and snowmelt on runoff and soil erosion at any point within
a watershed is achieved by dividing the watershed into sections and using a continuous
simulation modeling process in which the three components of the snowmelt-frozen soil
process interact on a daily basis.

SOIL FROST

The soil frost component is based on simple heat flow theory. It assumes that heat
flow in a frozen or unfrozen soil or soil-snow system is unidirectional and that the
average 24-hour temperature of the system surface-air interface is approximated by average
daily air temperature. The routine predicts daily frost and thaw development for various
combinations of snow, residue and tilled and/or untilled soil at any point and is driven
only by daily inputs of maximum and minimum air temperature and snow depth. Snow and soil
thermal conductivity and water flow components are considered as constants. The routine
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yields values for daily frost depth, thaw depth, number of freeze-thaw cycles, water
accumulated in frozen soil, and infiltration capacity of the tilled layer or top 20 cm of
soil if the soil is untilled.

The soil frost routine operates by a daily bookkeeping process that compares calories
of heat lost or gained at the soil surface to heat flow from deeper unfrozen soil layers.
Net calories of heat lost or gained are converted to centimeters of frozen or thawed soil.
Unidirectional heat flow through the frozen soil or soil-residue-snow system is calculated
from the relation:

Qsr= Ks.rTsrf/Zsr [P]

where Qsr is the heat flux through the snow-residue-frozen soil system (W/m'), K , is the
average thermal conductivity through the combined snow-residue-frozen soil depth thickness
(W/m-°C), T, is the temperature difference the snow-residue-frozen soil thickness (°C),
and Zsrf is 5he depth or thickness of the combined snow-residue-frozen soil layer (m).

Thus, heat flow through the snow-residue-frozen soil layer is the product of an average
thermal conductivity for the layer and an average temperature gradient, with the gradient
being the difference between average daily air temperature and the zero degree isotherm at
the bottom of the frozen soil.

The basic assumption is made that the average temperature of the soil (snow)-air
interface over a 24-hour period is equal to the average air temperature for the same
period. The validity of this assumption varies with location as a function of items such
as emissivity, radiation, cloud cover, and wind. For this reason, the average daily
surface temperature that drives the frost routine is computed by a surface energy balance
routine that modifies average daily air temperature by a local accounting of wind speed,
solar radiation, cloud cover, and atmospheric emissivity (Flerchinger, 1987).

The average thermal conductivity for a layered system can be shown to equal the
harmonic mean for the layers in the system and is given by:

N

i=1

where Z, is the thickness of each layer (m), K, is the 'thermal conductivity of each layer
(W/m-°C), N is the number of layers, and

N
zsrf= I Z1.

1=1

The soil frost routine is designed to handle a system with up to four layers--snow,
residue, tilled soil, and untilled soil. In this case the average thermal conductivity
equation becomes:

Ks'= (Know*Kros*Ktlll*Kfuil)*(Snowd +Reed + Tild + Utlild)/

(Ksnow*Krs*KtiI*Utllld + Know*Kres*Kftii*Tii + [3]
Know*Kfii*Kfuii*Reed + Kre9*Kttii*Kfuii*Sno wd)

where K is the thermal conductivity of snow (W/m-°C), K, is the thermal conductivity
of resiAue (W/m-°C), K, Il is the thermal conductivity of frozen tilled soil (W/m-°C), Kful 1
is the thermal conductivity of frozen untilled soil (W/m-°C), S is the snow depth (m),
R . is the residue thickness (m), T is the frozen tilled solT-depth (m), and Ut a is
4e frozen untilled soil depth (m). Wilh this approach, if any or all of the snow, residue
or tilled depths are zero, the thermal conductivity reduces to the harmonic mean of the
remaining layers.
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Over any 24-hour period, Qsrf must be balanced by heat flow (Quf) from the unfrozen soil
below the frozen layer. The frost routine defines Q f as the sum of heat transferred by
the thermal conductivity properties of the soil matrix, the latent heat of fusion in
freezing transferred water, and losses in heat content of the soil. That is:

Quf = Kuf(Tuf/Zuf) LKw(Pwp/Zuf) + CufdTufZc [4]

where Quf is the heat flow from unfrozen soil (W/m2), K f is the thermal conductivity of
unfrozen soil (W/m-°C), T is the change in temperature from 0 degree isotherm to depth of
stable temperature ('C), luf is the depth of unfrozen soil to point of stable temperature
(m), L is the latent heat of fusion (W-s/m3), K. is the unsaturated hydraulic conductivity
of soil (m/s), P is the change in total water potential (m), Cf is the heat capacity of
the unfrozen soilp (W/m3-°C), dT is the change in temperature o? a unit volume of soil in
unit time (*C), and Zc is the uAepth of unfrozen soil that supplies heat as a result of
changes in soil temperature (m) (assume a constant value of I m).

In this equation, the soil temperature and water potential gradients are those that
exist just below the 0 degree isotherm. As a practical convenience, the model assumes that
heat flow through soil thermal conductivity and soil water movement are separate and
discrete units of heat transfer.

The routine operates on each section of the watershed by iteratively balancing over
each 24-hour period the heat lost through the snow-residue-frozen soil zone with heat flow
through the unfrozen soil to the freezing front. Iteration is on an hourly basis for each
Z4-hour period. During the balancing process, it is assumed that heat lost through the
frozen zone is first balanced by heat flow in the unfrozen soil as a result of the soils
temperature gradient and thermal conductivity. Additional heat loss is balanced by the
heat of fusion released by freezing water that is held in place or migrates to the freezing
front. Further heat loss is balanced by changes in soil heat content of the unfrozen soil,
the magnitude of which is computed by difference.

SNOWMELT

The snowmelt routine is based on a modification of a generalized basin -snowmelt
equation for melt in open areas developed by the U. S. Army Corp of Engineers (1956, 1960).
This equation was modified by Hendrick, et al. (1971) to adapt it for use with readily
available meteorological and environmental data. We further modified the Hendrick equation
to make it compatible for use with the other two components of the winter processes
modeling procedure.

The equation used in the snowmelt component in its modified form is:

M = [0.0606R(1-F)-0.84(1-N)(1-F)+0.0268v 2(1-O.8F) [5]
(0.18Tx + 1.4 0 4 Td) + (Tx +Tm) (0.0225 + 0.248P)] [0.0245]

where M is snowmelt (m), R is estimated radiation on a sloping surface (MJ/m2), F is forest
cover (dec %), TX is daily maximum temperature (0C), N is estimated cloud cover (dec %),
v2 is mean daily wind speed measured at a height of 2 m (m/s), Td is mean daily dewpoint
temperature (*C), T, is daily minimum temperature (°C), and P is mean daily precipitation
(m).

Since some snowmelt can occur in direct solar radiation to about 3°C below freezing
(Hendrick et al., 1971), the first term in equation [5] is multiplied by the quantity
(0.36Tx + 1) whenever -30CQT<O°C. The values for T, T, v2, T, and P can be obtained
either from weather records or from a climate generator subroutine. The amount of cloud
cover, N, is estimated from the relationship:

N = (1-Rm/Rc)/0.7 [6]

where R, is the mean measured daily solar radiation (MJ/m2) and R, is the potential clear
sky radiation on a horizontal surface (MJ/m2 ).
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This equation is based on the fact that clouds reflect approximately 70% of solar
radiation and transmit only 30% to the earth's surface (Sutton, 1953). Both R and RC can
be calculated in a separate subroutine based on slope inclination (I) in radians, lope
facing direction (A) in degrees from north, calendar day (J), measured radiation (R) in
MJ/m2 , a solar constant (S ) (equal to 0.081 MJ/m), and latitude (L t) in degrees (Swift
and Luxmoore, 1973). This subroutine takes into account clouc cover effects and
atmospheric transmissivity. Slope inclination, I, is calculated as:

I = tan" (S/1 00) [7]

where S is land slope (%).

To run the snowmelt routine, the average values of F, A, and S are input for any
section, L is input for the entire watershed, Sc is a constant value and J is generated
within the program.

Equation [5] deals with four major energy components of the snowmelt process--
temperature, radiation, vapor transfer, and precipitation. When calculating snowmelt, the
following assumptions are made: any precipitation that occurs on a day when maximum
daily temperature is <00C is assumed to be snowfall, no snowmelt will occur if maximum
daily temperature is <-3'C, the snowpack will not melt until snowpack density is 50 kg/mn3,
the temperature of the surface soil-snow interface = O°C during the melt period, and cloud
base temperature approximately equals surface air temperature. The albedo of melting snow
is approximately 0.5 (Sutton, 1953), and maximum daily temperature is approximately 2.2
times the mean daily temperature (Hendrick et al., 1971). Using equation [5], if the
calculated value of snowmelt, M, is less than 0, then M = 0. If it is greater than the
existing snow depth, D, from the preceding day, then M = D.

SNOWDRIFT

The snowdrift routine determines the distribution of snow over the watershed by
estimating the depth of snow on the ground at the end of a day in any section, depending
on the weather that day and the topography. Calculations are based on several initial
assumptions:

-the density of fresh new-fallen snow = 100 kg/m 3,
-the density of a ripe snowpack must be 350 kg/r3 before it begins to melt,
-the threshold wind velocity for moving falling snow = 0.89 m/s measured at a height
of 2 m,

-the surface roughness of a uniform snow pack z 0.0002 m, and
-the snow storage capacity of a tilled layer = the random roughness.

The amount of snow trapped and stored in a section by standing vegetation is the
storage capacity, St, and is a function of the height and the projected stem area, or
basal density, of the vegetation, the surface roughness and the amount of standing biomass.
St is calculated as:

St = eH(db)Rt/Ro + Zo  [8]

where St is the storage capacity of snow (m), e is a trapping efficiency (%), H is the
height of standing vegetation (m), db is the basal density of standing vegetation (m/m),
Rt is the standing residue mass after tillage (kg/ha), Ro is the standing residue massbefore tillage (kg/ha), and zo is the surface random roughness (m). The trapping
efficiency, e, reflects the effect of vegetative height and is calculated by:

E = (e' H) - 0.1. [9]

The basal density of the standing vegetation, db, is a function of the mean stem
diameter and the plant population and is calculated by:

db = ds po05 /25 [10]
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where ds is the mean stem diameter of standing vegetation (m) and p, is the plant population
(plants/ha).

User inputs to the subroutine consist of the slope facing direction (A) in degrees
from north, the land slope (S) in percent, and the length and width of the section in
meters. The surface roughness (zo) in m is obtained either from roughness measurements,
values in the literature for given tillage conditions, or from a soil tillage model. The
snow depth (D) in m is obtained from the snowmelt component, and precipitation (P) in m,
mean minimum daily temperature (Tmi,) in °C, mean daily wind speed (vh) in m/s, and mean
daily wind direction (W) in degrees from north are all obtained from weather records or a
climate generator subroutine. The height of standing residue (H) in m, mean stem diameter
(d ) in m, plant population (Po) in plants/ha, and standing residue mass before and after
tilage (Ro and Rt) in kg/ha are all obtained from either measurements or a plant growth
subroutine.

The snowdrift component works in two parts, first calculating the amount of scouring
or drifting of falling snow occurring on a section of the watershed during the day,
including any snow drifting into the section from an upwind section, and then calculating
the amount of drifting or scouring of the existing snowpack. If the drift rate (D )
calculated for an upwind section is negative, indicating that snow in that section fs
drifting out of the section (scouring), then the amount of snow scoured from that upwind
section is added to the snow available for movement in the next downslope section. For
falling snow, a threshold velocity of 0.89 m/s at a height of 2 m is assumed for the
incipient blowing of snow.

In order to route the blowing snow across a section, certain assumptions must be made.
An upwind section at the top of a hillslope must accumulate snow unless the wind is blowing
in a direction directly perpendicular to the direction in which the slope faces.
Conversely, a downwind slope section at the top of a hillslope must scour unless the wind
is blowing directly perpendicular to the direction in which the slope faces. If the wind
blows perpendicular to a slope of a section, then no scouring or drifting occurs and the
net change in snow accumulation in that section due to wind is zero.

The friction velocity at the snow surface is calculated using a commonly used
mathematical representation of the wind profile (Schlichting, 1979):

) = (v,/k) In (h/zo) [11]

where vh is wind velocity measured at height h (m/sec), v, is friction velocity at the snow
surface (m/sec), k is von Karman's constant (assumed to be 0.4), h is height above the
surface (m), and z. is surface roughness (m).

After v. is determined, if the value of v. is <0.087 m/sec (the friction velocity
corresponding to a wind velocity of .89 m/s measured at a height of 2 m), then no movement
of falling snow will occur and the new snow depth will be equal to the snow depth from the
preceding day plus the depth of new snowfall. If v. &0.087 m/s, falling snow will begin
to drift and the transport capacity of the wind is then calculated from an equation
developed by Bagnold (1941) and modified by Iversen et al. (1975):

qsf = c(da/g)(Vf/Vthf)(V 2)(V-vVtf) [12]

where q is the transport rate of snow (kg/m-s), c is a proportionality constant
(= 100), da is density of air (kg/m3) (z 1), g is acceleration of gravity (m/s2) (= 9.82),
vf is the settling velocity of a snow particle (m/s) (for falling snow assume 0.35 m/s for
a 0.150-mm snow particle falling in still air) (Schmidt, 1982), vthf is the threshold
velocity for incipient motion of falling snow (m/s) (assume 0.039 6/s) and v. is the
friction velocity at the snow strface (m/s).

The drift rate of falling snow over a section is then determined from:

Df = 86.4qs8 /dfL p  [13]
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where Df is the drift rate of falling snow (m/day), df is density of falling snow (kg/"?)
(=100 kg/r 3), and LP is distance across a section parallel to wind direction (m).

While threshold velocity for incipient movement of snow varies with the nature of the
snow surface (Radok, 1977), for a uniform surface of freshly fallen snow, the threshold
friction velocity for movement of snow from the snowpack is approximately 0.25 m/s (Tabler
aihd Schmidt, 1986), which is equivalent to a wind velocity of about 5.76 m/s at a height
of 2 m. However, the threshold friction velocity for movement of snow from a snowpack is
a function of snowpack density and, thus, increases with time since deposition (Schmidt,
1980). The threshold velocity for movement of snow from a snowpack, vth, in m/s can be
estimated from:

Vthg = -0.023(zo/3.2x1 07).5/{(1 -sin[tan"{S/100}])(In 0.01dg)} [14]

where zo is surface roughness (m), S is slope (%), and dg is snowpack density (kg/cm3). If
the calculated value of v,-vth, then snow on the ground will begin to move. The transport
capacity of wind for moving ground snow is then calculated in a fashion similar to that for
calculating the transport capacity of wind for moving falling snow, as:

= c(da/g)(Vg/Vthg)(V, 2)(V*-Vthg) [15]

where qsis transport rate of ground snow kg/m-s, v. is the settling velocity of a ground
snow par icle (m/s) (for ground snow assume 0.75 m/s for a 0.220-mm ice sphere falling in
still air) (Schmidt, 1982), and vt. is the threshold velocity for incipient motion of
ground snow (m/s). The drift rate of ground snow for the section is then calculated from:

Dg = 8 6 .4 qsg/dgLp [16]

where D is the drift rate of ground snow (m/day), and pg is the density of the snowpack
(kg/ 3) g

The density of a snowpack on the ground is a function of several factors, including
time and temperature. Daily changes in snowpack density are calculated on the basis of the
initial depth of the snowpack and how much snowmelt occurs each day. In the absence of
snowmelt, changes in snowpack density are estimated daily from the relationship:

dg = 0.522-(20.5/D)(1-e "-. 0l4D) [17]

where D is existing snow depth (m). This relationship is based on 14 years of premelt
snowdrift data (Tabler, 1985).

If snowmelt occurs while snowpack density is less than 350 kg/ 3, the depth of the
snowpack is reduced by the amount of melt but the amount of melt water is added to the
remaining snowpack, thus, increasing its density. Once snowpack density equals or exceeds
350 kg/m , any additional melt water will either infiltrate the ground or run off.

If D exceeds the existing snow depth, D, in that section, then D. is set equal to D.
The total drift rate, Dr, is the sum of the drift rates for falling snow and ground snow,
or:

Dr = Df + Dg. [18]

After the total drift rate in a section is calculated, the wind direction and
topography of that section will determine whether snow is drifting into the section or out
of it. Maximum scouring will occur if wind direction is the same as the direction which
the slope is facing and maximum drifting will occur if the slope facing direction and wind
direction are exactly opposite each other. As previously stated, if the wind is blowing
perpendicular to the slope, net scouring or drifting will be zero. Thus, to determine the
net movement of blowing snow into or out of an area, the total drift rate, Dr, must be
multiplied by a drift factor, sr, to reflect either scouring or drifting:
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sC = 0.0111 iA-WI-1 [19]

where A is the slope azimuth (degrees from north), and W is the wind direction (degrees
from north).

As the degree of slope inclination increases, the efficiency of the drifting process
tends to decrease. This is accounted for by multiplying the net movement of blowing snow
by an efficiency factor, i, based on land slope:

i = 1 - sin[tan"(S/100)] [20]

If, due to wind angle and slope azimuth, the net movement of snow is positive, i.e.,
drifting into a section rather than out of it, the drifting snow will be distributed along
successive downwind sections according to an exponential decay function of the form:

Dp = 1-[e '/(1+10Lr) ]  [21]

where Dp is the total percentage of available drifting snow falling on an upslope section
N%) and L is the ratio of the length of the upslope section to the total slope length in
a downwind direction.

Not all blowing snow will be deposited, since some of it will evaporate. Net
sublimation or evaporation losses can be an important consideration in climatic
hydrological balances (Branton et al., 1972). The amount of evaporation is a function of
air temperature, relative humidity, solar radiation, and particle diameter (Sturges and
Tabler, 1981). An estimate of the amount of evaporation occurring can be obtained by
considering the distance snow is being blown along a slope and assuming that under average
conditions, complete evaporation would occur after being blown a distance of about 3050 m
(Tabler, 1975). Then:

Dr = Dr(eO 'Ooo0 6Lp) [22]

where Lp is the distance across a section parallel to the wind direction (m). Evaporation
losses are only calculated for those sections in which drifting is occurring. Evaporation
losses of snow from areas that are scouring would be accounted for in their downwind areas
and are neglected here.
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LIST OF SYMBOLS

A slope azimuth from north Qsrf heat flux through the snow-
C a proportionality constant residue-frozen soil
Cuf heat capacity of the system W/m

unfrozen soil W/m-'C Quf heat flow from unfrozen soil W/m2

D existing snow depth m qrf transport rate of falling snow kg/m-s
D d drift rate of falling snow m/day qg transport rate of ground snow kg/m-s

D9 drift rate of ground snow rn/day R estimated radiation on a
D total percentage of available sloping surface MJ/mn2

drifting snow falling on an RC potential clear sky radiation
upslope area % on a horizontal surface MJ/m

Dr total drift rate m/day Resd residue thickness m
da density of air kh/m3  R mean measured daily solar
db basal density of standing radiation MJ/mf?

residue m/m R. standing residue mass before
df density of falling snow kg/m 3  tillage kg/ha
dg density of ground snow kg/r 3  Rt  standing residue mass after
ds mean stem diameter of tillage kg/ha

standing vegetation m S land slope %
F forest cover % Sd snow depth m
g acceleration of gravity mr/s2  St storage capacity for snow m
H height of standing vegetation m sc  scour or drift factor %
h height above surface m Td mean daily dewpoint temperature C
i efficiency factor based on TX  daily maximum temperature

slope inclination % T1lid tilled soil depth m
Kft11 thermal conductivity of Tsrf temperature gradient across the

frozen tilled soil W/m-*C snow-residue-frozen soil
Kfutjj thermal conductivity of thickness °C

frozen untilled soil W/m-°C TO change in soil temperature from
K, thermal conductivity of "C isotherm to depth of

any layer, i W/m-°C stable temperature C
Kres thermal conductivity dTuf change in temperature of unit

of residue W/m-°C volume of soil in unit time
Ksnow thermal conductivity of snow W/m-'C Utild untilled soil depth m
Ksr f average thermal conductivity vf settling velocity of a falling

of the snow-residue-frozen snow particle m/s
soil system W/m-OC vg settling velocity of a ground

KUf thermal conductivity of snow particle m/s
unfrozen (a) tilled soil, v, wind velocity measured
(b) untilled soil W/m-'C at height h m/s

KW unsaturated hydraulic Vthf threshold velocity for incipient
conductivity of (a) tilled soil, motion of falling snow m/s
(b) untilled soil m/s vth threshold velocity for incipient

k Von Karman's constant (0.4) motion of ground snow m/s
L latent heat of fusion W-s/r3  v, friction velocity at the
Lat latitude snow surface m/s
L, distance across a slope section v2  mean daily wind speed measured

parallel to wind direction m at a height of 2 m m/s
L distance across a slope section W wind direction * from north

perpendicular to wind direction rn z. surface random roughness m
Lr ratio of length of the upslope zC  depth of unfrozen soil that

section to the total slope length supplies heat as a result of
M snowmelt m changes in soil temperature m
N estimated cloud cover dec % dZi thickness of any layer, i, in the
N number of layers snow-residue-frozen soil system m
P mean daily precipitation m Zrf total thickness of the snow-residue-
PO plant population plants/ha frozen soil system (I dZ,) m
P change in total water potential m dZf depth of unfrozen soil to point

of stable temperature m
t trapping efficiency %
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CONSERVATION APPLICATIONS IMPACTED BY SOIL FREEZE-THAW

By

Gary E. Formanek, Gary B. Muckel, and W. R. Evansl

INTRODUCTION

Many impacts are considered by land owners and users of lands where soil freeze-thaw
occurs. For example, the rancher drains the stockwater pipeline on the high elevation
range before winter. The logger plans for harvest considering loads on access roads when
frost boils could occur. The farmer selects crops for planting considering the frost free
period. The decisions reflect the knowledge of the impacts of freezing And thawing :oils
on their activities.

Local Soil and Water Conservation Districts, with assistance from the Soil
Conservation Service (SCS), have some basic knowledge of the local conditions. Generally
the available information includes soils with potential for frost action, climate and
hydrology data, local resource management systems, and other similar data.

The SCS, as part of the United States Department of Agriculture (USDA), is directed
to: (1) give top priority to reduction of erosion on agricultural land with emphasis on
protection of highly erodible croplands and preseivation of wetlands; and (2) improve and
protect the quality of surface water and subsurface water by undertaking efforts to avoid
harmful contamination from nonpoint sources and thereby maintain the quantity of water
available for beneficial uses. The USDA continues to provide assistance in reducing
upstream flood damages through its Small Watershed Program with many of the new projects in
the past five years being primarily for land-treatment projects (USDA, 1989). Erosion,
surface, and subsurface water, and damages from runoff are national priorities with erosion
on cropland having the greatest emphasis by the USDA.

LOCATION OF FREEZE-THAW TMPACTED AGRICULTURAL LANDS

About 4.2 million square kilometers (1.2 million square miles) of agricultural lands,
which is nearly half of the lands of the United States of America (USA), are impacted by
freezing and thawing. In areas such as the discontinuous permafrost of Alaska the impact
can be severe, for example, land clearing that allows decline of permafrost and soil
subsidence. Frost heave, where it occurs, can raise young plants out of the soil, break
root systems and cause dehydration and crop failure. In areas along the 40th parallel the
impact of freeze-thaw may be infrequent.

Figure 1 shows the areas identified as impacted. In Alaska, the boundary includes
farmlands, timber producing areas, and grazing land for cattle and sheep. The tundra range
of Alaska is not included (although important to reindeer herds and the local economy).
Along or south of the 40th parallel the boundary follows a 139 degree celsius freezing
index adjusted by the authors to a land resource region boundary. The boundary dips south
to include the cooler, higher elevations of the mountainous areas of the west. Included
are the forest lands, croplands, and rangelands of the west, the wheatlands of the Great
Plains, the specialty crops of the Great Lake states and the northwest, as well as, the
forage, dairy, livestock, and feed grains regions of eastern and central USA.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.
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The land uses shown in Table 1 were interpreted from the land resource regions found
in the Agriculture Handbook 296 (USDA SCS,1981).Rangeland,pasture land and grazed woodland
are combined into the one land use of grazing land. The resulting areas of cropland,
forest land, and grazing land impacted by soil freeze-thaw are shown.

Table 1. Approximate USA area of freeze-thaw impacted agricultural land

Land resource Cropland Forest land Grazing land
region * sq.km. sq.km. sq.km.

A 16720 158440 5060
B 60030 38510 113710
D 32010 144140 73890
E 24410 290820 158930
F 220280 7710 116990
G 77590 2450 376180
H 132270 -- 72070
K 58210 171400 32720
L 108060 41560 18800
M 435880 78270 102850
R 39270 231830 11130
X,W(Alaska) 120** 105470 18000

1204850 1270600 1765420

• USDA SCS, 1981.
*Alaska Agricultural Statistics, 1988.

SOIL SURVEY

Much of the SCS knowledge of soil freeze--thaw is contained in the National Soils
Handbook (USDA SCS, 1983) and the individual soil surveys published by the National
Cooperative Soil Survey. In these documents potential frost action is defined to be the
likelihood of upward or lateral movement of soil by the formation of segregated ice and the
subsequent loss of soil strength upon thawing. The soil moisture state and depth of frost
is not available in a national data base. In regions where frost action is a potential
problem soil scientists rate the effect on soil into three classes:

(a) Low -- soils are rarely susceptible to the formation of ice lens,
(b) Moderate ---- soils are susceptible to the formation of ice lens,

resulting in frost heave and subsequent loss of soil strength,
(c) High -- soils are highly susceptible to the formation of ice

lens, resulting in frost heave and subsequent loss of soil strength.

These classes consider soil moisture regime, soil temperature class, and family
particle size class. The estimates are based on bare soil that is not covered with
insulating vegetation or snow. The natural soil moisture regime is assumed, although the
ratings can be related to man-made modifications of drainage or irrigation on an onsite
basis. Frost action estimates are made for the whole soil to the depth of frost
penetration, to bedrock, or a depth of two meters (6.6 feet), whichever is shallower. The
resulting ratings are generally displayed in a table of soil features for each soil name
and map symbol of the soil survey.

RUNOFF AND EROSION

For design of individual conservation practice applications there is no national SCS
procedure to directly estimate peak runoff .nd volume from frozen or thawing soils. Only
unfrozen soils are represented by the hydrologic soil groups and runoff curve numbers used
for direct estimates of runoff from ungaged watersheds (USDA-SCS, 1972). The antecedent
moisture limits for "dormant season" apply when the soils are not frozen and there is no
snow on the ground.
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Site specific design procedures, within the SCS, generally include an adjustment to
increase runoff by adding about four points to the runoff curve number. This adjustment is
considered adequate for volume estimate; only. The frequency of wate)" available for runoff
from snowmelt and precipation is availablt for selected agricultural areas in the northwest
U.S.A. (USDC NOAA, 1983).

In the western Oregon part of Land Resource Region A, Figure 1, subsurface drainage is
used to reduce winter runoff and erosion from soils saturated above a restricted layer
(USDA SCS 1987). Sheet and rill erosion on non-irrigated cropland in Land Resource Region
B, Figure 1, are dominated by runoff occurring on thawing soil. Practices such as removal
of soil moisture by annual cropping, and residue management to slow heat transfer at the
soil surface are effective in reducing erosion. In the northwest USA, the SCS uses a
regional relationship (McCool and George, 1983) to relate erosivity to meal] annual
precipitation, and erosion to slope length and steepness.

OUESTIONS FOR CONSERVATION APPLICATION

The general effects of freeze-thaw are known for many applications. The impact on
soil erosion, for example, was stated by Bennett fifty years ago; "With the freezing of
water in the surface soil frost heaving occurs and serves to loosen the soil so that the
particles and aggregates can be more easily carried away." (Bennett, 1939). Yet questions
remain such as rates of sheet (or inter-rill) and rill erosion and amounts of residue or
surface roughness or other practices needed for erosion control. National programs such as
the Food Security Act of 1985 (P.L.-99-198) need quantities as well. as comparisons to be
most effective. Quantification of effect is available for few areas and for few
applications. The effect of the freeze-thaw cycle on infiltration, runoff rates and runoff
volumes continues to be needed for flood protection. More information is needed for the
effect on water quantity and quality as well. Additional soil water by infiltration could
destabilize steep, sensitive slopes or increase frost susceptibility or affect water
quality, particularly where soils are shallow or near water tables. The evaluation of
systems adds complexity not yet considered. The landowner and landuser will continue with
their questions until satisfactory alternatives are available.

sUM1Y

Land owners and users on about half the USA agricultural land, which has frozen soil
with freeze-thaw cycles, need more information to practice conservation en their lands.
Although the effects of freeze-thaw are qualitatively known for soil erosion, more
quantitative information is required to plan for new programs. Effects on peak runoff,
surface or subsurface water quality and quantity, are not well established and require
qualitative and quantitative information to plan conservation applications.
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HEAT AND WATER FLUX IN A DIURNALLY FREEZING AND THAWING SOIL

by

J. L. Pikul, Jr. and J. F. Zuzel l

INTRODUCTION

Nighttime soil freezing and daytime thawing cycles are numerous in the inland Pacific
Northwest. Frequent wetting and drying, that is associated with freezing and thawing, may
accelerate breakdown of soil aggregates (Hinman and Bisal, 1968). Surface crusting
results in decreased water infiltration (Moore, 1981). Laboratory studies also reveal a
decrease in erosion resistance in repeatedly frozen and thawed silt loam soil (Formanek et
al., 1984). Management practices that leave crop residue on the surface have been shown
to decrease the penetration of soil frost (Pikul et al., 1986). These same management
practices should also lessen problems with reduced infiltration and soil erosion.

Soil freezing induces water migration from unfrozen subsoil to the freezing front.
As the soil surface freezes, a fraction of the water in the soil pores freezes. Ice par-
ticles remain separated from the soil by a thin water film; the thickness of the unfrozen
water film depends upon temperature, pore size distribution, solutes in the pore water, as
well as freezing and thawing history (Anderson and Tice, 1972). Freezing of water effec-
tively dries the soil in the region of ice formation thereby decreasing the matric
potential. Water flows towards the region of low matric potential.

The objective of this paper is to: 1) summarize field research, conducted at
PendlLon, OR, on diurnal soil freezing and thawing and 2) illustrate further work on
simulating heat and water flux during diurnal freezing and thawing.

PROCEDURES

Two field treatments were located 15 km northeast of Pendleton, OR. Annual
precipitation is 400 mm and occurs mostly as rain from October through June. Soil at the
site is a Walla Walla silt loam (member of the coarse, silty, mixed mesic family of Typic
Haploxerolls) with no appreciable slope. Winter wheat (Triticum aestivum L.) was har-
vested in August 1981, leaving a straw residue of 2.2 Mg/ha. Two soil surface covers for
different heat transfer characteristics were located adjacent to each other in the field.
The stubble was burned on a plot 20-m by 40-m to free it of all harvest residue (B). In a
second unburned 20-m by 40-m plot the chaff was spread to produce a uniform distribution
of residue (C).

Hydraulic potential of unfrozen soil, defined as the sum of matric and gravitational
potential referenced to the soil surface, was measured using porous cup tensiometers.
Duplicate ceramic cups, 1 cm diameter by 3 cm long, were placed at 2, 5, 9, 17, 25, 35,
45, and 60 cm depths on each treatment. Additional experimental details are given by
Pikul and Allmaras (1985).

Soil temperature, on each treatment, was measured using duplicate temperature probes
which electronically averaged the signal from three thermocouples. Soil temperature was
recorded at 0.5 hr intervals. Depths of thermocouples were 1-cm increments from I to 5
cm; 2-cm increments from 7 to 25 cm; 30, 35, 40, 50, and 60 cm. Soil temperature near the
surface was measured with thermocouples placed at the 0.1-cm depth.

Soil water content was measured at about 1-hr intervals. Gravimetric samples were a
composite of three subsamples taken at 1-cm depth increments in the surface- to 11.0-cm
soil layer. This sampling method has been described by Pikul et al. (1979).

Depth of frozen soil was determined at the time of gravimetric water sampling. The
term frozen soil indicates a discernible mass of soil. The line of demarcation between
unfrozen soil and frozen soil was determined by the resistance of the soil to cutting.

Presented at the Frozen Soil Symposium, March 21-22, 1990, Spokane, Washington
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Additional experimental details on the measurement of soil bulk density, saturated
hydraulic conductivity, and the soil water characteristic curve are given by Pikul and
Allmaras (1986). Unsaturated hydraulic conductivity was estimated using the Marshall
pore-interaction model (Green and Corey, 1971). Isothermal water diffusivity (Fig. 1), as
a function of water content was obtained as the ratio of hydraulic conductivity to
specific water capacity. Calculation methods for soil thermal conductivity and soil heat
capacity are given by Pikul et al. (1989).

0-

E -5-

tFigure 1. Isothermal soil water diffusivity
as a function of volumetric water content.
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MODEL

Finite difference methods were used to solve the partial differential equations for
heat and water flow. An experimental relationship, given by Pikul et al. (1989), between
unfrozen water content and temperature was used to estimate the change in volumetric ice
content with.'respect to time. The change in volumetric ice content was used to couple the
heat and water flow equations by providing an estimate'of heat and water sinks or sources.
Soil heaving was not considered and as such accumulated ice and water are restricted to be
less than the pore volume.

The partial differential equation for heat flow where there, is phase change between
liquid and ice is written as

cpat - Lfpf - A (1]

Mi (ii) (iii)

where x is the position coordinate (cm), A is apparent soil thermal conductivity

(W/cm *C), T is temperature (°C), cp is volu.etric specific heat (J/cm3 °C), t is time
(s), Lf is latent heat of fusion (J/g), pf is density of ice (g/cm3), and Of is volumetric
ice fraction (cm3/cm3).

Term (i) in Eq. (1) represents the rate change ip energy of the soil layer due to a
change in temperature; (ii) is a sink or source that is based on the rate change of ice
content within the freezing soil; and (iii) is soil heat flux by conduction.

Solution to Eq. (1) was obtained numerically using a Crank-Nicholson finite dif-

ference scheme. Known temperatures at 0.1-cm and 17.0-cm depths provided boundary
conditions for the heat flow solution. Finite difference equations for Eq. [1] are given
by Pikul et al. (1989).

The partial differential equation for water flow where there is phase change between
liquid and ice is written as

a8 w Pf a$f a ( aew +K(Ow) [2). ... [ID(Ow)- j .-
t P1 t - xx x

(i) (ii) (ii) (iv)
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where D(B ) is isothermal liquid diffusivity (cm2/s), 8 is volumetric water content
(cm3/cm3)' p1 is density of water (g/cm3), and K(dw) is tle hydraulic conductivity (cm/s).

Term (i) in Eq. (2] is the rate.change of soil volumetric water content; (ii) is the
water sink or source term, whereby water is added or removed from storage based on the
rate change of ice content in the freezing §oil; and (iii) is the flux of water into and
out of the soil layer due to the water content gradient. In respect to term (iii) the
water content gradient implicitly represents the matric potential gradient, which is the
true driving force for water flow. Term (iv) is the flux of water due to gravity.

Solution to Eq. [2] was obtained numerically using a Crank-Nicholson finite dif-
ference scheme. Boundary conditions for the water flow solution were zero flux at the
0.1-cm and 17.0-cm depths. Finite difference equations for Eq. [2] are given by Ungs et
al. (1985).

Predicted values were compared to measured values using the standard deviation of the

differences calculated as (E(Predicted - Measured)2/n - 1/2

RESULTS

Field measurements

Surface cooling during raoiatior frosts of 20 to 25 March froze the soil each night
on the B treatment. On the C treatment there was no measurable frozen soil, however a
discontinuous ice lattice about 2 mm'thick formed on the soil surface between the rows.
During one freezing cycle on 22 March the soil froze to a depth of 1.5 cm on the B treat-
ment; water content of the 0- to 1-cm layer increased from 0.31 at 1800 hours to 0.49
cm3/cm3 at 0600 hours. On the C treatment water content increased from 0.33 to 0.39
cm3 /cm3 over the same time interval.

On the C treatment, in contrast to the B treatment, wetter soil and slow rate of
cooling may have favored ice crystal growth near the surface. During these nighttime
freezing cycles soil temperature at I mm remained above freezing on the C treatment. The
numerical model described here uses measured soil temperature at 1 mm as an upper boundary
condition, consequently this method was not applicable on the C treatment where freezing
occurred above the depth of the first temperature sensor.

Tensiometers in the unfrozen soil provided a means to monitor profile water
redistribution during freezing and thawing cycles (Figs. 2 and 3). A typical freezing,
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thawing, and evaporation cycle, for 22 March, is marked, on Figures 2 and 3, by the let-
ters F, T and E, respectively. For example, during one freezing cycle on 22 March when
the soil froze to a depth of 1.5 cm on the B treatment, hydraulic potential at 2 cm
decreased from -9.4 at 0100 hours to -16.0 kPa at 0700 hours (Fig. 2). This decrease in
potential is a consequence of soil drying as water moved from the 2 cm depth and towards
the surface. Hydraulic potential at 2 cm on the C treatment decreased from -5.2 to -6.9
kPa over this same time (Fig. 3). Hydraulic potential at 5 and 9 cm (not shown) on the B
treatment also exhibited diurnal changes. At 13 cm there was little diurnal fluctuation
in hydraulic potential (Fig. 2).

Soil water evaporation was greater from the B treatment than from the C treatment.
During the 24-hr period starting at 1800 on 22 March, the B treatment lost 2.4 mm of water
from the top 11 cm as compared to 0.3 mm from the same depth on the C treatment.
Evaporative water loss in the 0- to 11-cm profile was determined from changes in measured
water content. Hydraulic potentials at 13 cm (Figs. 2 and 3) and below (not shown) did
not indicate water drainage.

Diurnal fluctuations in hydraulic potential at 2 cm, due to freezing, diminished as
the surface on the B treatment dried (Fig. 2). The rate of water movement to the freezing
front is determined by both the hydraulic potential gradient and soil hydraulic conduc-
tivity. For this soil, Allmaras et al. (1977) have measured a hundred-fold decrease in
hydraulic conductivity for a decrease in water content from 0.34 to 0.24 cm3 /cm3 . Water
content, at 2 cm on the B treatment, decreased from 0.34 to 0.22 cm3/cms during 21 to 23
March.

Simulation Results

Soil temperE.ture and water content was simulated for 21 and 22 March, when the soil
froze to a depth of 1.5 cm on the bare surface treatment. A comparison of measured and
predicted soil temperature at 1-cm is shown in Figure 4. Correlation of measured soil
temperature and predicted soil temperature was 0.99. Standard deviation of the dif-
ferences between predicted and measured soil temperature was 1.040 C.

Predicted and measured ice and water content of the 0- to 1-cm soil layer are shown
in Figure 5 for 21 and 22 March for the B treatment. Ice and water content tend to be
overpredicted at the onset of soil freezing. Simulated ice and water content at the time
of maximum frost penetration was 0.48, which compares to a measured water content of 0.49
cm3/cm3 .
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Previously, Pikul et al. (1989) neglected soil water evaporation during non-freezing
periods. A comparison of simulation results including and excluding water loss to
evaporation during non-freezing periods is shown in Figure 5. Soil water evaporation was
simulated by specifying a water sink at 0.1 cm. The strength of the evaporative sink was
determined from the measured change in water content of the 0- to 11-cm profile. Initial
and final water content of the 0- to 17-cm profile for the evaporation simulation was 5.53
and 5.31 cm, respectively, corresponding to a water loss of 2.2 mm.

Additional simulations were run including the flux of water due to gravity, which is
term (iv) in Eq. [2]. Previously, Pikul et al. (1989) used the simplifying assumption
that gravitational fluxes of water are small compared to isothermal liquid flux. For this
19-hour simulation there was little difference in the results obtained by including or ex-
cluding term (iv). Results reported in this paper include the flux of water due to
gravity.

Predicted depth of frozen soil was estimated from simulated soil temperature (Fig.
6). The soil was considered frozen when temperature at a node was 0.0°C. Freezing point
depression of the soil water solution was estimated to be -0.016*C. Maximum predicted
depth of soil freezing was 1.4 cm, by comparison measured depth of frost was 1.5 cm.
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CONCLUSIONS

Our field measurements show that surface cover reduces the incidence of soil freezing
and that the degree of soil wetness, at the time of freezing, influences the amount of
water that migrates to the freezing front. On the bare surface treatment water moved
readily from unfrozen subsoil to the freezing front when the upper 2 cm of soil was wet
(0.34 cm3/cm3). Under these conditions water redistribution, due to freezing, resulted in
near saturated conditions at the surface and consequently high evaporative water loss
during the subsequent daytime thaw. During one 24-hr freezing and thawing cycle the bare
surface treatment lost 2.4 mm of water from the upper 11 cm of soil. In contrast the
residue covered treatment lost 0.3 mm of water. High water loss from the bare surface
treatment is a consequence of the wet surface condition, resulting from soil freezing, and
negligible surface cover to impede water evaporation. These observations underscore the
importance of residue cover to reduce water evaporation and lessen the incidence and de-
gree of soil freezing. The frequency of soil freezing may also be important from the
standpoint of soil structure degradation overwinter, because wetting and drying cycles
have been shown to accelerate the breakdown of soil aggregates and formation of surface
crusts.

Soil temperature and water content during freezing and thawing were simulated.
Finite difference methods were used to solve partial differential equations of heat and
water flow. An experimental relationship between unfrozen water content and subzero tem-
perature was used to estimate the change in volumetric ice content with respect to time.
The change in volumetric ice content couples the heat and water flow equations by provid-
ing an estimate of heat and water sinks or sources. Measured temperatures at 0.1 cm and
17-cm were used to drive the simulation model. Boundary conditions for the water flow
solution were specified as zero flux at 0.1-cm and 17-cm. Soil water diffusivity, as a
function of water content, was determined experimentally on unfrozen soil. The functional
relationship between soil water diffusivity and liquid water content was assumed to be the
same for frozen and unfrozen soil. Soil heat capacity and thermal conductivity were cal-
culated using mechanistic models that include ice in the system.

Results from the simulation compare favorably with field measured soil temperature,
freezing depth and water distribution. The good agreement between measured and predicted
temperature during freezing and thawing also suggests the sinks and sources of heat are
being correctly estimated. This study supports the usefulness of this modeling approach
for diurnal simulations of soil heat and water flux near the surface during freezing and
thawing.
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INFLUENCE OF MANAGEMENT PRACTICES ON SNOWMELT RUNOFF

by

D.S. Chanasyk and C.P. Woytowichl

INTRODUCTION

Soil water deficiency limits agricultural production on both farmland and rangeland and

is the major constraint to increased production on over two-thirds of the agricultural

lands on the Canadian Prairies (Oosterveld and Nicholaichuk, 1983). Snow comprises 30 to

40% of the total annual precipitation on the Canadian Prairies and represents a

significant potential source of manageable water. The quantity of potential soil water

available from snow depends primarily on the depth of the snowcover and weather conditions

during snowmelt. The amount of snownelt water infiltrating and thus the amount of

snowmelt runoff is dependent on soil properties affecting infiltration, slope degree,

aspect, and surface roughness.

Willis et al. (1969) in a North Dakota study determined that quantity of snowmelt

runoff increased with increased stubble height for the same soil water status, but soil

water status had more influence on the quantity of runoff than did stubble height. They

found that snowmelt generally began first on plots with tall stubble and duration of

snowmelt increased with decreasing stubble height. The average duration of melt was six

days. The proportion of snowmelt water that runs off is often high. Willis and Haas

(1969) found if snow was held where it fell and if the soil was dry in the fall before

freezing, spring runoff amounted to approximately 50% of the snowpack; if the soil was wet

before freezing, approximately 80% ran off. Bauder et al. (1975) reported 80% or more of

the winter precipitation in eastern North Dakota became runoff. Chanasyk and Woytowich

(1986) studying foir cropping practices in the Peace River region of Alberta found

between 35 and 71% cf the snowpack ran off.

A better understanding of the effects different cropping practices have on amount of

runoff is essential before soil water enhancement through runoff reduction is possible.

Most studies on the Canadian Prairies have concentrated on cereal grains and fallow
rotations; canola and forages are also common on the Prairies but relatively little is

known about their effect on snowmelt runoff. Farmers on the prairies generally cultivate

their stubbled land in the fall after harvest to reduce their springtime workload. This

practice reduces stubble cover but increases surface roughness.

The objective of the study reported here was to assess the effect3 of such management

practices and crop cover type on runoff during the springmelt period. The study was

initiated in the Peace River region of Alberta which is con:_Iered a high water erosion

risk area. Major portions of the Peace River region utilized for agriculture have long

(often up to 1.0 km in length) but gentle (between I and 5%) slopes, which combined with a

fine-textured soil, pose a potentially high water erosion hazard.

RESEARCH METHODOLOGY

The study site was located near La Glace, Alberta, 50 km northwest of Grande Prairie

and approximately 500 km northwest of Edmonton. Slopes located were 5% slope with a

westerly aspect. Seventeen runoff plots, each 5 m wide and 75 m long, were established.

Fifteen cm boards were used as borders and small H flumes were positioned at the bottom

end. All plots were delineated by a board border. Treatments were: fallow, fescue,

barley, and canola, replicated four times. Two barley, two canola and the fallow plots

were cultivated upslope after harvest.

The experimental design was a paired randomized block to allow adjacent cultivated and

non-cultivated plots, minimizing treatment differences due to soil variability. Paired

plots were immediately adjacent to each other; these pairs were separated by a 1.0 m

buffer zone. In the spring, each plot was cultivated upslope, fertilized, and seeded.
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Swathing, tillage of selected plots, and preparations for winter were generally completed
by October. All harvested straw was removed from the plots. Soil texture, water
retention properties, and saturated hydraulic conductivity of the uppermost 30 cm were
determined. Long term average meteorological data (1951-80) for the Grande Prairie
airport were obtained from the Atmospheric Enviroiment Service.

1985 and 1986 springmelt periods were monitored. Antecedent soil water conditions were
measured during the preceding fall using a neutron probe at three locations within each
plot to a depth of 1.0 m. A meteorological station was centrally installed at the site at
the start of springmelt to measure air temperature, windspeed, radiation, relative
humidity, and precipitation. Snow water equivalent was measured prior to melt using a
Montrose snow sampling tube. Soil temperature was measured using thermistors. Three
thermistor nests were installed at one third, one half, and two thirds of the way up ea.n
plot. Measurements at each nest were made at the surface and at depths of 10 and 20 jm
daily during springmelt between 0900 and 1030 h local time. Runoff flow rates were
determined at the time of sampling by measuring time required to fill a container of known
volume. Depending on the rate of discharge, one of three different sized containers (284,
560, or 4500 ml) was used. Specific values were summed to obtain daily and event totals
for each plot.

RESULTS AND D1SCUSSTON

Soil properties

The surface horizon (0-15 cm) was 20% sand, 41% silt, and 39% clay and was classified
as clay loam according to the Canadian System of Soil Classification. Bulk density was
1.14 Mg m-3 and saturated hydraulic conductivity was 8.4 x 10-5 cm s-1. Field capacity (-
33 kPa) was 0.305 g g-1 and wilting point (-1500 kPa) was 0.157 g g-1 . The underlying
horizon (15-30 cm) was 15% sand, 28% silt, and 57% clay and was classified as clay. Bulk
density was 1.35 Mg m-3 and saturated hydraulic conductivity was 1.2 x 10-5 cm s-1.

Meteorological parameters

The study area has a mean annual precipitation of 453 mm, approximately 40% of which
occurs as snow. The months of June, July, and August have approximately equal amounts of
precipitation: 70.0, 65.1, and 60.5 mm, respectively. Precipitation is equally
distributed over the entire winter period. Snow may fall as early as September and as
late as December, with October being average. Melt usually occurs in April, but earlier
melts do occur. Mid-winter melts may also occur, usually due to a warming trend
affiliated with a chinook. Rain storms during the winter are not common. July is the
warmest month with a mean monthly temperature of 15.0 °C and January the coldest with a
mean monthly temperature of -17.7 °C. Average frost-free period is between 105 and 118
days.

The two study years were characterized by high precipitation in September: 92.3 mm
(247% of the long term average) in 1984 and 80.5 mm (215% of the long term average) in
1985, likely resulting in high soil water contents at the time of fall freezing. However,
precipitation for the winter period (November - March inclusive) was lower than the long
term average in both years: 90.9 mm in 1984-85 and 98.9 mm in 1985-86, compared to the
long term average of 138.2 mm for the same period. Both years were characterized by
significantly warmer than normal mean monthly temperatures in January (9.4 °C higher in
1985 and 9.0 oC higher in 1986. This may have resulted in some intermittent snowpack-air
interface melting and mid-winter snow pack ripening.

Antecedent sol water

Fall water contents were more variable among treatments in fall 1984 than in fall
1985, ranging from 23.7 to 34.1% (volume) in 1984 but only from 33.3 to 36.2% in 1985.
Soil porosity was approximately 50% so degree of saturation was approximately 47 - 68 % in
1984 and 67 - 72% in 1985.

The highest and second highest water contents were in the fallow in 1984 and 1985,
respectively. Water content in the fescue was the same in the two years (33.8 t), ranking
second in 1984 but last in 1986. In 1984 fall water content was higher in canola than in
barley, but this trend was not evident in 1985. Water contents were not significantly
different among treatment pairs (non-cultivated versus cultivated) in either year.
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Snow water eQuivalent

The lowest spring snow water equivalent in both study years was in the fallow, but no
other treatment trends were evident. There were greater snow water equivalents in 1986
than in 1985 for all treatments.

Snow water equivalent (m
3)

Fallow Fescue Canola Canola Barley Barley
Stubble Cultivated Stubble Cultivated

1985 20.5 25.3 24.0 25.9 28.4 29.0
1986 27.6 35.3 31.1 27.7 34.9 41.2

There is no indication that stubble cultivation reduced the snow water equivalent of
the plots. Of the eight possible cases to test this hypothesis, the standing stubble had
a greater snow water equivalent in five. In almost all cases the margin of difference was
very small.

Some of the differences among plots within each treatment were possibly due to
location. None of the seventeen plots had equivalent wind exposure, fetch, or aspect. For
example, plots 3 and 4 (fescue) had extensive drifts forming over them during the winter
of 1985-86 due to vigorous vegetative growth in 1985. These drifts extended partially on
either side of the plots; fallow on one side and barley on the other.

Soil temperatures

During the 1985 melt period, surface soil temperatures ro~e above 0 °C on March 23,
with four plot exceptions. The 10 and 20 cm soil temperatures did not increase above 0 oC
for any plot at any time during the melt period. In 1986, surface temperatures on many
plots rose above 0 0C on April 2 or 3 with all plots above fteezing by April 4. As in
1985, soil temperatures at 10 and 20 cm did not rise above freezing during the melt
period.

Snowmelt

The snowmelt period was defined as beginning with the first appearance of runoff from
any plot through to the termination of runoff from the last plot. The 1985 melt period
began on March 15 and ended on April 1, although melt was not continuous. Maximum daily
temperature was generally above 0 0C for the entire period except for March 28. Minimum
temperature exceeded 0 0C only twice: March 18 and April 1. On March 23 a noon snow storm
interrupted melt and there was no runoff on March 28 (maximum air temperature -0.8 OC).
There were four events of measurable precipitation (snow) during the melt period (March
20, 23, 28 and 29), yielding a total of 4 mm, which was added to the snow water equivalent
for each plot.

In 1986 the melt period was more prolonged, beginning on March 4 and ending on April 4.
Again melt was not continuous; stopping on March 5 and resuming on March 26. Air
temperatures dropped sharply on the 5th with maximum air temperature reaching only -10 °C
on the 7th. Maximum air temperatures rose above 0 0C on the 10th remaining there until
the 23rd. Minimum air temperatures remained well below 0 0C from March 5 until March 19.
Five precipitation events during the melt period (March 8,18, 19, 24 and April 4) yielded
13 mm of snow.

Runof.

In 1985 the fescue plots had the greatest mean total runoff volume followed by barley
(standing stubble), canola (standing stubble), barley (fall cultivated), canola (fall
cultivated) and fallow in descending order. In 1986 the order of decreasing total runoff
volume was barley (fall cultivated), fescue, barley (stubble standing), canola (stubble
standing), canola (fall cultivated), and fallow. Runoff trends in 1986 were not as clear
as those in 1985 due to snowdrifting effects from adjacent plots. Increased soil water
status as a result of substantial precipitation in September and October 1985 and a higher
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snow water equivalent resulted in greater total runoff volumes from all treatments in 1986
compared to 1985.

Total Runoff Volume (m3) for individual plots in spring 1985 and spring 1986

1985 1986

Fescue 25.6 24.9 22.5 46.6 30.6 26.0 27.0
Fallow 13.6 11.5 13.7 23.5 33.2 18.7 17.5
Barley Stubble 19.1 26.5 31.6 28.5
Barley Cultivated 18.3 24.9 43.5 25.4
Canola Stubble 20.9 23.8 27.4 25.4
Canola Cultivated 25.1 16.5 28.2 22.7

The data for the fesuce and fallow plots can be used to assess the variability of
springmelt runoff for a given treatment.

Statistics for springmelt runoff (m3) for fescue and fallow for the two study melts

1985 1986

Mean SD CV (%) Mean SD CV (%)

Fescue 24.3 1.6 6.6 32.6 9.6 29.4
Fallow 12.9 1.2 8.6 23.2 7.1 30.6

The reproducibility of the data in 1985 was very good (coefficient of variation less
than 10%) but poor in 1986 (CV of approximately 30%). The cv3 were quite similar for the
two treatments, as was the trend in CV, despite the fact that the two treatments had
dramatically different covers.

Runoff Coefficients

Runoff coefficients (ratio of runoff to snow water equivalent) were high both study
years, ranging from 57-94% in 1985 and 72-95% in 1986. Fescue had very high coefficients,
averaging 90% for the two years.

Runoff Coefficients (%) for spring 1985 and spring 1986

1985 1986

Fescue 84 82 94 95 86 95 91
Fallow 69 57 60 86 93 80 72
Barley Stubble 80 81 86 87
Barley Cultivated 69 79 93 72
Canola Stubble 87 99 94 77
Canola Cultivated 83 77 90 95

The average overall runoff coefficient in 1985 was 79% (CV 12%) and 87% (CV 8%) in
1986. The low runoff coefficients for fallow in 1985 may be attributable to the rather
late cultivation of these plots the preceding fall (October 10), as compared to September
12 in 1985. Cultivating barley reduced the runoff coefficient by approximately 5% in each
of the two study years. The trend for canola was not clear; cultivation reduced the
runoff coefficient by 13% in 1985 but raised it by 8% in 1986.
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Prediction of total snowmelt runoff

The effects of management practice, fall soil water and spring snow water equivalent on
plot runoff were investigated using Pearson correlation matrices and stepwise linear
regression. Significant parameters were then used to test the general linear hypothesis.
Tillage was non-parametrically coded: 1-fall tilled (including fallow); 2-stubble
standing; and 3=fescue. Results of the multivariate general linear hypothesis revealed
that total runoff was dependent only on snow water equivalent and fall tillage. The
equation derived for predicting snowmelt runoff was:

Runoff - 0.883 * snow water equivalent + 2.123 * tillage parameter - 4.578

with runoff and snow water equivalent expressed in m3 .

Total runoff was greatest from the fescue plots; least from the fallow. Total runoff
was significantly correlated to snow water equivalent and fall cultivation. Greater snow
water equivalents increased runoff while fall cultivation decreased it. For all
treatments, between 80 and 90% of the snow melt water ran off. The high runoff
coefficients are likely due to the inability of the snow melt waters to infiltrate because
of frozen soil and sloped land.

The study has shown that runoff can be reduced by cultivation. Thus farmers who
cultivate fields in the fall may increase their soil water content: although the increase
would not likely be large.

The long term representativeness of the results is difficult to assess. The above
normal precipitation in both Septembers of the study would likely mean that subsequent
springmelt runoff would be above normal. However, this is compensated by the below normal
over-winter precipitation that occurred. The above normal January temperatures the two
study years would have meant an earlier ripening of the snowpack, but not necessarily an
earlier melt. Both springmelts were prolonged, suggesting the runoff values may be
conservative. Thus, the runoff values measured were likely below average for the region.
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ENVIRONMENTAL CONDITIONS AND PROCESSES ASSOCIATED WITH RUNOFF FROM

FROZEN SOILS AT REYNOLDS CREEK WATERSHED

by

Mark S. Seyfried, Bradford P. Wilcox and Keith R. Cooley'

INTRODUCTION

Most severe flooding and erosion events in the Pacific Northwest occur in the winter
and are the result of rain and snowmelt on frozen soil (Johnson and McArthur, 1973).
Frozen soil runoff is also important in other parts of the United States and Canada (e.g.,
Dunne and Black, 1971; Granger et al., 1984). The high runoff is generally attributed to
the limited infiltration capacity of concretely frozen soil (Zuzel et al., 1982).

Accurate description of runoff from frozen soils with simulation models has proven to
be difficult (Wilcox et al., 1989). This is partly due to the complex nature of the
relationship between soil frost and soil infiltration capacity. Freezing soil way result
in either increased or decreased infiltration capacity (Trimble et al., 1958; Haupt, 1967).
Cooley and Robertson (1983) found that infiltration into frozen soil ranged from 0 to 100%
of the total rain plus snow water storage at a rangeland site. In addition, macroporosity,
which is difficult to predict, affects infiltration into frozen soil (Harris, 1972).

Climate and vegetation also affect runoff from frozen soil. These effects are clearly
illustrated in mountainous terrain where large climatic differences due to elevation
changes can be observed over short distances. In northern California (Taylor, 1969) and
Oregon (Hale, 1950) impermeable, concrete frost has been observed to be more prevalent at
lower elevations where sagebrush dominates than at higher, forested sites. This
corresponds to what Coiley and Robertson (1983) refer to as the transient snow zone. They
consider that zone to be most susceptible to frozen soil runoff.

Soil frost data have been collected at the Reynolds Creek Experimental Watershed in
southwest Idaho for about 20 years (Hanson et al., 1988). The watershed is about 240 km
in extent and ranges in elevation from 1097 to 2195 m. Annual precipitation increases with
elevation from 237 to 1587 mm. Several smaller subwatersheds have been instrumented which
represent different climatic and vegetational conditions.

Although the entire watershed is subject to frozen soil conditions, frost is deepest
and soil temperatures coldest at lower elevations. On the other hand, runoff is greatest
from higher elevations. This suggests that environmental conditions at Reynolds Creek
bracket a zone most conducive to frozen soil runoff generation. In order to better
understand processes controlling runoff from frozen soil, our objectives were to: (1)
locate the zone of maximum frozen soil runoff at Reynolds Creek using soil frost and
runoff data; and (2) determine what conditions within that zone cause it to be so conducive
to generation of frozen soil runoff.

STUDY AREA AND METHODS

Site description

Hydrographs from six subwatersheds, Flats (FL), Nancy's Gulch (NG), Lower Sheep Creek
(LS), Reynolds Mountain (RM), Tollgate (TG), and Salmon Creek (SC), all located within the
Reynolds Creek watershed, were used to analyze runoff. Characteristics of those
subwatersheds are shown in Table 1. Runoff from all the subwatersheds is ephemeral and
event-based except RM, which is perennial and shows a strong spring snowmelt peak. About
80% of the annual precipitation at the higher elevations occurs from November through April
and is mostly snow. This compares to about 60% of annual precipitation in the same period

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.

'Soil Scientist and Hydrologists, respectively; USDA-Agricultural Research

Service, Northwest Watershed Research Center, 270 South Orchard, Boise, Idaho 83705.

125



at lower elevations of which about 25% is snow (Hanson and Morris, 1982; Hanson et al.,
1988). FL and NG are at low elevations, RM is at high elevation and LS is intermediate
between the two. TG and SC range from high to low elevations.

Table 1. Subwatershed characteristics.

Elev Area MAT MAP Vegetation

(m) (ha) (°C) (cm)

Flats 1183-1192 0.9 6.8* 25.5 Wyoming Big Sagebrush
NG 1414-1426 1.3 6.8* 31.7 Wyoming Big Sagebrush
LS 1588-1658 13 6.0# 37.9 Low Sagebrush
RM 2018-2143 40 3.4# 113.8 Mountain Big Sagebrush
SC 1387-1829 129 Vary Vary Vary
TG 1402-2225 5444 Vary Vary Vary

* From Quonset, 1964-1987
# 1967-1987
MAT- Mean annual temperature
MAP- Mean annual precipitation

Data collection

There was a period of 13 years, from water years 1972 to 1984, in which all six
subwatersheds were continuously monitored for runoff and soil frost data were collected.
Runoff was reported on a per unit area basis. Precipitation, air temperature, and frost
depth were collected at sites immediately adjacent to the NG, LS, and RM subwatersheds. FL
data were taken from the quonset weather station located at approximately the same
elevation about 3 km away. Precipitation was measured with a dual gauge system (Hanson et
al., 1980). Daily maximum and minimum air temperatures were measured by a hygrothermograph
at the quonset, LS, and RM weather stations.

From 1972-1976 depth of soil frost up to 10 cm was measured. After that frost tubes,
similar to those described by Harris (1970), and frost blocks (Burgess and Hanson, 1979),
located immediately adjacent to the site in all cases, were used. Calibrated neutron probe
readings were made at LS from 1976-1984 at depths of 15, 30, 60, and 90 cm. All
measurements were made at approximately biweekly intervals.

Data interpretation

Runoff data from the FL, NG, LS and RM subwatersheds were used to establish the effects
of a climatic (elevational) gradient on frozen soil runoff while SC and TG were used to
establish the extent of the elevational band of frozen soil runoff events within the
Reynolds Creek watershed. Frozen soil runoff was characterized in terms of quantity
(average annual runoff) and frequency (number in 13 years) of events.

Runoff events were considered to be frozen soil related if the measurement made prior
to the event indicated frozen soil conditions. Air temperature was used to estimate if
soil frost was present where unusually long extrapolations from measurement to event were
required. We refer to runoff events as frozen soil related, as opposed to frozen soil
caused, because, although we have good data concerning soil conditions when the events
commence, we have very little information on the progress of conditions during the events.
This was due to the biweekly sampling regime. This is important because measurements
taken subsequent to events frequently indicated unfrozen conditions.

Determination of when specific runoff events commenced and ended was generally quite
straightforward except at RM where most runoff occurs as a single, large, fluctuating
spring snowmelt event. This was not considered to be frozen soil related because the soil
was generally not frozen at the outset and because virtually no surface runoff is observed
during these events. That is, the normal snowmelt from RM generates runoff by subsurface
flow. The events considered to be frozen soil related at RM were distinct, winter runoff
events.
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The frequency (number during the 13 year measurement period) of "significant" frozen
soil related events at different subwatersheds was also determined. "Significant" runoff
events were defined as having a peak daily runoff greater than 1.0 mm or greater than 6 mm
total runoff. Some distinction of this kind was necessary due to the many small,
indistinct events at all the subwatersheds that contributed little to the total runoff. As
defined, significant runoff events accounted for 71 to 90% of the total frozen soil related
runoff except at RM where frozen soil related runoff was relatively minor (Table 2).

Table 2. Runoff Summary (Water years 1972-1984)

Site Average FSR* Number of Fraction of FSR*
Annual Runoff Significant FSR* Runoff from
Runoff Fraction Runoff Events Significant Events

(mm)
Flats 1.6 0.91 3 0.90
NG 1.8 0.94 2 0.71
LS 8.3 0.83 16 0.86
RM 600.9 0.04 5 0.22

* Frozen Soil Related

Air temperatures were used to distinguish between rain and snow with air temperatures
above 0°C assumed to be rain, those below assumed to be snow. In some cases there was a
mixture of rain and snow using this approach. In these cases the events were classified as
rainfall events.

RESULTS AND DISCUSSION

Amount and frequency of frozen soil related runoff

Average annual runoff from FL, NG, LS, and RM increased with elevation, as expected
(Table 2). The portion of that runoff from frozen soil related events shows the opposite
trend, with runoff from the three lower elevation subwatersheds almost entirely frozen soil
related while that from RH was relatively insignificant.

The domination of frozen soil related runoff at FL, NG, and LS results from a
combination of soil and climatic factors. The climatic factors include the precipitation
distribution and intensity of most storms in the region. As mentioned earlier, about 60%
of the precipitation falls from November through April at the lower elevations, which
brackets the time that the soil is frozen. Most of these storms are regional frontal
systems characterized by fairly low (<5.0 mm/hr) precipitation intensities (Hanson and
Morris, 1982). This compares with measured soil infiltration capacities of greater than 60
mm/hr at LS (Johnson et al., 1984), and about 40 mm/hr at NG (unpublished data), which is
very similar to FL (Johnson et al., 1984). Since overland flow is the chief pathway for
runoff from these watersheds (there is no base flow), either a reduction in soil
infiltration capacity and/or an increase in precipitation intensity are required to
generate runoff. Frozen soil is known to be virtually impermeable under the proper water
content and temperature conditions.

Conditions at RM are quite different. Almost all runoff there is of subsurface origin
and overland flow is rarely observed. This, plus the relatively thick snowpack that tends
to insulate the soil and reduce soil frost, results in a large amount of runoff with
relatively little effect of frozen soil.

There was substantially more frozen soil related runoff from significant events and
more significant runoff events at LS than the other subwatersheds during the monitoring
period (Table 2). All significant runoff events at FL, NG, and LS were frozen soil related
while RM had significant runoff events each year which resulted from subsurface flow of
snowmelt and were not frozen soil related.
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Distribution of frozen soil related runoff

The data in Table 2 indicate that conditions at LS are more conducive to the generation
of frozen soil related runoff than conditions at the other subwatersheds. If LS is
representative of a climatic zone that is active throughout the larger watershed, then
events at LS should be common to other subwatersheds with overlapping elevation (and
therefore climate) ranges. Two such subwatersheds are Salmon Creek (SC), and Tollgate

(TG). The LS subwatershed contributes runoff to neither.

Figures I and 2 illustrate how runoff patterns from LS, SC, and TG are related. In
1975 (Fig. 1), there were three distinct frozen soil related events at LS on days 24, 44,
and 57, all of which were significant. In each case, LS runoff was of shorter duration and

had greater peak flow than either TG or SC, but the timing of the events was very similar.
There were three smaller peaks after day 61 in which runoff from TG and SC greatly exceeded
that from LS. Those events occurred after the soil thawed at LS and were primarily the

result of snowmelt from higher elevations in SC and TG.

The 1984 runoff patterns (Fig. 2) also show distinct frozen soil related events. The
first two events, occurring near days 3 and 23, were not significant at LS while the third,
near day 43, and fourth, near day 67, were. As in 1975, and all other years observed,
there was considerable snowmelt runoff from TG and SC after the soil thawed and the snow
had melted at LS. 1984 differed from 1975 in that peak flow from both TG and SC was
greater from the frozen soil related events than LS. Runoff from both 1975 and 1984

illustrate how closely events at LS matched those at TG and SC. Over 13 years of
comparison, there was runoff at SC and TG corresponding to all 16 significant events at LS.

At TG, 11 of those events were significant while 12 were significant at SC.

Although we have no direct soil frost measurements representative of TG or SC, it seems
reasonable to assume that runoff events from those subwatersheds that correspond to frozen
soil related events at LS are also frozen soil related. The strong correspondence between
events at LS and the other two subwatersheds is consistent with the existence of an event-
specific elevational (or climatic) band of frozen soil related runoff throughout the
Reynolds Creek watershed. The alternation of maximum peak runoff between LS, SC, and TG
suggests that the location of the band varies with event although other factors, such as
the precipitation distribution, may also account for the observed alternation.

Comparison of runoff from FL, NG, and RM, which represent different elevational zones,
further shows how the band of frozen soil related runoff varies with event. Figure 3

(1976) illustrates some "typical" runoff patterns at FL, NG, LS and RM. The peaks for NG
and FL occurred early in the year and were relatively small. All runoff from FL ended by
day 10 and that from NG was complete by day 18. Three distinct peaks (two significant
events) at LS were observed between days 55 and 75 with smaller events following. Runoff

at RM was unaffected by the events at lower elevations and did not rise above the base

level until shortly after day 90.

The small runoff events at FL and NG (Fig. 3) near day 10 were the result of rain on

frozen soil. That same storm produced snow at LS and RM and thus no runoff. When rain
fell on days 56, 57, and 59 snow covered frozen soil at LS, while the snow had melted and
the soil thawed at FL and NG. Thus there was runoff from LS but not at FL or NG.

Subsequent runoff events at LS were due to rainfall :'sandwiched" between snowstorms. The
smaller peaks that followed were due to a combination of rainfall and snowmelt without
rain. The runoff producing storms at LS either produced snow at RM or the rain produced
was absorbed by the snow pack and no runoff resulted. Runoff from RM came later when the

general snowmelt occurred. In this year the band of frozen soil related runoff moved from
the lower elevations early in the year up to LS later. This is consistent with long-term

maximum average monthly runoff trends. The month of maximum runoff for the four

subwatersheds is: January for FL and NG, March for LS, and May for RM (Wilcox et al.,

1989).

The data presented above indicate that frozen soil related runoff occurs in event-
specific bands. The extent of the bards and the intensity of runoff within them determines

the severity of individual runoff events downstream. LS is apparently representative of an
elevational zone between about 1450 aod 1750 m in which the event bands are most often

located (Table 2).
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Figure 1. Daily runoff from the Lower Sheep Creek, Tollgate, and Salmon Creek
subwatersheds during the first 101 days of 1975.
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Figure 2. Daily runoff from the Lower Sheep Creek, Tollgate, and Salmon Creek
subwatersheds during the first 101 days of 1984.
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Figure 3. Daily runoff from the Flats, Nancy's Gulch, Lower Sheep Creek, and Reynolds
Mountain subwatersheds during the first 101 days of 1976.

Precipitation/runoff relationships at LS

Since LS represents the zone of maximum frozen soil related runoff, we investigated
runoff characteristics in relation to precipitation at LS to establish conditions most
conducive to the generation of frozen soil related runoff. There was very poor linear
correlation (r-0.427) between total annual precipitation and runoff at LS (Fig. 4). This
has also been observed at the FL and NG subwatersheds (Wilcox et al., 1989). The scatter
of data in Figure 4 reflects the fact that while about 84% of runoff was frozen soil
related, only about 23% of the precipitation occurred during frozen soil conditions. Thus,
the majority of precipitation is ineffective at producing runoff.

A large improvement in linear correlation (r-0.813) resulted when yearly frozen soil
related runoff and frozen soil precipitation were regressed (Fig. 5). Further improvement
was expected in correlation between frozen soil related rainfall (precipitation minus
snowfall) and runoff, but the linear correlation was actually reduced (r-0.627). This
indicates that snow is an important component of frozen soil related runoff. In fact, snow
was on the ground at the commencement of all 16 significant runoff events at LS, There was
also rainfall on 15 of those events. Thus, it was the combination of rainfall on snow and
frozen soil that resulted in frozen soil related runoff events.

The effects of snow largely explain why LS represents the maximum zone of frozen soil
related runoff. At higher elevations, where snowfall is much greater, snow cover tends to
insulate the soil and reduce soil freezing. In addition, the snow cover buffers the system
from occasional winter rainfall and warming trends by absorbing rain and melt water within
the snow pack. The process of ripening the snow pack further assures that the soil is
thawed during snowmelt. By the time snow has melted, the likelihood of freezing conditions
is greatly reduced. These effects of snow explain why frozen soil related runoff is
relatively insignificant at RN and other similar watersheds (Troendle, 1985).
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A shallow (10 to 35 cm) snow cover, on the other hand, can facilitate frozen soil
related runoff in conjunction with rain. Snowmelt alone produces little runoff either
because it is of insufficient quantity or low intensity and allows for soil thawing.
Similarly, rainfall alone appears to produce little runoff, presumably for the same
reasons. In combination, however, the effective rainfall rate and quantity is increased
due to the added melt water. A shallow snow cover does not provide much insulating effect
so that soil freezing proceeds freely, and the buffering effects of snow are greatly
reduced.

The dominant vegetation in the subwatershed is low sagebrush, which rarely exceeds 35
cm in height. Strong winds are common thrc¢.ghout the winter and the only snow retained in
the subwatershed is found in topographic lows or is "caught" by the sagebrush. Thus the
vegetation and climate combine to make LS most conducive to frozen soil related runoff.

Although the conditions conducive to generating runoff occur at LS most often, they can
extend throughout Reynolds Creek. For example, during two large runoff events in 1972,
most of the Reynolds Creek watershed produced runoff simultaneously, and on one occasion,
in 1982, all six of the subwatersheds contributed significant runoff from the same rainfall
event. On these occasions the threat to flooding and eizsion is greatest.

Infiltration during frozen soil related events

Examination of Figure 5 indicates that only a small portion (10-15%) of the
precipitation landing on frozen soil appears at the weir as runoff at LS. This could be
partly due to infiltration, transmission losses, sublimation and the effect of wind
redistribution of snow. Although the dual gauge system is quite accurate for rain and
snowfall measurement, the actual water input to the watershed from snow is strongly
affected by wind redistribution during and subsequent to snowfall. This results in areas
of blow-on (drifts) and blow-off. We have assumed that blow-on and blow-off are balanced
within the watershed, which appears to be reasonable but is not confirmed by measurement.
Other unmeasured losses include channel transmission losses and sublimation. Even if these
losses resulted in a 50% reduction in water available for runoff, the majority of
precipitation on frozen soil would still not be accounted for.

The remaining possible fate for the water is infiltration into the soil. The average
soil-water content of the two access tubes at LS is shown in Figure 6 for 1976. There was
a distinct increase in soil-water content in the two upper depths, while the two lower
depths changed little between days 34 and 49. The reading on day 49 immediately followed a
small runoff event (Fig. 3). This was followed by a substantial soil-water content
increase at all depths between days 49 and 77. The reading on day 77 followed the highest
peak runoff for the year at LS. In all 8 of the significant runoff events at LS during the
neutron probe monitoring period (1976-1984) there was an associated increase in soil-water
content. In this case (day 77) it extended to a depth of at least 90 cm. Three
explanations for these observation are that:

1. There is infiltration through the frozen soil. Soil frost does not necessarily
render the soil impermeable and can, in some cases, actually increase infiltration capacity
(Haupt, 1967; Hinman and Bisal, 1973). Intermediate infiltration capacities are also
possible, which could allow for large amounts of infiltration;

2. Spatial variability results in areas of high infiltration capacity. It has been
shown that the unfrozen infiltration capacity varies considerably in sagebrush rangelands
(Johnson and Gordon, 1988). This may also affect frozen soil infiltration capacity. In
addition, microclimatic, vegetational, and aspect interactions may result in highly
variable frost conditions; and

3. The infiltration front may follow the thaw front. Observations of soil frost
indicate that frozen soil related storm events often result in soil thawing. Each of these
explanations is plausible and carries different implications in terms of modeling or
predicting soil behavior.
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Figure 6. Average volumetric soil moisture content measured at two locations on the Lower

Sheep Creek subwatershed during 1976. Depths. 1, 2, 3, and 4 are 15, 30, 60, and
90 cm, respectively.

SUMMARY AND CONCLUSIONS

Most of the runoff generated in the Reynolds Creek Watershed and similar areas results
from snowmelt that enters streams by subsurface flow. The area contributing to this flow
is relatively small, however, being restricted to elevations above 1750 m. Runoff from the
far more aerially extensive lower elevations is mostly via surface flow related to frozen
soil. Severe flooding and erosion events can result when these areas contribute runoff
because they are so aerially extensive. The severity of these events depends, in part, on
the extent of the area contributing to runoff and the intensity of runoff from those areas.

The following conditions are associated with most runoff from the lower elevations:
frozen soil when the event begins, shallow (<35cm) snow cover; and rainfall. These
conditions, and the runoff associated with them, are generally found in event-specific
elevational bands within the watershed. These fall most often in a zone between 1450 and
1750 m at Reynolds Creek.

It appears that most of the water potentially available for runoff during frozen soil
related events infiltrates into the soil. Thus the intensity of runoff seems to be
controlled by infiltration processes. There are several possible explanations for this
which require further investigation.
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THE EFFECT OF FROZEN SOIL ON EROSION - A MODEL APPROACH.

by

Peter F. Botterweg
1

INTRODUMTON

At the end of the seventies the Norwegian authorities recognized that agriculture
contributes considerable to the total environmental pollution. Losses of soil by erosion
and losses of nutrients, especially phosphorus, by both erosion and surface runoff are the
main causes of eutrophic fresh waters in agzicultural areas (Min. of Agriculture, 1984).
Besides the non-point source pollution, point pollution occures by leakage of silage
effluent and leakage from manure storages. In 1987 an algae bloom sprang up in the coast
waters between Denmark, Sweden and Norway. It is assumed that nutrient leakage, especial-
ly nitrogen from agriculture, was one of the causes for this algae bloom.

In 1984 the authorities initiated an extensive research program to find measures to
reduce non-point source pollution and point pollution from agricultural areas. The
research program finished in 1989 (Rognerud, 1989). One project in the program was the
development of a mathematical model that (1) predict non-point source pollution and (2)
evaluate the effect of changes in agricultural management on pollution. The model should
be a tool for local and regional agricultural and environmental service authorities to
select optimal management. The model project is not finished yet and in this paper
provisional results are presented.

MEL SELECTICl

It has not been the intention to develop a complete new model because of lack of re-
sources. In Norway up to 40 percent of yearly runoff may be related to a snowmelt period
of about 2 weeks (this study). The ice content and soil structure will influence both the
amount of surface runoff during snowmelt and soil erodibility. These factors depend on the
snow cover and the frost regime during the foregoing winter (Lundin, 1989). This will
demand simulation of snow dynamics based on at least daily values for precipitation and
temperature. In the Norwegian grain districts the soil doesn not have a plant cover from
late autumn till after snaomelt in April. During this period the soil is greatly exposed
for erosion by autumn rainstorms and snow melt. A list of desired model qualities has been
formulated and existing models are selected f ram the literature (Decoursey, 1985; El Kadi
and van der Meijde, 1983; Haan ?t al., 1982; Rose, 1985) for testing (Table 1). SWAM, ARS
Small Watershed Model (DeCoursey, 1982) has not been tested up until now because an
improved version of the model, OPUS, was expected in 1988 (DeCoursey, pers. cam.).
CREAMS (Knisel, 1980) and der;.ved models are probably the most frequently used models for
estimating non-point source pollution. For the years 1979-1982 the CREAMS model and the
GAMES model (Cook et al.,1985; Rosseau et al.,1987) have been applied to the Arungen
watershed situated in south-eastern Norway. The main lake in the watershed is heavily
eutrophieted and it is well studied (Groterud et al.,1981). Simulation results given by
Sannes and Seip(1984) and Seip(1984) were correct for some years but wrong for other
years when campared with the available measured values. Seip(1984) mentions that the
measured data may not have been as accurate as is necessary to precisely evaluate model
performance. With the models it was not possible to correctly simulate selected episodes,
as for exemple snowmelt. Changes made in the snowmelt routine of CREAMS gave better
results (Kalgraf,1986). Nevertheless, as long as monthly mean temperatures are used as
input it can not be expected that the model will precisely simulate snow dynamics.
Although CREAMS does not simulate soil temperature it does includes one of the best
routines for erosion available.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.

iResearch leader, Institute for Georesources an Pollution Research,
P.O. Box 9, N-1432 Aas-NLH, Norway.
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TAELE 1. Characteristics of hydrology/erosion models selected from
literature for prilintinary testing under Norwegian climatic
conditions.

desired model MODEL
characteristics CREAMS SWAM SOIL GAMES

simulate: hydrology yes + yes + yes ++ yes-
erosion yes ++ yes + no yes +
soil temperature no no yes + no
snow dynamics no no yes + no

Physically based +/- +/- ++ +/-
Input easy to quantify + +/- + +
agricultural management input ++ + no +
heterogeneous areas, more then yes - + no yes +
one field
easy to apply + +/- +/- +
runs on Personal Computor yes yes yes yes
documentation available yes + yes - yes - yes +

The advantage of the GAMES model is the possibility to route runoff from one field to
an other. The erosion routine in GAMES is the USLE and therefore conparable with CREAM. A
limited test of the model did not give satisfactory results, but this may be caused by
uncertainties in the input variables.

The SOIL model (Jansson, 1988; Jansson and Haldin, 1980) developed at the Swedish
University of Agricultural Sciences is a hydrology and energy model with routines for snow
dynamics based on daily temperature and precipitation as input. The model simulates the
soil water balance quite well (Jansson and Gustafson, 1987; Gustafson, 1987); however,
rutines for soil freezing and thawing and its effect on infiltration can be improved
(Lundin, 1989). The existance of macro pores and by-pass flow are other details in the
model that can be improved by methods developed by Jarvis and Leeds-Harrison(1986) or
Bronswijk(1988).

Based on the preliminary test of CREAMS and the qualities of SOIN.t was decided to
build a new model where the hydrology part of CREAMS is replaced by the SOIL model. At a
later stage it will be tried to incorporate the routing routines from GAMES to simulated
larger heterogeneous areas.

MODEL DESCRIPIC1

To understand the SOIL/CREAMS model a. short description of the two contributing models
and the way they are connected is given.

SOIL was originally designed to predict annual soil climate for biological purposes
within the Swedish Coniferous Forest Project. The model is physically based and general
enough to predict annual water and heat dynamics, including frost, for a variety of
layered, unsaturated soils and vegetation covers. Soil boundery conditions are supplied
by submodels of snow dynamics, precipitation interception, evapotranspiration, root water
uptake and net horizontal groundwater flow. Given a measured soil surface terperature, the
model can simulate soil temperature and heat flow variations within the day. For long-term
simulations driving variables include daily mans or sums of air temperature, precip-
itation, relative humidity and windspeed. Evapotranspiration is predicted from input of
either net or global radiation, or cloudiness, or duration of bright sunshine. Soil
properties are determined by independent methods but most surface characteristics must be
determined by optimization. The most difficult and important parameter in the hydrology
model surely is saturated conductivity. Because of variation in time and space it is not
posible to get a precise estimate for it for a field. In this study the input parameters
KSATC (saturated conductivity) KSATCT (saturated conductivity including the effect of
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macro pores) and groundwater flow are used for calibration. Mass and heat balanse schemes
for the model are illustrated in Figure 1.

The two partial differential equations .

for heat and water flow are solved with an T

explicit forward differencing method (Euler peo~pfit~on Evaorati an Tanprtion

integration). This requires the *soil |STORAGE
profile to be approximated with a discrete
number of internally homogenous layers. wATER
Slowly changing state variables are updated tempe, so,.
at larger time-steps, and integration time- Throtat So- #t by ......

step varies dynamically as a function of A
conditions (including frost occurance)
during simulation to minimize execution
times. Water flow rates into the two top
soil layers are used as tests. The version E ,,,ahea
used in this study included neither Root w Source /sink

improvements for hydrolic conductivity at uptk e abitaydet)

frozen conditions as given by Lundin(1989)
nor improvements for bypass flow.

CREAMS is a field scale model for
Chemicals, Runoff, and Erosion from
Agricultural Management Systems. The
version of the model used in this study H

consists of three seperate modules which ofwater storage Horzntat not of hest storage S, waterftow
treat respectively hydrology, erosion and grou.d to ,flow heat CO... ,O

loss of nutrients (P and N) and pesticides. or -o
A newer version of the model, GLEAMS, is Groundater Gotbatrattla
now available where the three separate percolation Speatatist

modules are intergrated and routines for beat Convectio

nutrient leakage to the groundwater have
been improved (Knisel et al.,1987). In FIWRE 1. Mass and heat balance schemes of
this study, the hydrology module has been the SOIL model (from Jansson et al.,1980).
replaced by the SOIL-model described above.
The erosion component, of the model is a modification of the USLE(Foster, 1981), an
emperical formula derived fran plot data that employs physically related factors. Total
soil loss is calculated as the maximum sediment yield from the erosion proces or fran
maximum sediment transport capacity of the overland flow in case erosion exceeds transport
capacity. The calculations are made seperately for five soil particle size classes. Losses
of chemicals are calculated as a sum of losses by runoff, sediment transport, and
leaching. A sensitivity test of the CREAMS' erosion part by Lane and Ferreira(1980) showed
that chanygs in the USLE factors for soil erodibility (K), soil loss ratio(C) and
contouring factor(P) have a linear effect on erosion while the effect of Manning's n is
larger than the relative changes in the parameter.

Programs have been developed to cabine the two models with differences in variable
definitions, input/output formats and units. Necessary input variables for simulation of
erosion as excess rainfall rate and erosion index for a given storm have been calculated
following formules given by Foster et al.(1981). A flow chart of the model is given in
Figure 2. The model is run on an IEM-PC in batch mode.

For the national research program, experimental watersheds have been selected for
studies of agricultural practices, and measuremnts of surface runoff, erosion and
nutrient losses (0ygarden, 1989). At each watershed homogeneous fields ranging 0.5-3.0 ha
were selected for detailed studies. In this study data are used fran the watershed
situated 40 kn north of Oslo. Marine clay and silt are the dominating soil types in the
area. In the last two decades most of the original ravine landscape has been destroyed by
leveling. This has reduced hill slopes and increased slope lenghts. In the same period a
development fran mixed small-scale agriculture to predominally large-scale grain produc-
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FI]JRE 2. Flow~ chart of the SOIL,-CRM model as it runs on IH -PC in batch mode.

T 2. Suary of climatic data for the test fields for the years 1987,

1988 and the 30-year normal.

Temperature °C Precipitation (rmn)

1987 1988 1931-60 1987 1988 1931-60
January -14.2 -0.7 -6.9 23 135 58
February -7.8 -3.1 -6.3 41 115 41
March -6.6 -3.4 -2.3 91 123 30
April 4.2 1.8 3.2 27 53 50
May 8.2 10.7 9.4 49 31 53
June 11. 3 17.6 13.6 176 60 79
July 15.8 15.5 16.0 46 141 92
August 12.1 13.9 14.6 82 150 95
September 8.6 11.1 10.0 133 131 87
October 6.3 3.6 4.5 213 79 85
Novemb3er -1.3 -3.8 -0.6 116 31 82
December -5.6 -4.1 -3.9 23 56 73

tion has taken place. These changes have contributed to an increase of environrrantal
pollution, especially as a result of erosion. A suimary of climatic characteristics of
the area are given in Table 2.

Daily values for surface runoff (in3 ), concentration of phosphorus, nitrogen and
pottassium (p g/l) and soil loss (mg/l) are calculated from logged data both for the whole
watershed and for the small fields within the watershed. A discussion of measurmnts
mthods is outside the scope of this paper anid is discussed elsewhere (0ygarden et al.,
in prep). In this study data are used fram 2 fields in the watershed for the yeers 198?
and 1988. A list of the field characteristics is given in Table 3.
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TABE 3. Characteristics of field A and B used for testing the model.

Field area soil type slope slope drain
lenght distance

(ha) M (m) (m)
A1  0.86 clay/clay loam 4-8 155 4

silt
B 0.44 silt loam 6-16 115 7

1 )leveled.

NMDEL APPLICATICN

In the first test of the model described here it was decided to run the hydrology and
erosion module separately. The module for chemicals has not been tested yet. The model has
been calibrated against measured data from 1987 and validated against those fron 1988. A
summary of the relevant observed data is given in Figure 3. The relation between surface
runoff and soil loss is not constant due to soil cultivation during a year (Figure 4).
Differences between the years can be explained by changes in agricultural management and
the difference in the distribution of yearly precipitation. In the spring of 1988 in
field B, a grass vegetation was established where runoff concentrates. Differences between
the fields are caused by differences in soil type and agricultural practices. It may also
be result of field size and the difficulty to estimate exactly the area that contributes
to the surface runoff sampled. The observed data are discussed in more detail by Oygarden
(1989).

150 150

A B
125 125

100 100

75 75

o 50

25 25

0 0

123456789111 123456789111 123456789111 123456799111
012 012 012 012

1987 - -1988 I- -1987 - -1988

RUNOFF (MM '] SOIL LOSS KG/O.I HAl

FIGJRE 3. Monthly sums of observed surface runoff (m) and soil loss (kg/0.1 ha) for
field A and B, 1987 and 1988.

Hvdrologv module (SOIL)

For 1987 runc ', could be simulated satisfactory for field A and B (Fig. 5). It was
necessary to increase KSATCT during the snowmelt period together with a high value for
groundwater flow. This can be explained by accepting a high bypass flow during snowmelt.
The figures for temperature (Table 2) show that the winter of 1987 had a continued period
of frost existed from January til snomnelt, while in 1988 the winter was mild in the
beginning. For this mild period with alternating frost and thaw the model underestimates
runoff, resulting in a delay til snowmelt in April. This shows that an overestimation of
snow accumulations has taken place. The runoff at the end of August is underestimated too.
This is because in 1987 there wasn't runoff in August and the model isn't calibrated for
that period of the year. Fram the results sofar it is concluded that replacing the
original hydrology module of CREAMS by SOIL gives improved estimates for runoff.
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FIG[RE 4. Correlation between observed runoff and soil loss for field A and B, 1987and 1988.

Erosion mocde

A first run of the erosion module gave a sediment yield about 10 times higher than
observed. The parameter values used were based on the information given in the CREAM
manual(US.Dep. of Agr. ,1984). In Figure 4 it is shown that the relation between runoff and
soil loss depends on the period of the year. Calibration is then only possible with the
time dependend parameters C (soil loss ratio for overland flow), P (contouring factor) or
N (mannings' n for overland flow). As stated by Lane and Ferreira(1980) the effect of C
and P on soil loss has a linear form. To reduce soil loss by a factor of 10 demands very
low values for C (0.5-5%), when the lowest value for P is 0.5. Such low values for C are
no longer related to the cultural practices on the fields. It was therefore decided to
use N as a calibration parameter for the erosion module. The value of N was changed
depending on the date of soil cultivation and the presence of snow cover. Ploughing
normally takes place in autumn just before soil frost is established. The seed bed is
prepared shortly after the snow has disappeared. Simulation results are presented in
Figure 6. Because of a minor time delay in the simulated output, the regression analysises
are based on 5-day sums of soil loss. Figure 7 shows that after sncmelt, N can be reduced
by about 50% for field A and B (1987). During the rest of the year best results are
achieved by changing N according to date of harvesting and ploughing. The difference
between field A and B is caused by an accepted higher soil erodibility for the silt loam
soil type in field B. It was not possible to simulate soil loss in 1988 satisfactory
without changing N. In 1987 erosion took place during snow melt and in June and October.
In 1988 erosion occurs mainly in January and in August (Fig 6). These periods where not
calibrated with the erosion events that took place in 1987.
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FIGURE 6. Observed and simulated accumulated soil loss (kg/ba) for field A and B, 1987
and 1988. Correlation and regression coefficients between measured and
observed values (based on 5-days sum):
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DISCUSSICl

The model approach used in this
study gives reasonable results for
surface runoff and soil loss. The
SOIL model gives better estimates of
surface runoff than the hydrolocgy
modul of CREAMS does because of .3 A
better routines for snow dynamics. A
satisfactory simulation of runoff /
will result in good estimates of 0.25 -1

soil loss. The data presented show .

that the tine of the year precipi- 0.20
tation falls strongly determines the
amount of runoff. The relation m
between runoff and soil loss has A o.,5

been shown to depend on soil erodi- N
bility at the time of runoff. This , ""
soil erodibility is the result of N

Gforegoing precipitation, temperature S
and soil cultivation. The effect of
the temperature regime on ice in the N B
soil is described by Lundin (1990). /
The interaction between all these
factors of which precipitation and
temperature are stochastic, makes /

the relation between runoff and L--..-/
erosion complicated. It is shown N
that a by-pass flow has been
important during the snowmelt in
1987. In the model, by-pass flow is J_
simulated by a conductivity 0 so 100 150 200 250 200 350 40

parameter that includes the DAY

contribution of macropores. This - ----'1"

parameter has been used in cali-
bration. Saturated unfrozen soil on FIGJRE 7. Values of calibration parameter N
top of frozen soil was not observed (mannings'n) in relation to snowmelt
during sncwmelt in 1987 og 1988. In and soil cultivation.
such case a macropore system would
not exist and the result is an in-
crease in runoff.

The effect of frozen soil on erosion during snowmelt could in this study be simulated
by a higher value of N (Mannings'n for overland flow). Physically this means that the
running water meets a higher surface resistance. Possible explainations for that are 1:
the micro relief of frozen soil is not so easy leveled out by the water or 2: the snow
cover gives resistance to the running water. As mentioned, during the winters of 1987 and
1988 no saturated unfrozen soil was observed on top of an impermeable frozen soil. Such a
situation would certainly have resulted in a higher soil loss per mm runoff, because of a
higher erodibility. Therefore, the way the effect of frozen soil has been treated in this
study may give incorrect results in other situations. The way Mannigs N has been used for
model calibration doesn't have any relation with the original physical meaning of N.

To be able to simulate a situation as described above, it is necessary to have a
combined temperature-hydrology modpl with a short time step as SOIL has. Depth of soil
frost on a given day will be determined by the daily combination of air temperature,
precipitation and snow cover during the foregoing days. To estimate actual soil erodibil-
ity, the simulated daily temperature and water content in the top soil layers should be
input variables for the erosion model. In this way it may be possible to calculate a soil
erodibility factor based on soil type (particle size distribution), soil temperature and
soil water content. Such a soil erodibility factor is not known frcm the literature. The
presented values of observed soil loss (Fig 3 and 4) show that erosion depends on an
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combination of circumstances during one precipitation event. To evaluate measures to
reduce erosion, soil loss has to be estimated as a one event phenomenon, not as a process
based on yearly or monthly averages of input variables.

The model desired by the authorities should be a tool for local and regional services
to advise individual farmers and regional authorities what to do to reduce soil and
nutrient losses from agricultural fields. On that scale a model with a daily output is
necessary. Possibly, their further development of the model presented can be that tool.
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EFFECT OF FREEZE-THAW CYCLES ON THE

PERMEABILITY AND MACROSTRUCTURE OF SOILS

E. Chamberlain,* I. Iskandar* and S.E. Hunsickert

INTRODUCTION

Hazardous waste treatment and disposal is one of the major environmental
concerns. In the United States alone, about 50 million tons of hazardous waste is
produced each year. Clay liners and clay caps are commonly recommended and used for
containing and covering hazardous and toxic waste as well as solid municipal waste.
The purpose of the liners is to impede the flow of contaminants to ground water and
to sorb the chemicals, thus protecting the ground water from contamination. The
purpose of the caps is to prevent water infiltration into the contaminated soil and
the release of toxic gases.

Chamberlain and Blouin (1978) and Chamberlain and Gow (1979) found that the
permeability and structure of fine-grained dredged material and soil were greatly
changed by freezing and thawing. They reported reductions in void ratio and large
increases in vertical permeability. They attributed these changes to particle
reorientation and reduction of particle spacing due to thinning of water films. They
concluded that the permeability increased because of the formation of polygonal
shrinkage cracks and/or the reduction of the volume of fines and the associated
bound water in the void spaces separating the coarse fraction. The structural
changes were attributed to the development of high soil moisture suctions in the
freezing zone. This causes an increase in the effective stress in the region
immediately below the freezing front and the formation of segregated ice lenses. In
clay soils, this results in a shrinkage of the soil structure, the formation of
cracks and a change in the pore size characteristics. All engineering properties of
soils containing significant amounts of clay particles are affected by this
process(Chamberlain 1989)

The objective of this study was to investigate the effect of freeze-thaw cycling
on the permeability and structure of compacted clay soils used as caps or barriers
for containing hazardous waste materials.

MATERIALS AND METHODS

Apparatus

All tests were conducted in the consolidometer described in detail elsewhere
(Chamberlain and Gow 1979). A schematic is shown in Figure 1. The consolidometer
consists of a Teflon-lined Plexiglas cylinder with outer and inner diameters of
15.24 cm and 6.35 cm, respectively. The base and the piston are made from stainless
steel, each containing a glycol cooling chamber, a thermoelectric cooling plate and
a porous drainage plate. The piston, which is guided by linear bearings, has a
loading plate mounted on top on which lead weights are placed for simulating
surcharge and for conducting consolidation tests. The drainage ports in the base and
the piston lead to a valving system (Fig. 2). This system allows a constant head
water supply to be connected to the test sample during the consolidation and
freezing and thawing phases, and for falling head and constant head devices to be
connected to the sample during the permeability tests. A rotary pump is linked to
the valving system to pump the water manually to either the constant or variable
head devices. A de-aerator is directly connected to the system to provide de-aired-
distilled water.

*U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire

03755-1290

tErnst Basler & Partner AG, Zollikon, Switzerland.
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Figure 1. Schematic of the freeze-thaw
permeameter.

During freezing, ethylene glycol from a refrigerated bath is circulated into the
chamber in the base to the chamber in the piston and back to the cooling bath. This
allows the control of the soil temperature to a fixed ambient temperature (usually
near 00C). The thermoelectric freezing plates in the base and piston allow precise
control of the temperature during freezing. Two thermistors, one mounted on each of
the porous plates at the top and bottom sample contact surfaces, are used to measure
the boundary temperatures. A computer-controlled data logger reads the temperatures.
Adjustments are made automatically through a computer-controlled power supply
connected to the thermoelectric plates to obtain the desired boundary temperatures.
This. system allows precise maintenance of the temperature gradient and the rate of
freezing.

To
Vacuum Burette

® No Volume Change Valve -M- w/Graduated Scale

Water ' '
Reseivoir ,

Rotary( Constant
Pump! Head Device

Freeze-thaw M ',

To Consolidation .. .....

Figure 2. Schematic of the permeability system.
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Sample Properties and Characteristics

One of the soil samples used in this stud- is Fort Edwards silt-loam-clay. It has
been recently used as a barrier cower for •nazardous waste site near Fort Edwards,
New York. The other four soils were being used by the U.S. Department of Energy
(DOE) Uranium Mill Tailings Remedial Action (UMTRA) Projects Office as caps for
processed uranium mill tailings in the western United States. The purpose of these
barriers is to control radon gas release. The soil texture of the four UMTRA samples
ranges from loam to clay loam.

Particle siie distributions for the five soils studied were determined using the
Department of the Army, Office of the Chief of Engineers, Engineering Manual (EM-
1110-2-1906). Atterberg limits (liquid limit, plastic limit and shrinkage limit)
were also determined using the same standards. Figure 3 shows the gradation curves
and Table 1 summarizes the index properties of the five soils. Both engineering and
agricultural soil classifications are given.

Sample Preparation

Both compacted and consolidated samples were prepared with the Fort Edwards soil.
Only compacted samples were prepared for the UMTRA soils. The UMTRA soils were
provided by the DOE ready for compaction. They were compacted in the consolidometer
using a Harvard miniature compactor with a 12.7-mm-diameter tamping foot and a 40-lb
(178 N) rated spring. The nominal length of each sample was 25 mm and the diameter
62.5 mm. The samples were compacted according to DOE specifications to the design
water contents and densities. Generally, 40 to 50 tamps for each of two layers were
employed. Details for the compaction of the UMTRA soils are given in Chamberlain
(1989).

The Fort Edwards samples were compacted with a much higher compactive effort to
reach in-place conditions. The soil at a natural water content of 13% was passed
through a sieve with 5-mm openings to remove any larger particles and to help break
down the aggregates. The water content was then adjusted to 25% and the mixture was
allowed to stabilize for 24 hours. The samples were compacted in the consolidometer
in two layers with a special hammer with a 35-mm-diameter foot. Collar spacers on
the hammer restricted compaction to the specified density. Details of the compaction
of the Fort Edwards soil are given by Hunsicker (1987).

The consolidated Fort Edwards samples were prepared from a degassed slurry with
an initial water content about twice the liquid limit. Loading was applied in
doubling increments to the desired stress much like in a standard consolidation
test. Details are given by Hunsicker (1987).

U.S. Standard Sieve Numbers Hydrometer
6" 4" 2" 1" 3e 10 40 200

20
80 %

6o-0 I I. . 40t

Soil:
LL Green River 60-E 40 - -

® Durango"

I I I I I II

100 10 1 0.1 0.01 0.001
Grain Sze (mm)

Figure 3. Particle size distribution curves for the test soils.
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Permeability

Falling head permeability tests were conducted before freezing and after selected
cycles of freezing and thawing. The permeability tests were conducted by allowing
de-gassed water to flow from the graduated burette (Fig. 2) through the sample base
and out from the top piston into the constant head apparatus. The procedure
generally follows that outlined in the EM 1110-2-1906 (1970). The initial upper head
in the burette was about 60 cm above the lower constant head. The lower head at the
outflow was about 1 cm above the top of the soil sample. Because the compacted
samp] s were initially unsaturated, de-aired water was allowed to flow through them
until equal rates of inflow and outflow were achieved. The permeability readings for
all samples were made only when this condition was satisfied. The permeability
observations after freeze-thaw cycling were made after 400 minutes of flow or after
6 ml of water passed through the sample, whichever occurred first. All of the
permeability tests were conducted at room temperature (240C) and calculations were
adjusted to 200C.

Freeze-Thaw Cycling

The samples were frozen from the bottom up with free access to water at the top.
A surcharge of 14 kPa was placed on the compacted samples to simulate 0.6 m of
overburden. The consolidated samples were frozen in the normally consolidated state
with the applied load in place. A frost penetration rate of 8 cm/day and a
temperature gradient of 0.022*C/mm were normally used. The boundary temperatures
were programmed to maintain this rate and gradient for 10 hours. During thawing, the
bottom temperature was held at the freezing temperature of the soil water and the
top temperature at 0.6*C higher for two hours. Thus, two freeze-thaw cycles were
imposed per day. The freeze-thaw cycling was then repeated to the prescribed number
of repetitions. A total of 15 cycles were imposed on the UMTRA samples. The
compacted Fort Edwards samples were normally frozen and thawed six times and the
consolidated samples three times. Before conducting a permeability test, the
temperature of the sample was raised to room temperature. After the last
permeability test was run, each sample was frozen once more to prepare it for the
final moisture content and density determinations and for the thin section analysis.

Thin Section Sample Preparation

The frozen sample was removed from the cell and cut vertically in half with a
band saw in a coldroom. A vertical slice and two horizontal slices were then made,
each approximately 2.5 mm thick. The slices were frozen to glass plates using
supercooled water. The exposed surfaces were scraped until a few millimeters
thickness of the soil sample remained. The thin sections were then placed on a light
table and photographed with both back and front lighting.

RESULTS AND DISCUSS Q

The particle size distribution curves (Fig. 3) and index properties (Table 1)
show that the Fort Edwards soil is a silty clay with a Unified Soil Classification
(USC) of CH. Engineers call this a highly plastic clay; soil scientists refer to it
as a silt-clay-loam. The other four UMTRA soils are in a different class of soils
with USC values of CL. These are called clays of low plasticity by engineers and are
referred to as silt or clay-loams by soil scientists. The Atterberg limits (Table 1)
show the significant differences in consistency between the Fort Edwards and the
UMTRA soils.

Figure 4 summarizes the relationships observed between the number of freeze-thaw
cycles and the permeability of the compacted Fort Edwards soil. We observed a wide
range of permeabilities after freezing and thawing with no particular pattern of
increasing or decreasing values. A null-hypothesis statistical analysis based on the
Student-t test showed that permeability was n=t related to the number of freeze-thaw
cycles. (1987) We did, however, observe increases in permeability after freezing and
thawing of consolidated Fort Edwards soil (Fig. 5). In this case we saw increases in
permeability greater than one order of magnitude when freeze-thaw cycling was
initiated at an initial water content (or void ratio) just below the liquid limit
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Table 1. Index properties of soils investigated.

Atterberg limits
Organic Optimum Optimum

Liquid Plastic Shrinkage matter water dry U.S. Dept. Unified
limit limit limit content Specific content density Agri. soil

Soil (%) () () () gravity (%) (g/c'e class class

Fort Edwards 65 28 18 - 2.80 25.0 1.605 silt-loam CH
Green River 24 14 12.6 0.48 2.69 13.0 1.896 silt-clay-loam CL
Durango 38 14 11.2 < 0.01 2.7p 15.9 1.793 loan CL

Slick Rock 30 15 10.0 0.37 2.76 14.8 1.832 clay-loam CL
Rifle 36 14 9.5 0.19 2.71 14.0 1.817 clay-loam CL

(or its equivalent void ratio). Much smaller increases were observed as the initial
water content before freezing approached the plastic limit. Straight lines drawn
through the data in the log permeability vs void ratio plane (Fig. 5) appear to
intercept at a void ratio just below the void ratio equivalent to the plastic limit.

Figure 6 summarizes the relationship between the number of freeze-thaw cycles and
the permeability of the compacted soils from the UMTRA project. The test results
show that, in contrast to observations for the compacted Fort Edwards soil, the
permeabilities of these soils substantially increased during freeze-thaw cycling.
The initial permeabilities of the four soils were all about 1 x 10-8cm-sec- 1 or
less. The permeability of the Rifle soil increased to about 4 X 10- 6cm-sec- 1, a
nearly 300-fold increase, after nine freeze-thaw cycles. The permeabilities of the
other three soils increased by factors ranging from 35 to 50. In all cases the
permeability increases were larger during the first few cycles, most of the changes
occurring within nine freeze-thaw cycles.
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Figure 6. Summary of freeze-thaw permeability
test results for the four compacted UMTRA
soils.

The changes in permeability result from structural changes in the soil and from
increases in the degree of saturation. Photographs of thin sections of a
consolidated Fort Edwards sample (Fig. 7) show the soil-ice structure that developed
during freezing. Both horizontal and vertical ice features are visible. These
structures are also visible for the Green River and Durango soils, while only the
horizontal ice features are visible for the Slick Rock and Rifle soils. There are
also structural changes that occur on a microscopic scale. Scanning electron

i-II.
404

a) Horizontal plane. b) Vertical plane.

Figure 7. Thin section of a consolidated UMTRA Durango sample after freeze-thaw
Cycling.
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Figure 8. Horizontal views of a consolidated Fort Edwards sample at 6000X
magnification.

microscopic images (Fig. 8) of samples of Fort Edwards soil before and after
freezing show major changes in the soil microstructure. Large voids appear where
there was previously a relative homogeneous structure. The macroscopic cracks and
microscopic voids created by freezing provide paths of reduced flow resistance and
thus increase the permeability.

The permeability also increases because of increases in the degree of saturation.
The initial degrees of saturation for the compacted test samples ranged from 65 to
93% (Table 2). Saturation procedures with de-gassed water increased the degree of
saturation to above 90% (Table 3). Full saturation by back-pressuring was not
attempted because of concerns for structural changes and time constraints. However,
after a succession of freeze-thaw cycles and permeability tests the degree of
saturations approached 96 to 98%. Figure 6 shows that the saturated permeabilities
(obtained from UMTRA) are above the initial partially saturated values for the four
UMTRA soils, but well below the permeabilities achieved after freeze-thaw cycling.
This, however, does not fully explain why the permeabilities of the compacted UMTRA
soils increased after freeze-thaw cycling and the permeability of the compacted Fort
Edwards clay did not.

Table 2. Sample Properties after Preparation.

Water Dry Void Degree of
Content Density Ratio Saturation

Soil Coraction Method () (F) (g/cm) (D,) (P) () (Sq)

Fort Edwards Space hazrmr -25 -1.60 -0,75 -93
Fort Edwards Consolidation -130 -0.60 -3.64 -100
Green River Harvard minature 12.6 1.900 0.416 81.8
Durango Harvard minature 15.5 1.828 0.477 87.7
Slick Rock Harvard minatuLe 14.1 1.826 0.512 76.2
Rifle Harvard minature 14.0 1.?08 0.587 65.3
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A better understanding of the changes caused by freeze-thaw cycling can be made
by examining Figure 9, where the permeability is plotted vs void ratio for both the
compacted and consolidated Fort Edwards soil. Test sample S5 was consolidated from a
slurry in load-doubling increments to a void ratio of about 1.0 and frozen and
thawed-three times. Permeability tests were made after every load increment and
freeze-thaw cycle. Test sample S6 was consolidated to a void ratio of only 1.7 and
also subjected to three freeze-thaw cycles. After the third thaw, this sample was
again consolidated and permeability tests continued. The result is the polygon in
Figure 9 formed by the void ratio-permeability paths. The path taken during the
consolidation of sample S5 represents the permeability for the unfrozen saturated
condition. The path observed during consolidation after thawing of sample S6 is for
the thaw consolidated condition. The paths taken during the freeze-thaw cycling of
both samples show how the transition is made from one state to the other.

The results for the compacted Fort Edwards soil plot co the left of the thaw
consolidated curve (Fig. 9). The permeability measurements made before freezing have
a range of about one order of magnitude. After five freeze-thaw cycles, all the void
ratios increased. The permeabilities both increased and decreased in an
unpredictable manner. However, the locus of points for the compacted-thawed
condition appears to approach the thaw-consolidation path for this soil. These
results begin to make sense if we consider that the compacted-thawed material may
have a similar structure to that of the thaw-consolidated material. We started the
slurry consolidated tests with a highly flocculated and disaggregated material.
Individual soil particles (or very small aggregates of particles) were in
suspension. Freezing caused the formation of larger aggregates with a more dispersed
structure. The discontinuities formed at aggregate boundaries during freezing formed
paths of reduced flow resistance. Thus, the permeability increased, even though the
void ratio decreased (density increased). In contrast, the compacted samples started
with a dense aggregated and dispersed structure. Freeze-thaw cycling caused the void
ratio to increase slightly, probably because of the expansion of water to ice. The
permeability did not follow a regular pattern of increasing or decreasing after
freeze-thaw cycling. This may have been caused by non-uniform compaction. It also
may have been the result of the extreme sensitivity of permeability to void ratio
for the thawed condition (Fig. 9). A change of void ratio of only 10% in this region
results in a 1000% increase in permeability. Furthermore, differences from sample to
sample in the percent of saturation may have also contributed to the problem. The
permeability of soil is very sensitive to the degree of saturation.
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Figure 10. Effect of the liquidity index
on the permeability ratio.

There is another important difference between the Fort Edwards samples and the
UMTRA samples that may further explain why the permeability of the former soil did
not change significantly. The initial saturated water content w. for the compacted
Fort Edwards clay samples (Table 3) was always below the plastic limit wp (Table 1),
whereas ws for all the UMTRA soils was well above wp. In past research (1988), we

identified the plastic limit as the saturated water content state below which little
change in engineering behavior is caused by freezing and thawing. We found that when
thaw settlement was plotted vs the ratio Wr of ws to WP no settlement is predicted

if Wr is equal to one, i.e., w = wp.

In the case for these freeze-thaw permeability tests we decided to plot the
permeability ratio Kr (ratio of the permeability after freeze-thaw cycling to the

permeability before freezing) vs the liquidity index LI. This index conveniently
ranges between 0 and 100% for water contents ranging between wp and the liquid limit
wl. This is the probable normal consistency range for compacted and consolidated
fine-grained soils. The data are given in Table 3 and the results plotted in Figure
10. Data from Fleming (1987) for consolidated Fort Edwards soil are also included.
There are two distinct curves, one for the compacted state and the other for the
consolidated condition. The curve is linear for the compacted soils. The LI has a
value of about -12% for no permeability change (Kr = 1).

For the consolidated Fort Edwards soil, the curve is curvilinear in the Kr vs LI
plane. The LI for no permeability change after freeze-thaw cycling is not so well
defined in this case. However, it appears that LI needs to be at or below 0% to
achieve the Kr= 1 condition.

The results of these tests can be used to establish preliminary guidelines for
specifying soils and compaction conditions for frost-resistant soil caps and liners.
It is clear that very high compaction efforts are required to reach the condition
where the saturated water content will be below the plastic limit. Even if this is
accomplished, the void ratio and the permeability of the soil will probably increase
a small amount with successive freeze-thaw cycling, particularly if the overburden
is shallow. If the soil is highly compacted and in a near normally consolidated
condition (requires large overburden stresses) before freezing, then little change
in void ratio or permeability will occur. However, a thick overburden will generally
prevent frost penetration into the protective soil barrier and the frost effects
problem will be trivial.
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IMPACT, ON DESIGN AND CONSTRUCTTON ACTIVITIES

The results of this study, although preliminary, indicate that maintaining the
initial permeability in clay barriers in seasonally frozen soils may be difficult.
Protective clay barriers must be compacted to densities at which their saturated
water contents are at or below their plastic limits to minimize damage due to frost
action. The alternatives may be to bury the clay below the frost depth, to modify
the freeze-thaw behavior of clay with additives or to use a combination of a clay
barrier and a synthetic impermeable membrane. Burying a clay barrier, however, can
be a very expensive procedure. Certain soil stabilizers may reduce the permeability
of clay soils, but their freeze-thaw durability is not known. Moreover, stabilizers
may also add significant construction costs. Similarly, the freeze-thaw durability
and cost of synthetic membranes may also be problems.

RECOMMENDATTONS FOR FURTHER STUDIES

The data obtained from this study indicate that more research needs to be done
before clay liners can be recommended as moisture barriers in seasonally frozen
regions.The studies needed include the following topics:

1. Nondestructive monitoring of moisture and macro-structure changes after
freeze-thaw cycles.

2. Effect of freezing rates and conditions on soil permeability and structure.
3. Effect of freeze-thaw on unsaturated soil permeability and macro structures.
4. Modifying the response to freeze-thaw cycling with soil stabilizers.
5. Healing and recovery of permeability with time.
6. Effect of soil water solution chemistry on the permeability and

macrostructure.
7. Correlation of laboratory results with larger scale prototype systems.
Once the effects of freezing and thawing on the permeability of soil barriers are

well understood, we need to develop design criteria based on soil index properties
such as the liquidity index. Freeze-thaw permeability tests may provide more precise
design data; however, these tests are difficult and time consuming to conduct.
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INFILTRATION INTO A SEASONALLY FROZEN CLAY SOIL

by

Bo Thunholm and Lars-Christer Lundin

INTRODUCTION

Infiltration into the soil is of importance for many physical, chemical and
biological processes. A low infiltration capacity may lead to surface runoff and loss of
plant nutrients, such as phosphorus. Persistent high soil water content may lead to
deterioration of soil structure as well as denitrification.

The infiltration capacity is reduced by high ice content in the soil (Willis et al.,
1961; Kane, 1980; Granger et al. 1984). The ice content is increased by high water
content prior to freezing or by infiltration and freezing of snow melt water during
winter.

This paper was based on data presented by Thunholm et al. (1989). The objective of
the present study was to further interpret the effect of irrigation before soil freezing
and during winter respectively on the infiltration rate during the thawing period.
Measurements of total volumetric water content, soil temperature and infiltration rate in
3 small field plots were analysed by a numerical model (Jansson & Halldin, 1979). During
the thawing period the differences in infiltration rate between the plots as well as
temporal variations were studied.

FIELD MEASUREMENTS

The site (59049'N, 17039'E) was located in an agricultural field. The soil type is
very similar to the heavy clay soils described by Sandsborg and Wiklert (1976). The clay
content is around 50 Z down to 1 m depth and the macro structure is well developed.

On three plots, denoted as plot 1, 2 and 3, measurements of total water content and
soil temperature down to 1 m depth were made during two winter periods (Nov. 1985 - April
1987). Each plot covered 1 m2 and lateral water flow was prevented by a rubber sheet that
was dug down, extending from 10 cm above the soil surface down to 1 m depth. In order to
prevent precipitation the plots were covered with aluminum plates, thus only artificially
supplied water was considered. Soil temperature down to 50 cm depth was measured every 3
h with Pt-500 probes. At deeper levels the temperature was measured with thermistors. The
total water content was measured every 5-10 days with a neutron probe.

In April 1986, after thawing, equal amounts of water (170 mm) were poured out on the
three plots and the time for the water to infiltrate was measured. This study was made to
estimate the differences in infiltration rate without any previous preparations of the
plots. In order to create differences in water content prior to freezing, plot 2 and 3
were irrigated with 100 and 200 mm respectively in fall 1986. In order to increase
differences in ice content, further 14 and 21 mm was added to plot 2 and 3 respectively
prior to thawing 1987. Thereafter, during the thawing period, the measurements of
infiltration rate were made. A total amount of 120 mm was added to each of the three
plots on 14 occasions.

MODEL DESCRIPTION

The one-dimensional SOIL model used (Jansson & Halldin, 1979, Jansson & Halldin,
1980) simulates the coupled heat and water flow in a soil profile. The flow equations of
the model are

Presented at the Frozen Soil Symposium, March 21-22, 1990; Spokane, Washington.

'Research Assistant; Department of Soil Sciences, Swedish University of Agricultural
Sciences, S-750 07 Uppsala, Sweden; Assistant Professor; Section of Hydrology, Uppsala
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Where C - soil heat capacity, T - temperature, t - time, Lf - latent heat of freezing, Pj
- ice density, e1 = volumetric ice content, kh - thermal conductivity, z - depth, C, -
water heat capacity, q. - water flow, 8 - volumetric water content, 9, - water
sink/source. Equation (1) describes the heat flow and Equation (2) describes the water
flow. The equations are solved with an explicit finite difference method.

The calculation of unfrozen water content is made in a similar way during drying-
wetting and freezing-thawing. A freezing-point depression curve, based on the soil-
moisture characteristic curve, is used to estimate the unfrozen water content of the
partially frozen soil. The water-retention function is estimated by a modified version of
the Brooks & Corey (1964) equation. For water contents lower than 4 2 below porosity, the
hydraulic conductivity is estimated from the retention properties and an estimated
saturated conductivity (Mualem, 1976). Close to saturation a logarithmic dependence of
the conductivity on the water content is used (Jansson & Thoms-Jlrpe, 1986). To prevent
overestimation of the conductivity at the freezing front an interpolation procedure
suggested by Lundin (1989) is used. Thermal conductivity is estimated from Kersten's
(1949) equation. Contrary to the measurements, surface runoff is accounted for by a
procedure described by Jansson & Gustafson (1987).

In the present study, daily mean values of the measured soil temperature at 5 cm
depth were used as the temperature at the upper boundary (i.e. the temperature at the
soil surface). Since the plots were shielded from precipitation only the artificially
supplied water was accounted for. Parameters for the water retention properties and the
unsaturated conductivity were estimated from Sandsborg & Wiklert (1976).

RESULTS

The measured and the simulated total water content increased during the early part of
the winter (Fig. 1). The simulated water content increased rapidly, contrary to the
notable decrease in measured water content during thawing. Irrigating plot 2 and 3 in the
fall of 1986 did not increase the total water content during winter although the pre-
thawing irrigation in March 1987 seemed to have increased the measured water content in
the upper layers (Fig. 2).

so -IS CM

2 0 .... -.. . .. .

202

so 30 cm

30 •. . ' .. o . o, . , A

Figure 1. Simulated (solid line, plot 2) and measured total water content from Nov. 1985
to May 1987 at 15 and 30 cm depth. Time periods with soil temperatures below OC at the
corresponding depths are marked with bars.
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Figure 2. Measured total water content from 23 March to 30 April 1987 at 15 and 30 cm
depth.

The measured infiltration rate during April 1987 was related to the soil temperature
variation around the freezing point, although the different amounts in pre-thawing
irrigation influenced the rate (Fig. 3). The simulated infiltration rate did not agree at
all. Most of the added water was calculated as surface runoff and the simulated
infiltration started 11 days after the infiltration actually began (Fig. 4). The delayed
infiltration seemed to be related to a time lag in simulated soil temperature in the
upper layers.i ..... _ S o
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Figure 3. Measured soil temperature and infiltration rate from 23 March to 30 April 1987.
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Figure 4. Predicted soil temperature and infiltration rate from 23 March to 30 April
1987.
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DISCUSSION

The overestimation of the simulated water content (Fig. 1) during the thawing period
indicates an influence of the freezing on the water retention properties. The formation
of ice lenses in the macropores extracts water from the aggregates, thus the micro-pore
system within the aggregates would be affected as a result of the extremely high
tensions. Due to the slow swelling processes of clays this effect should be observeable
after the thawing period. Since aggregates and cracks are not accounted for in the model,
the calculated water content after the thawing period was almost the same as prior to
freezing.

The high measured infiltration rates could be explained by a water flow in the
macropore system. When the soil is frozen the ice lenses should only partially occupy the
macropore system (Kenny & Saxton, 1986), thus the frozen layer may still have a
relatively high conductivity. The relationship between temperatures close to freezing
point and measured infiltration rates during April 1987 (Fig. 3) emphasizes the effect of
the ice content on the hydraulic conductivity. The temperature variation indicates
repeated thawing and freezing which may cause percolated water to freeze and fill the
macropores with ice, thereby decreasing the infiltration rate. The inverse relationship
between measured infiltration rate and the amount of added water prior to the thawing
period of 1987 was very likely a result of freezing of the added water.

The discrepancies between simulated and measured infiltration rates were partly due
to an overestimated ice content, associated by a time lag in simulated soil temperature.
The delayed increase in soil temperature was probably 'caused by using the 5 cm soil
temperature as the upper thermal boundary condition, resulting in a time lag around a
week during freezing and thawing periods. As mentioned before, the inability of the
present model to describe the aggregates and cracks should also contribute to
discrepancies.

Another reason for different infiltration rates between the plots could be the
influence of the freezing on the soil structure. The effect of freezing on aggregates
varies between soil types but in general the destructive effect increases with increasing
water content of the soil (Slater & Hopp, 1949; Logsdail & Webber, 1959; Benoit, 1973;
Hinman & Bisal, 1973). Thus the inverse relationship between the pre-thawing irrigation
and infiltration rate might as well be related to differences in structural condition as
to the ice content. Destruction of the structure of a freezing soil at high water
contents can also explain a commonly observed low infiltration capacity after thawing.

CONCLUSIONS

The results support the general consensus of an inverse relationship between ice
content of the soil and infiltration rate. A high ice content can be caused by repeated
thawing and freezing during the winter. A possible additional reason for a low
infiltration capacity, though not verified, is a freezing-induced destruction of soil
structure, especially at high water contents. If the soil structure is well developed a
relatively high infiltration rate may be sustained troughout the winter. When modeling
water flow in soils with high clay contents the soil structure should be taken into
account. Further development should include the influence of freezing on the water
retention properties and aggregates at different water contents.
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SNOWMELT INFILTRATION INTO COMPLETELY-FROZEN. SUBSOILEI) SOILS

by

D.M. Gray. R.J. Granger and W. Nicholaichuki

INTRODUCTION

Throughout the most part of the semi-arid orare region of central Canada annual
snowfall. which ranges in depth between 90 and J30 mm water equivalent. comprises on averave
about 30% of the annual precipitation and. excluding large-scale water development projects.
constitutes the most amenable source ot fresh water supply available ror management.
Meltwater from the shallow snowcovers serves many beneficial purposes as wildlife habitat.
as a local supply for domestic and livestock use. and for recharging groundwater supplies.
soil water reserves and lakes.

Agriculture is the primary industry of the region with cerea. grains, pulse and oj'
seeds the principal crops. The importance of water to the production of cereal grains under
dryland farming is well--recognized. For example, the Sasxatchewan Council on Soils and
Agronomy (19821 recommends that root-zone water reserves of 125 mm nor. 10 in are needed at
the time of seeding to achieve average yields in the Brown and Dark Brown soil zones.
respectively. Ihis recommendation is based on the expectation o1 normal raintail in tie
growing season. Staple and Lehane (1952. 19541 and Staple et al. (1960) reported that each
25-mm addition at soil water to a moisture reserve in the range between 262 mm and near 412
mm may increase the yield of spring wheat by 230 - 400 kg/ha. Corroborating data are given
by de Jong and Rennie (19691 who reported increases in the range of 200 - 275 kg/ha for each
additional 25 mm of soil water above the long-term normal growing season precipitation rot
the relatively-humid, east-central part of Saskatchewan.

In recent years on the Prairies there has been renewed interest on the potential of
,managing" snow to increase soil water reserves. Because of the type of crops and the nature
of the farming operations, stubble management practices employing non-competitive vegetative
barriers 1"tall" stubble. "alternate-height" stubble. "trap'" stripsi to trap snow arc
commonly-used. Vegetative barriers also reduce the distance of snow transport, thereby
reducing the amount of snow water lost by sublimation during blowing snow events. This loss
may not be insignificant. A recent study by Gray et al. (1989) using the Prairie Blowing
Snow Model developed by Pomeroy 119833 and five years (1970-19761 of meteorological data
recorded at stations throughout the Prairie Provinces shows average annual sublimation losses
from 1000- fetches. expressed as a percentage of annual snowtall. ranging between 21 and
55% on stubble and 34 and 55 % on fallow in areas where snowcovers are continuous.

Evidence showing that snow management practices can be successfully appiied in a prairie
environment to increase snowcover depth is Indisputable Ifor example see Nicholaichuk et al..
19863. However. an increase in depth of snowcover does not assure a proportional increase
in meltwater infiltration. The problem arises because the period of snowcover ablation is
short and infiltration takes place Into "completely-frozen soils": herein defined as those
soils whose frozen profile does not thaw to appreciable depth during snowcover ablation.
Infiltration into frozen soils involves the complex phenomenon of coupled heat and mass
transfer through porous media and the process is affected by many factors: the hvdrophysical
and thermal properties of the soil: the soil moisture and temperature regimes: the rate or
release of water from the snowcover and the energy content of the infiltrating water, in
the absence of major structural deformations e.g. cracks or other macropores. the most
important hydrophysical property of a frozen soil which governs its ability to absorb and
transmit meltwater Is its moisture (ice) content.

Presented at Frozen Soil Symposium. Spokane. Washington. March 21-22. 1990.

1 Respectively: Chairman. Research Officer. Division of Hydrology. College of
Engineering. University of Saskatchewan. Saskatoon. Saskatchewan. Canada. 67N OWO: Chief.
Hydrology Division. National Hydrology Research Centre. 11 Innovation Boulevard. Saskatoon.
Saskatchewan. Canada. S7K 3H5.
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Granger et at. (1984) and Gray et al. (1986a) suggest that for practical purposes
"completely-frozen" soils may be grouped into three broad classes in respect to their
meltwater infiltration potential.

1. Restricted - infiltration is impeded by an ice lens on the surface or at shallow
depth. The amount of meltwater infiltrating the soil is negligible and most of
the snow water goes to direct runoff and evaporation.

2. Limited - infiltration is governed primarily by the snowcover water equivalent
and the frozen water content of the 0-300 mm soil layer. The average depth
infiltrating meltwater penetrates "Limited" soils is about 260 mm and the limit
of saturation of the wetted depth (L) can be approximated as: L = 0.6 + 0.40p, in
which L and 0p. the average ice/water content of the wetted depth, are expressed
as a degree or saturation in mma/mm3 . These findings demonstrate the capacity of
"Limited" soils to absorb meltwater. For example, a soil with a porosity of 50%
at an initial moisture content of 20% by volume (dry to medium wetness) would
likely infiltrate on average less than about 47 mm of meltwater ([0.5(0.6 +
0.4*0.4) - 0.2] * 260 = 46.8), or the water equivalent of a "normal" snowcover with
a depth in the range of 15-20 cm.

3. Unlimited - soils containing a high percentage of large, air-filled macropores
which are capable of infiltrating most or all of the meltwater.

The material above suggests that snow management practices for augmenting soil water
reserves from meltwater infiltration in completely-frozen soils are likely to prove most
successful in those soils which naturally crack on drying. Non-cracking. medium and fine-
textured soils must have their structure significantly altered to increase their macropore
content in order to have the same potential. This paper reports on studies conducted in
Saskatchewan on meltwater infiltration into naturally-cracked soils and the effects of
subsoiling of non-cracking soils on infiltration enhancement and the yieldrof spring wheat.

FIELD EXPERIMENTS AND PROCEDURES

During the past nine years. snow and soil moisture monitoring programs have been
conducted on cracked and subsoiled soils within the Brown and Dark Brown soil zones of the
Province of Saskatchewan. The majority of the cracked sites are located in heavy, lacustrine
clays (primarily Sceptre clay. >55% clay) on flat to gently undulating land under cultivation
of cereal grains by dryland farming. The subsoiled sites, located near the village of
Kerrobert. SK, are in glacial till whose principal texture is clay loam, although heavy clays
dominate the lower slope positions. The general topography varies from flat to moderately
rolling. On the rolling land the variations in soil texture and topographic position cause
large gradients in yield over a field.

In the fall of 1983 a small area (0.5-ha) was ripped with a single - shank Killefer
plow to a depth of 600 mm on a spacing of 1.85 m, the wheel spacing of the power unit. This
treatment was repeated on different plots of land in the fall of 1984. In 1985 and 1986,
other small areas were subsoiled with an Ebson plow (depth = 400 mm, spacing = 0.75 m) and
a Kello-bilt plow (depth = 600 mm, spacings = 0.70 and 1.4 m). In 1987. two. 3.75 ha plots
were ripped with a "Hubee" subsoiler to a depth of 500 mm, one with a spacing of 0.7 m, the
other with a spacing of 0.9 m. Where possible, "tall stubble". "trap strip" or "leave strip"
stubble-management practices were used for snow trapping. Smaller plots on the subsoiled
areas were ringed with snow fences to ensure large accumulations of snow.

Changes in soil moisture were monitored with a two-probe gamma density meter before.
during and immediately following snowcover ablation. This system provides non-destructive
sampling of a cube of soil approximately 50 mm wide, 250 mm long and 20 mm thick. With the
method, 50-mm diameter plastic access tubes spaced 305 mm apart are installed vertically into
the soil. A radioactive source is inserted in one tube and detector at the same depth in
the other and a measurement is taken of the number of photons striking the detector in one
minute. The density of the soil is calculated knowing the intensity of the source and the
attenuation coefficients of gamma radiation for soil and water. By assuming the mass of soil
between the tubes on successive measurement dates remains constant i.e., no major structural
changes occur In the soil profile, changes in attenuation of the gamma radiation are
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aLtributed to cihanges in the mass ot water contained in the volume. (Note: It is pertinent
to mention that openinfs in frozen soils remain relatively stable until water is imbibed by
Lih surrounding soil. causingT it to thaw and to swell). The equivalent molsture change Is
calculated troum the readings assuming a density ot water equal to 1000 kg/m3. Measurements
agre taken at zu-mm increments of depth to 400 mm and at 40-mm increments between 400 mm and
tie bottom ot the access tubes. The equipment. was extensively tested and calibrated to
operate reliably to temperat.ures of -20 0 C. Measurements were taken with a "crack" or "rip"
r-earred between the access tubes. with the access tubes aligned perpendicular to a "crack"
or 'rip" on centres of 150 mm and 450 mm from the opening. and in tubes placed in uncracked
or undisturbed soil.

rhe depth of snowcover was measured routinely and the snowcover water equivalent
obtained eit.her iro nuclear or gravimetric density measurements. Some locations were
equipped with a Nipher precipitation gauge and these measurements were used to update the
snowcover data. Several sites were also equipped to monitor the ambient air temperature and
soil temperatures at different depths.

Yield samples were taken from the different treatments each year. The size of samples
varied from I - mZ to field size. Small plots were harvested by hand. the larger units by
swathing or straip.ht combining.

RESULTS AND DISCUSSION

Infiltration into undisturbed (uncracked). cracked and subsoiled soils

Figures I and 2 show changes in soil-moisture distribution patterns in undisturbed,
cracked and subsoiled soils due to meltwater infiftration. In Figs. lb and 2b the changes
are calculated from measurernts taken with" the crack and "rip" located between the source
and detector ot the twin probe system: Figs. ic and 2c are changes measured perpendicular
to the fractures at a distance between 150 and 450 mm. The subsolling treatment was a
"Killefer" plow and the measurements were made on a plot which was located in an "upper"
slope position and protected against flow along the linet (rips) by plastic liners Inserted
to a depth of about. I m. The data in Figs. I and 2 substantiate comments made in the
INTRODUCTION. namely:

1. Undisturbed soil: The amount of infiltration into undisturbed soil is limited.
Both sites (Figs. la and 2a) show approximately 27 mm of meltwater infiltrating
the undisturbed soils to depths of 375 and 185 mm. The snowcover water equivalents
at the sites were 78 mm and 194 mm. respectively.

2. Cracks and Rips: Infiltration into "cracks" and "rips" is substantially greater
than to undisturbed soil. The increases in soil moisture in the fractures were
94 mm and 173 mm respectively. Note the amount of Infiltration to the "crack"
(94 mm) is substan:ially greater than the snowcover water equivalent of 78 mm.
This is attributed to interfiow in inter-connecting cracks and surface runoff from
the undisturbed soil between the fractures entering the opening directly. The
subsolled soil. which was "ripped" to a depth of 600 mm. shows large amounts of
soil water recharge to a depth of 1 m (Fig. 2b).

3. Adjacent to Cracks and Rips: The amount of infiltration into the block of soil
immediately adjacent to a crack or rip Is less than that into the aperture, but
greater than the amount into undisturbed soil. Only 36 mm of water infiltrated
the soil adjacent to the crack (Fig. lc). a small increase over the amount observed
at the "uncracked" site. However. a significant increase in moisture (>78 mm),
which extends below the depth of measurement. occurred adjacent to the "rip". This
is attributed to an increase in hydraulic conductivity caused by rupture and
fracture of the soil during installation of the lines and to the rip acting as a
source of water for lateral movement. The vertically-elongated pattern Is the
result of increasing hydraulic head and soil temperature with depth. At the
beginning of snowmelt the frost depth was between 1200 and 1300 mm.
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Figure 2. Soil moisture changes due to snowmelt infiltration in completeJy.-trozen.
undisturbed and subsoiled clay loam. Rip was installed to a depth of 600 mm by
a Killefer plow.

Table I summarizes the findings of the soil moisture monitoring program as average
amounts of snowmelt infiltration into undisturbed funcracked) soils, cracks, and rips for
different ranges of snowcover water equivalent. These data show infiltration increasing
with snowcover water equivalent in both cracks and rips with a trend for rips to infiltrate
more water than "cracks". However. the ratio of the amount of infiltration into an opening
to the amount infiltrating undisturbed soil varies only slightly with depth of snow water.
On cracked soils the ratio-values vary between 3.4 and 4.3 with a mean of 3.8 and on "ripped"
soil between 5.4 and 6.5 with a mean of 5.8.

Depth of rips

Analyses of soil moisture profiles following meltwater infiltration into undisturbed.
cracked and subsoiled "completely-frozen" soils show a strong relationship between
infiltration (INF) and the depth of penetration of the wetting front (d) (Gray et al.,
1986b). The curve enveloping these variables can be approximated as INF = 0.2d. in which
INF and d are in mm. However. unless a snowcover is unusually deep (2 >60 cm: SWE > 150 mm).
d is less than 1 m laverage = 630 mml. Based on this finding and a review of profiles of
soil moisture changes monitored at numerous subsolled sites and assuming a root zone of I
m. it is suggested that lines be installed at depths in the range of 400 - 500 mm for
efficient moisture conservation.
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Table 1. Average amounts of snowmelt Infiltration into uncracked/undisturbed soils.
cracks and rips for different ranges of snowcover water equivalent (SWE).

INFILTRATION* I INFILTRATION**

SWE Uncracked Crack Ratio I Undisturbed Rips Ratio
mm mm mm j mm mm

<30 12.4 (5) 49.7 (2) 4.0 10.2 (2) 57.1 (3) 5.6
30-50 18.6 (7) 70.7 (2) 3.8 13.7 (3) 89.4 (4) 6.5
50-70 23.7 (11) 84.1 (9) 3.5 17.8 **** 99.7 (7) 5.6
70-100 28.0 (23) 95.7 (5) 3.4 21.5 (8) 117.1 (5) 5.4
100-150 30.5 (17) 116.6 (9) 3.8 23.0 **** 134.4 (9) 5.8
>150 34.5 (9) 147.0 (4) 4.3 27.6 (4) 154.9 (12) 5.6

Mean 3.8 Mean 5.8

Values for uncracked and cracked soils from all sites within Brown and Dark Brown soil

zones of the Province in which soil cracking was observed. The major textural groups
are heavy clay and clay loam.

** Values for subsoiled and undisturbed soil are for Kerrobert where the principal soil
is a glacial clay loam. The subsoiling treatments included: (a) Killefer plow -depth
= 600 mm. spacing = 1.9 m: (b) Ebson plow - depth = 400 mm. spacing = 0.75 m: (c) Kello-
bilt plow - depth = 600 mm, spacings = 0.70 and 1.4 m; (d) Hubee subsoiler -depth = 500
mm. spacings = 0.70 and 0.90 a.

* Numbers in parentheses refer to the number of samples
* Estimated values.

Areal infiltration and line spacing

Figure 3 shows group mean values of soil water changes due to snowmelt infiltration in
rips. cracks. adjacent to rips and undisturbed stubble plotted against snowcover water
equivalent. Expressing these relationships in equational form gives:

Cracks INFC = 8.48SWE0 553  [1]

Rips INFR = 16.86SWE0 432  [2]

Adjacent to Rips

For SWE <'80 mm INFA = 1.651NF = 8.25(1 - Op)SWE0"584 and [3al

For SWE > 100 mm INFA = -27.5 + 0.89SWE. [3b]

Undisturbed Soils

INP = 5.0(1 - ep)SWE0 '584 . [4]

where: INFC = infiltration into a crack (mm). INFR = infiltration into a rip (mm). INFA =
- infiltration into the column of soil lying 150 to 450 mm adjacent to a rip (mm), INF =
infiltration into undisturbed soil (mm). SWE = snowcover water equivalent (mm). and ep =
average premelt spil gater (ice) content of the 0-300 mm soil layer expressed as a degree
of saturation (mm /mm ).

Equations 2. 3 and 4 are used to develop a simple, conceptual model describing the
average depth of snowmelt infiltration over a subsoiled field (INF(areal)) as a function of
SWE and line spacing (s). Consider a soil which has been subsoiled with minimum disturbance
of structure to the narrow block of soil adjacent to a rip. The system can be represented
by three individual soil blocks (rip, adjacent to rip. and undisturbed (see insert in Fig.
4), each having its own infiltration characteristics. Taking the widths of the "rip" and
"adjacent" block equal to the width of measurement of soil moisture change (% 300 mm), the
water balance equation can be written as:
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Equations 6a and 6b are plotted for a "remelt' soil moisture. ep r 0.4 (dry to medium
wetnessi and a range of ,WE-values in Fiz. i: also plotred is 'NPlareal, ror rips snaced
at 0.7 m and ror undisturbed soil. lo demonstrate the use of the curves assume average
annual snowfall water equivalents of u0 and 130 mm frange in snowfall over a large par. of
Saskatchewan and snow management trapping etriciencies of 60 and 75% of annual snowfall.
Using these values the limits in available SWI. would he 54 to 98 mm and the spacing of, lines
required to infiltrate all the snow water by Fig. 4 would be 1.3 and 0.7 m. respectively.
Similar calculations with o - 0.6 (wet soilj gives spacings of 0.8 and <0.1 m. The results
of the calculations suggest that throughout the semi-arid Prairies lines spaced between 0.7
m and 1.3 m. depending on soil moisture conditions. will likely ansorb t o water trom;
snowcovers produced by normal snowfall. A spacing or 0.7 m is considered very conservative.
"Field observations have shown that most commercial subsoilers. when operated on spacings
of 0.7 m or less. rupture and iracture the mass of soil between the rips to such an extent
that. at least. it the first. year. it will have toe capacity to infiltrate most of the snow
water which is likely to be accumulated by a stubble management practice, independent of the
soil moisture content". It can be expected tnat, toe infiltration characteristics of"
subsoiled soils will decrease naturally in time due to settlement and packing. However.
field observations suggest that the beneficial eftecr.s of subsoiling on meltwater ennancement
may be "longer lasting" in fields ripped at wide spacings (to some maximum) due to the
natural cracks which deve.lop between the lines in response to the strong gradients in soil
moisture establisned during cron growth. There is an upper limit to the spacing of lines
however. Visual observations of crop growth on lines spaced at 1.4 m or wider show
nonuniform stand, the plants directjiv over the lines are taller and mature more slowly.

In summarizing the material aoove. ift is suggested that subsoiling most glacial til
soils ot the 'rovince to a depth netween 400 50u mm on a line spacing between u.u and I.,
m will allow efficient meitwater augmentation under normal snowfall and soil moisture
conditions. For slightly solenezzic soils the spa.ings should be decreased slightlY.

Areal infiltration of cracked soils

Measurements of the physical, dimensions of cracks in heavy lacustrine clays showed a
mean length:area ratio of 1.75 m/m2 tGrav and Granger. 1986). Assuming the width of the soil
column sampled by a twin probe equal to 300 mm. a point measurement or infiltration into a
crack is representative of a suriace area of 0.5a m2ima. Combining the snowmelt infiltration
equations ror a crack (Eq. 1) and an undisturbed soil tEq. 4) and weighting each according
to their respective surface area gives an expression for areal inliltration into a "cracked
soil" as:

iXPC 4.5:aSWE,.0 553 0.J. ) " SWEO'58d [7]

The application of Eq. 7 will change as the length:area ratio for cracks varies trom the
assumed value ot 1.75 m/m2.

Effects on vie Id of .prng wheat

Throughout the study all subsoiled plots were in continuous stubble and no supplemental
fertilizer was applied. Yield samples collected in the '--yr period snowed that eact
additional 25 mm of water to a maximum of 160 mm produced an average annual increase in the
yield of spring wheat of 185 kg/ha. This rate (7.3 kg/ha-mm) is consistent with rates
reported by Staple and Lehane (195,l) and de Jong and Rennie (1969).

Table 2 lists average yield data from subsoiling treatments without snow management.
Because these data are largely based on samples from 1-m?" plots, which for the subsoiling
treatments were centred over a rip. they should be treated as indices of potential increases
that may be expected in fields which have neen subsolled at narrow spacings. The data show
a decrease in treatment effect on yield with time. In the first two years following
subsoiling the decrease is small: in the first year there is an average difference of 435
kg/ha compared to the yield from undisturbed stubble (34% increasel. while in the second year
a difference of 377 kg/ha (30% increase) is observed. In the fourth year the difference has
reduced to 20 kg/ha (only I% increase). The small difference in the fourth year is likely
due in part to the low amount of precipitation Isnow and rain) received in 3987. the only
year with fourth year data. Over the duration of the trials annual precipitation has been
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much lower than normal (eg. mean May-August rainfall -200 mm).

Table 2. Effect of subsoiling on the yield of spring wheat without snow management.

Landuse
and Age SWE* Rain** Yield (kg/ha) Range
of Rips mm mm Difference*** Ratio**** in Ratio

Fallow***** 110 610 1.44 1.05 - 1.71

Stubble Rips
1st year 52 110 435 1.34 1.18 - 1.60
2nd year 50 122 377 1.30 1.18 - 1.52
3rd year 42 122 132 1.11 1.06 - 1.15
4th year 26 100 20 1.01 1.01

* Mean snowcover water equivalent.
** Average growing season rainfall.
* Difference in yield from that on undisturbed sites of continuous stubble

4*** Ratio of mean yield on treatment to that on stubble.
* 4-yr average yield from fallow without snow management was 1896 kg/ha.

Table 3 summarizes the effects on the yield of spring wheat of "combined" snow
management and subsoiling practices relative to the yield from undisturbed plots of
continuous stubble. As with Table 2 these data should be used as indices of potential
increases because of the sampling procedures and because the depths of snowcover water are
considerably higher than would naturally cover a field. During the four - year period the
average snowcover water equivalent on undisturbed stubble was 39 mm. The data in Table 3
exhibit a trend similar to that reported above, namely a decrease In the average yield with
age of treatment. If the tests for the fourth year (1987). the low snow year are excluded.
the decrease is independent of available snow water. Regardless. the average increase of
1033 kg/ha on the snow-managed. subsoiled plots is higher than the increase of 610 kg/ha
measured on fallow.

Table 3. Effect of snow management and subsolling on the yield of spring wheat.

Age of SWE* Rain** Yield (kg/ha) Range
Treatment mm mm Difference*** Ratio**** in Ratio

1st Year 152 110 1435 2.06 1.52 - 2.06
2nd Year 145 106 1335 1.71 1.40 - 1.86
3rd Year 180 122 855 1.60 1.33 - 1.69
4th Year 64 100 510 1.28 1.28

4 Mean snowcover water equivalent on plots.
** Average growing season rainfall.
* Difference in yield from undisturbed sites of continuous stubble.

* Ratio of mean yield on treatment to that on stubble.

The average. 4-yr yield increases In spring wheat over that monitored on undisturbed.
continuous stubble of: (a) 1033 kg/ha on subsoiled. snow-managed plots. (b) 523 kg/ha on
snow-managed, undisturbed plots. and (c) 240 kg/ha on subsoiled plots without snow management
clearly demonstrate the value of "combining" subsoiling and snow management practices. It
is reasonable to assume that larger Increases would have been achieved with the addition of
supplemental fertilizer.
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"he results or a r;ejd monitoring program conducted within the Brown and Dark Brown
soil zones in te 'rovince or Saskatchewan on the meltwater infiltration characteristics of
ceompletelv-rroz(n' unvraCKed. undisturbed, cracked and subsoiled soils are presented. A

completelv-trozaln soil is one wnose frozen profile does not thaw to appreciable depth during
snowrover ablation. The .mportance of the macroporo content of these soils to the
jnl ttration process is emphasized.

Meitwater :nriltration into soil cracks and "rips" averaged 3.8 and 5.8 times the
amounts to the same soils in uncracked and undisturbed condition, independent of available
snow water. Based on the tield observations a practical model is developed which gives the
nvoeage depLh of infiltration over a field subsoiled to a deoth between 400 and 500 m as

r runction ot line spacing. snowcover water equivalent and soil moisture lice) content.
1,sin:l tniis model with Joflir- term snowfall statistics and reported catch etficiencies of
stubble management practices, it is suggested that subsoiling on spacings between 0.9 and
.:s m should enhance the infiltration properties of trozen soils within the semi-arid Prairie

region so they are capable or absorbing most of the snow water accumulated by stubble
management nractices in a normal snow year.

The annual yields of spring wheat over a 4-yr period on subsoiled plots with snow
management averaged 303'1 kg/ha higher than the yields tram plots of continuous, undisturbed
stubble. This difference is in contrast to an average increase on subsoiled plots without
snow management of only 2O kg,/ia and emphasizes the need to "combine" the practices for
maximum return. An average vield increase in the range of 7.3 kg/ha for each additional mm
of available water found in the study corresponds closely with the values reported by soil
scientists. fhe difference bf-tween the annual yields from subsoiled areas and plots of
undisturbed stubble decreases substantially following the second year of treatment. This
trend coupied with field observations of changes in the infiltration properties of rips with
time suggests a useful life tor the treatment effects of the order of 4 to 5 years.
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CROP MANAGEMENT EFFECTS ON RUNOFF AND SOIL LOSS
FROM THAWING SOIL

by
Donald K. McCool

l

INTRODUCTION

Frozen and thawing soil has a major impact on runoff and soil loss in the northern
tier of states in the US. The effects are perhaps most pronounced in the dry-farmed
cropland of the Pacific Northwest, where the soil freezes and thaws several times each
winter. Agriculture Handbook 537 (Wischmeier and Smith, 1978) indicates as much as 90
percent of the soil loss in that area is caused by surface thaws and snowmelt.
Researchers in north-central Oregon, in a short-term study, found about 86 percent of the
soil erosion on winter wheat was caused by snowmelt, rainfall, or frost melt on thawing
soil (Zuzel et al., 1982).

The influence of crop treatment on frozen soil runoff and erosion is a subject for
frequent debate among action agency personnel, producers, and researchers. The statement
is sometimes heard that conservation tillage has little or no influence on runoff and
erosion from frozen soil.

The purpose of this paper is to examine some of these issues, using data collected
on runoff plots at the Palouse Conservation Field Station near Pullman, WA and field
observations made in Whitman County, Washington by V. G. Kaiser, deceased, Agronomist with
the SCS, from 1940 through 1979.

EXPERIMENTAL SETUP

Runoff plots at the Palouse Conservation Field Station were established prior to the
winter of 1972-73 and have been in operation since. The first treatments involved only

conventionally-tilled winter wheat after small grain (WW/SG-T) and winter wheat after
summer fallow (WW/SF-T). The project was expanded in 1977-78 to include various
treatments including no-till seeding of winter wheat after small grain (WW/SG-N),
conventional and no-till seeding of winter wheat after spring peas (WW/P-T and WW/P-N),
and various rough primary tillages (RTS). The plot area is on a south-facing slope with a
19 to 26 percent steepness. The soil is a Palouse silt loam. Most plots are 3.66 m wide
by 22.1 m long, although a plot length study is included. Runoff and sediment are
collected in tanks which are sampled and emptied on an event or daily basis.
Instrumentation on the plots includes frost tubes to determine frost depth, neutron access
tubes to allow collection of soil moisture data, and weighing-type recording rain gages.
Air temperature data are available from max.-min. thermometers in a standard shelter. The
data presented are from the winters of 1978-79 through 1987-88.

The Kaiser soil loss data were collected in the late winter or spring from sample
winter wheat fields throughout Whitman County. The data were largely observational in
nature although rill cross sections were obtained as a check on the method. The same
fields were observed year after year or, when in a crop rotation involving summer fallow
or spring crop, every other year.

DATA-ANALYSIS

The runoff and soil loss events on the plots were separated into frozen or unfrozen
based on weather records and observations at the time the collection tanks were emptied.

Frozen ground events include both those when the soil was frozen at the surface and those
when it was thawed at the surface but a frost layer was present. Unfrozen events are
those when frost was not present and had not been present immediately.prior to the event.

Paper presented at the Frozen Soil Symposium, Spokane, WA, March 21-22, 1990.

1 Agricultural Engineer; USDA-Agricultural Research Service, Agricultural Engineering

Department, Washington State University, Pullman, WA 99164-6120.
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The Kaiser data for soil loss from individual years were separated by checking
weather records for periods of freezing followed by rainfall during the warming period
four days following. Examination of weather records indicate that frost is frequently
gone within four days after the start of a warming period (McCool and Molnau, 1974).

RESULTS AND DISCUSSION

The winter of 1978-79 was unusually cold. Snow and cold temperatures occurred in
early December. The snow melted and compacted in late December. January was quite cold
and more snow fell on the deeply frozen ground. The snow was of insufficient depth and
the air temperature too cold for the soil to thaw. In early February, warming and rain
occurred. The snow melted and runoff ensued. Little or no erosion occurred until the
ground was bare and had thawed 25 to 75 mm. Then three days of rain occurred. At the end
of this period the soil was still frozen at a depth of approximately 150 mm. Most of the
snow and rain had run off, and the plots had suffered various amounts of soil loss
depending upon crop treatment. On all treatments but WW/SF-T, nearly all of the runoff
and soil loss for the winter occurred in the one extended frozen ground event. Runoff
ranged from 83 to 132 m on the different treatments during the event. Soil loss ranged
from 1.17 to 22.9 t ha" (Table 1, Figure 1). Residue and roughness were enough to
protect the soil even from large quantities of runoff.

Runoff (mm)
0 30 .60 90 120 150 180

Convent WW/SG

Convent WW/SF

Convent WW/P

No-till WW/SG

No-till WW/P -7

Rough tilled stubble

0 10 20 30
Soil loss (t/ha)

runoff frozen runoff total
soil loss frozen soil loss total

Figure 1. Runoff and soil loss for 1978-79 from plots at Palouse Conservation
Field Station

The WW/SF-T plots suffered runoff and erosion from other eveyts in addition to the
frozen ground event. An additional 20 mm of runoff and 3.21 t ha- of soil loss occurred
in non-frozen ground events.
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The following two years of 1979/80 and 1980/81 were fairly open winters. Yet, the
influence of frozen ground on Iunoff and erosion was evident (Table 1). In 1979/80, soil
loss on WW/SF-T was 7.62 t ha' , of which 5.02 was from frozen ground events. Runoff was
21 mm, of which 16 mm occurred during the frozen ground events. Other treatments had
lesser amounts of runoff and soil loss. Runoff occurred from other than the frozen ground
events, but erosion occurred almost exclusively from the frozen ground events.

In 1980/81 a large quantity of runoff occurred only from the WW/SF-T (Table 1,
Figure 2).l About half of the 12 mm of runoff occurred from frozen ground events. Only
5.11 t ha of the 18.23 t ha of erosion occurred from frozen ground events, however.
Of the other treatments, only WW/P-T had any quantity of runoff and erosion. Frozen soil
was involved in slightly more than one-third of the runoff, but almost unmeasurable soil
loss.

Runoff (mm)

0 25 50 75 100

Convent WW/SG

Convent WW/SF

Convent WW/P

No-till WW/SG

No-till WW/P

Rough tilled stubbe

0 5 10 15 20
Soil loss (t/ha)

I runoff frozen runoff total

soil loss frozen soil loss total

Figure 2. Runoff and soil loss for 1980-81 from plots at Palouse Conservation
Fieid Station

Data from 1981/82 (Table 1) are quite similar to those from 1980/81. Appreciable
runoff and soil loss occurred only from YW/SF-T. About half of the runoff came from
frozen ground events but only 7.06 t ha- of the 28.02 t ha"1 total soil loss. The lack
of soil loss during frozen soil events in 1980/81 and 1981/82 indicates that the soil was
frozen at the surface while much of the runoff was occurring.

Frozen ground effects were varied in 1982-83. WW/SF-T and RTS both produced runoff
and soil loss during events when the soil was not frozen. The runoff and soil loss
quantities were both low from the RTS plots.

All treatments, including rough tilled stubble (RTS), produced runoff in 1983/84
(Table 1). On all plots but WW/SF-T, almost all runoff and soil loss came from frozen
soil events.
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Runoff and soil loss were quite small in 1984/85 (Table 1). Even on the WW/SF-T,
runoff and soil loss came only from frozen ground events.

The remaining three years of the data show no unexpected trends, except that in
1987-88, a larger than normal amount of erosion occurred on WW/SF-T when the soil was not
frozen. Again, this may indicate the soil was frozen at the surface when much of the
runoff was occurring

Combining the ten years of data provides an interesting picture. For many of the
crop managements, frozen soil runoff events account for the bulk of the runoff and
erosion. These include all of the less erosion-prone treatments. For WW/SF-T, however,
frozen soil events account for only 40 of the 60 mm of average runoff (about 67 percent),
and 7.13 of the 15.40 t ha- of soil loss (about 46 percent).

These short term plot data can be compared with the long term erosion records
collected by V. G. Kaiser from 1940 through 1979. These data are estimates of the total
soil loss in Whitman County, Washington. The data were developed by expansion from a vast
number of sample fields. Out of the 40 years of data, temperature, precipitation and
stream flow records indicate a major frozen ground runoff event in about 9 of the 40
years. These may be identified, essentially, as the years with greater then 13.5 million
t of soil loss (Figure 3). These 9 years (summation of 13.5-18.0 and above 18.0) account
for 41 percent of the erosion in the entire 40-year period. Other years undoubtedly
included frozen ground events of lesser magnitude.

Number of years

14

12

10

8

6

4

2 /,

0-4.6 4.5-9.0 9.0-13.5 13.5-18.0 above 18

Soil loss (million ton)

Figure 3. Estimated soil loss in Whitman County, Washington, 1939 through 1979.
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CONCLUSIONS
From the plot data and examination of the Kaiser data, the following may be

concluded:

l.Frozen and thawing soil runoff events account for a significant portion of the
erosion in the Palouse region of the Pacific Northwest. The percentage, however, is
dependent on crop treatment. A figure of 90 percent for the loss from frozen soil events
appears too large for the crop managements in general use in the area.

2.Crop management can have a major impact on both runoff and erosion for events when
there is no frozen soil or if the soil is only frozen to a shallow depth and thaws
rapidly.

3.Crop management can have a major impact on erosion for events when the soil is

deeply and impermeably frozen.
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Table 1. Runoff and Soil Loss Data, Palouse Conservation Field Station

RUNOFF SOIL LOSS
Frozen Total Frozen Total

YEAR (mm) (mm) (t/ha) (t/ha)

WW/SG-T
78/79 101.3 101.3 5.51 5.51
79/80 4.8 7.1 0.34 0.34
80/81 1.0 1.0 0 0
81/82 1.5 2.3 0 0
82/83 15.7 16.5 0.69 0.76
83/84 30.0 30.0 0.31 0.31
84/85 0 0 0 0
85/86 24.9 25.1 1.34 1.34
86/87 0.5 0.8 0.02 0.02
87/88 16.0 16.5 0.04 0.20
AVG 19.6 20.1 0.82 0.85

WW/SF-T
78/79 131.8 152.4 22.86 26.07
79/80 15.5 21.3 5.02 7.62
80/81 36.1 71.6 5.11 18.23
81/82 38.1 75.4 7.06 28.02
82/83 30.0 93.5 11.05 34.39
83/84 69.8 90.4 13.34 18.54
84/85 9.9 10.2 1.10 1.12
85/86 20.8 27.9 0.81 2.04
86/87 18.0 18.5 4.21 4.26
87/88 29.7 39.6 0.76 13.70
AVG 40.0 60.1 7.13 15.40
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Table 1 (continued). Runoff and Soil Loss Data, Palouse Conservation Field Station
RUNOFF SOIL LOSS

Frozen Total Frozen Total
YEAR (mm) (mm) (t/ha) (t/ha)

WW/P-T
78/79 83.6 87.9 2.60 2.87
79/80 0.8 1.0 0.02 0.02
80/81 8.4 22.1 0.02 0.94
81/82 7.6 29.0 0.18 1.57
82/83 32.0 32.8 2.11 2.13
83/84 42.9 44.2 3.74 3.79
84/85 1.5 1.5 0 0
85/86 51.8 55.9 8.47 9.01
86/87 8.4 8.6 0.72 0.72
87/88 31.2 33.3 0.43 1.12
AVG 26.8 31.6 1.83 2.22

WW/SG-N
78/79 114.0 114.0 1.17 1.17
79/80 5.6 6.1 0.09 0.16
80/81 0.5 0.5 0 0
81/82 10.4 15.7 0 0.02
82/83 0.5 0.5 0 0
83/84 8.6 8.6 0.04 0.04
84/85 0.2 0.2 0 0
85/86 4.6 4.8 0 0
86/87 0.8 0.8 0.02 0.02
87/88 2.0 2.3 0 0.02
AVG 14.7 15.4 0.13 0.14

WW/P-N
78/79 127.0 128.5 2.56 2.62
79/80 9.1 12.4 1.57 1.64
80/81 3.3 3.6 0.04 0.04
81/82 13.7 19.3 0.13 0.36
82/83 34.0 40.9 0.74 1.08
83/84 51.8 54.4 1.97 2.22
84/85 17.3 17.3 0.09 0.09
85/86 56.4 65.3 1.61 1.88
86/87 3.8 4.1 0.20 0.20
87/88 6.1 6.6 0.02 0.09
AVG 32.2 35.2 0.89 1.02

RTS
78/79 83.0 83.0 1.23 1.23
79/80 0 0.5 0.02 0.07
80/81 0.2 0.2 0 0
81/82 0.5 0.5 0 0
82/83 0.8 5.1 0 1.57
83/84 8.9 8.9 0.13 0.13
84/85 0.2 0.2 0 0
85/86 4.3 4.6 0.04 0.04
86/87 0 0 0 0
87/88 0.5 0.5 0 0
AVG 9.8 10.4 0.14 0.30
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EFFECT OF FREEZING ON MASS AND HEAT

TRANSFER IN POROUS MEDIA

by

Neil N. Eldin, Leonard R. Massie, and Nagwa Shafik Aggour
2

INTRODUCTION

Frost action in soils causes: 1) An upward movement (heaving) of the ground
surface during the cold season due to the freezing of soil moisture and the
formation of growing ice lenses, and 2) A subsequent loss in the supporting
capacity of the soil during the warming season due to the over saturation caused by
water trapped above the frozen underlayer. These problems often cause structural
damages varying from simple c-acks to complete collapse of the involved structures.

Artificial salting of soils as a frost modifier has been studied by many
researchers (Yong et al, 1980, Banin et al, 1974, Lamb et al, 1971, Kronik et al,

1969). In this technique, the ion concentration of the pore solution is raised by

applying water soluble salts to the ground. The absorbed cations are replaced by

those of the introduced salt ion resulting in changes in particle orientation,

hydro-physical properties, and physiochemical properties of the soil. Many

investigators (Sheeran and Yong, 1975, Brandt, 1972, Korniket et al, 1969, Lamb,

1956) believe that salt treatment is one of the most efficient and least expensive

methods to alleviate the detrimental effects of frost heaving in soils, but much

still remains to be learned.

This paper presents the results of an experiment conducted to measure the effect

of increasing the ion concentration in the pore water on the freezing behavior of a

silt soil. The study investigated the effect of sodium chloride (NaCI) on moisture

transfer, the temperature profile, and frost penetration in the tested soil. NaCI

was chosen because it is highly soluble in cold water, safe to use, inexpensive,

commercially available, and used by most authorities for deicing of highways,

runways, and railroads. Also, calcium chloride (CaCI2 ) and ferric chloride (FeCI3 )
were included in this study to determine the significance of the cation's valence on

the frost heaving reduction. Freezing tests were conducted on 5x15 cm specimens

under temperature gradients of 1°C/cm.

EXPERIMENTATION

Open-system unidirectional freezing tests were conducted to establish the frost

heave reduction efficiency of NaCl as a function of the concentration level when
applied at different soil dry densities. Test specimens of 5 cm inside diameter and
15 cm height were prepared at initial soil dry densities ranging from a relatively
loose 1.5 gm/cm 3 to a dense 2.0 gm/cm 3 condition. The mixing water for the
specimens contained salt concentration ranging from O.OIN to l.ON. During the
freezing test, specimens were subjected to an air temperature of -100C while their
bottom temperature was maintained at +40 C. Overall surface heave, the final
moisture profile and the temperature profile were measured. The final position of
the frost front was determined visually.
. . . . . . . . . . . . . . . . ..------------------------------------------------------------------
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Test specimen

The tested soil consisted primarily of quartz and feldspar, with traces of illite
and chlorite. The grain size distribution of the soil showed 78% by weight finer
than 0.2 mm in equivalent particle diameter, 52% finer than 0.6 nun, 37% finer than
0.02 mm, 25% finer than 0.006, and 17% finer than 0.002 mm. The soil had a liquid
limit of 20% and a plastic limit of 15%.

Multi-ring plexiglass test cells (Figure 1) were used to minimize friction
between the soil and the test cell during the freezing process. This design was
chosen to avoid side friction between the soil and a rigid test cell which may alter
the freezing point of the pore water, the magnitude of frost heaving, and the depth
of frost penetration as demonstrated by Hammamji (1969).

MAGNITUOE -
OF HEAVING

ICE FRONT-

Figure 1. Multi-Ring Test Cell

Test equipment

A cold room having inside dimensions of 2.5 x 2.5 x 2.0 m was used to control the
freezing temperatures and house the test box. The cold room was equipped to
maintain constant air temperature of -100 C and to avoid temperature zoning. A test
box with inside dimensions of 100 x 75 x 25 cm was built to accommodate up to 20
test specimens. An electrical heating pad controlled by a thermoregulator was used
to maintain the temperature of the solution bath for each specimen : t +40C during
the freezing test. A schematic view of the test setup is given in Figure 2.

Test measurement

A system of dial gauges, reading to 0.025 mm and affixed to the test box, was used
to measure the uniaxiul heaving of the test specimens. A thin metal plate was
placed on the top of the specimen to provide a smooth solid surface for the dial
gauges and to reduce evaporation of soil moisture. Copper-Constantan thermocouples
were used with a potentiometer to determine the sample temperature profiles during
the test.

DISCUSSION OF RESULTS

The effect of artificial salting on the freezing of soil moisture and on the
ability of soil to transport moisture during freezing is discussed.
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Figure 2. Schematic for the Test Box

Effect of artificial salting on moisture freezing

The presence of soluble salts in pore fluid lowers its freezing point. The
magnitude of the freezing point depression depends on the concentration and valence
of the salt. Thus, by adding a salt to the soil moisture a lower temperature has to
be reached before a change in phase (water to ice) occurs. An ice-free soil could
be maintained throughout the cold season, if the temperature does not fall below the
freezing point of the pore fluid. Even if the temperature falls below the freezing
point of the pore fluid, the artificial salting acts as a frost retarder. More
heat, as compared to an untreated soil, has to be extracted from the soil before a
frost front: can advance in the soil. As water turns to ice, the freezing
temperature of the pore fluid is lowered continuously because of the increasing
concentration of salt in the remaining unfrozen moisture. We would expect treated
soils to have less frost penetration than untreated soils. Although there is
disagreement on the correlation between the frost penetration and the magnitude of
frost heaving (Penner, 1963, Beskow, 1935, Taber, 1929) frost penetration in itself
is of vital importance. Treated soils freeze after and thaw before untreated soils.
The effect of artificial salting is equivalent to exposing the soil to a shorter
freezing season which optimally can be of zero duration.

Supporting data was obtained experimentally in the present study by determining
the depth of frost penetration at the end of the freezing tests. A regression
analysis was performed on the data using two models: a linear and a second degree
polynomial. The second order model provided a higher correlation in all cases. The
results are shown in Table 1 and Figure 3.

Table 1 - Regression Analysis Using Second Degree Polynomial

Concentration Equation of Best Fit R
O.OON Y - -49.3 + 32.2 x - 5.1 x2  0.880
0.10N Y - -75.4 + 65.4 x - 15.0 x2  0.887
0.25N Y - -83.5 + 80.2 x - 19.8 x2  0.957
0.50N Y - -76.2 + 74.8 x - 158.9 x2  0.933
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Figure 3. Depth of Frost Penetration

The data suggests that a non-linear relationship exists between frost penetration
and the level of treatment. In other words, equal increases in the salt
concentration does not yield equal reduction in frost heaving. Figure 4 also shows
a slight tendency to less reduction in the magnitude of frost heaving at higher soil
dry densities. At such densities, there seems to be more profound effect of
variables other than salt concentration. Temperature profiles were also determined
before test termination. Figure 4 shows the temperature profiles for specimens
treated with different levels of salt concentration. Frost penetration in the
specimens tested at higher salt concentration stopped at elevations of lower
temperature than those treated at a lower level of salt concentration. Specimens
treated at higher salt concentration also kept warmer temperature profiles. This is
because specimens with higher concentrations have higher unfrozen water contents in
the frozen zone (Chung 1978). Since both the specific volume and the thermal
conductivity of a soil matrix increase with the increase in its water content
(Crawford 1951), specimens with higher salt concentration have warmer temperature
profiles. Te spe rah m ( Q

4 .- 3 .2 .- 1 0
0

Ice Front I

_10- Ide ront
Dry denstyi 1.7 gi/cc I
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Figure 4. Temperature Profiles
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Effect of salt treatment on moisture flow

An obvious method to combat the detrimental effects of frost heaving is to stop
moisture in the soil mass from migrating upwards to an active frost front or a
growing ice lens. This can be achieved by replacing the natural soil with clean
gravel or crushed stones, which is quite an expensive solution to soil freezing
problems. A more economical way of accomplishing this objective is by the use of
chemical additives that reduce the ability of soil to transport moisture. Many
investigators believe that artificial salting is a much less expensive way of
accomplishing this objective (Sheeran et al, Yong 1975, Lamb 1971, Tsytovich et al,
1960). Salt addition to the pore fluid affects the soil's ability to transport
moisture in its liquid and vapor forms through several mechanisms. As hypothesized
by Taber and confirmed by the experimental work of other researchers, the most
significant method of water transport upwards to an active frost front is through
the unfrozen double-layer along the soil particle surfaces (Yanagisawa et al 1985,
Miller, 1975, Jumikis, 1966, Penner, 1956, Taber, 1929). It is now well known that
frozen and unfrozen water exists in fine-grained soils at temperatures well below
the freezing point of the pure pore solution (Fukuda et al, 1985).

Addition of salt to the pore fluid reduces the thickness of the double-layer and,
hence, reduces the thickness of the water film in contact with the frost front or a
growing ice lens. The relationship between the thickness of the double-layer and
salt concentration is given by the Coug-Chapman equation:

n+- no[coth 0.16z (co) 1/2 x]
2

where: n+ - number of cations per unit volume at any distance x from the particle
surface; no - number of cations per unit in the pore water away from the influence
of the particle surface; z - valence of cations; co - concentration of cations in
mols/liter away from the influence of the particle surface; x - distance from
surface in Angstrom. The extent of the double-layer can be ;aken as the distance to
which n+ is still appreciably larger than no . The lower the concentration and the
valence, the larger is the ratio n+/no. Increasing either the concentration or the
valence in the pore water would reduce the thickness of the double-layer.

Solutions of higher concentrations have lower vapor pressures. This is of great
importance because the vapor pressure of ice is lower than that of pure water.,
Moisture will flow to the frost front and to ice lenses because of this pressure
deficiency. Moisture flow will continue until the vapor pressure of the pore
solution is reduced to that of ice under the effects of matrix, osmotic, or other
forces acting within the soil mass. If the freezing process is started with a pore
fluid which already has low vapor pressure (due to the presence of salt), the
pressure equilibrium between ice and pore fluid is expedited. In other words, the
amount of water that can be transported to the ice lenses due to the pressure
difference is less and consequently the magnitude of surface heaving is reduced.
Brine exclusion causes even further local increase in the salt concentration at the
frost front which may accelerate the attainment of that equilibrium.

There are two secondary mechanisms by which artificial salting may reduce frost
heaving. These are the effect of salt on the viscosity of the pore solution and on
the capillary rise. The effect of reducing the thickness of the double-layer and
the fact that solutions of higher concentrations have higher viscosities, may result
in further reduction of moisture transport, and hence reduction in frost heaving.
The effect of viscosity can be better appreciated if we remember that viscosity
increases exponentially with decreasing temperature, and the temperatures considered
in this study are in the subfreezing range.
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Adding salts to the pore fluid also reduces the capillary rise in the soil mass.
Figure 5 shows the relation between salt concentration and capillary rise for the
tested soil. The reduction of soil capillary rise may cause partial desaturation in
the active layer, thus reducing the soil permeability and the ability for moisture
to flow.

Direct measurements of moisture plus ice content profiles for soil specimens
treated at different levels of salt concentrations were made in the study. The data
verifies the above conclusion and suggests that specimens containing higher
concentration of NaCl experiences less moisture transfer (Figure 6). For instance,
specimens treated at concentration of 0.5N and 0.N experienced 13% and 86% moisture
transfer, respectively, compared to the untreated specimens. Figure 7 shows the
relationship between the magnitude and rate of frost heaving and the salt
concentration. The magnitude and rate of frost heaving is inversely proportional to
the salt concentration. A reduction of approximately 50% is achieved for the 0.5N
level of treatment compared to the untreated specimens.
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Figure 6. Moisture Transfer Figure 7. Frost Heaving
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Interesting observation

The freezing tests were conducted on washed soils (free of natural salts) to
determine the optimum level of salt concentration. The results show that every
increase in salt concentration was accompanied by a reduction in the magnitude of
frost heaving up to a concentration of 0.5N above which little or no effect on the
magnitude of frost heaving was observed. However, an exception to this trend did
occur. Specimens treated at a very low salt concentration (0.01N) heaved more than
untreated samples. Figure 8 shows the results obtained using concentrations ranging
from O.ON to L.ON.

40
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Figure 8. Frost Heave at Low Concentrations

A possible explanation for this exception is that the reduction of the
double-layer thickness, due to the presence of salt, transferred some of the bounded
water into free water in the pores. This free water was then readily frozen without
much influence from the surface forces. It should also be noted that at such very
low concentrations the counter effect of lowering the freezing point of the pore
water is not significant.

Effect of salt valence on frost heaving

Specimens treated with CaCl2 and FeCl3 were tested under the same freezing
conditions and compared to specimens treated with NaCl to determire the significance
of cation valence on the effectiveness of the treatment. Figure 9 shows the
relative efficiency of each salt in reducing frost heaving. Figure 10 compares the
moisture profiles and the frost penetration of specimens treated with the three
salts. There seems to be a correlation between cation valence and both the depth of
frost penetration and the amount of moisture transferred to the frozen layer. The
Ca++ resulted in 17% more moisture transfer than Na+, while Fe+++ resulted in 56%
more moisture transfer. However, more work is certainly needed to draw a firm
conclusion.
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The following conclusions can be drawn:
1. Artificial salting provided protection against the detrimental effects of frost

heaving for the soil tested. Increasing the ion concentration in the pore fluid
reduced the rate and magnitude of heave, limited frost penetration in the soil,
reduced moisture transfer to the frozen layer, and kept the soil at a warmer
temperature profile.

2. The protection provided was directly proportional to the concentration of the
salt in the pore fluid. There is an optimum salt treatment for each soil which
can be determined by laboratory freezing tests. For the soil tested and for the
freezing conditions used that level was 0,5N.

3. A very low level of salt treatment may cause more frost heaving than in an
untreated soil.

4. A correlation between the effectiveness of the treatment and the valence of the
cation used in the treatment exists, but more research is needed.
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APPLICATION OF TIME DOMAIN REFLECTOMETRY TO MEASURE

SOLUTE REDISTRIBUTION DURING SOIL FREEZIN-

by W.K.P. van Loon, E. Perfect, P.H. Groenevelt and B.D. Kay
2

INTRODUCTION

The influence of solutes on ground freezing is threefold. Firstly, the presence of
solutes determines, in part, the freezing point depression (and thus the unfrozen
water content) (Banin and Anderson, 1974; Yong et al., 1979]. Secondly, solutes
oppose frost heave, since the osmotic pressure reduces the maximum heaving pressure
(Cary, 1987; Chamberlain, 1983). Thirdly, solutes are themselves redistributed
during the freezing process. This is due to the exclusion of solutes by ice
formation [Kadlec et al., 1988; Kay and Groenevelt, 1983; Mahar et al., 19831.
Solutes are also transported into the frozen fringe when water is drawn upwards to
form ice lenses [Gray and Granger, 1986). The net result is a concentration of

solutes in the vicinity of the freezing front.

The redistribution of solutes during soil freezing is of interest to agronomists
and environmental engineers seeking to minimize contamination of ground water
supplies during winter. The phenomenon is also important for construction projects
in areas of saline and subsea permafrost. It forms part of the matrix of coupled
heat and mass transfer processes in frozen porous media [Perfect et al., 1989).

Different techniques have been used to monitor solute redistribution as a esult
of soil freezing. Starting with a known solute concentration profile, the most
direct way is destructive sampling at the end of a freezing experiment (e.g. Cary
and Mayland, 1972]. A major disadvantage with this method is that it is only
possible to sample once per volume element, so changes over time are impossible to
determine. Gray and Granger [1986] solved this preblem in the field by sampling
different volumes at different times and assuming that all samples had the same
history. In the laboratory, Cary et al. (1979] extracted small amounts of pore
water over time from different locations within a freezing column. The amount of
dissolved salts was determined by measuring the electrical conductivity of these
samples. Mahar et al. [1983] also used extracted soil water to monitor changes in
salinity due to freezing.

In order to obtain a better understanding of the mass transfer processes, non-
destructive in situ measurements are desireable. An applicable method is the
measurement of bulk electrical conductivity (BEC). Baker and Osterkamp (1988] and
Hayhoe and Balchin [1988] have used the in situ BEC as a measure of the solute
concentration during soil freezing. However, the relationship between BEC and

solute concentration is quite complex. The influence of liquid (unfrozen) water
content is non-linear and the surface conductivity of soil particles must be taken

into account [van Loon et al., 1989b].
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Recently, time domain refectometry (TDR) has been used to measure BEC as well as
the water content of unfrozen soils (Dalton et al., 1984]. It may also be possible
to measure the BEC under frozen conditions using TDR [van Loon et al., 1989a].
Measurement of the unfrozen (liquid) water content of frozen soils using TDR is
well established (Patterson and Smith, 1985]. Thus, TDR is a promising method for
the simultaneous measurement of unfrozen water content and solute concentration (as
indicated by BEC) in frozen soils.

In this research, unfrozen water content and BEC profiles were measured during
freezing using the TDR technique. The major objective was to identify which
parameters (solute concentration, unfrozen water content and temperature) the
measured BEC is most sensitive to under frozen conditions. The possibility of
using TDR to monitor solute redistribution during transient soil freezing will be
examined.

MATERIALS AND METHODS

Uniaxial freezing tests were performed using twelve 270 mm diameter columns with a
height of 180 mm. The soil used was Guelph silt loam, classified as an Aquic
Eutrachrept. This material is described in van Loon et al., [1989a]. To obtain a
more homogeneous medium the field soil was air dried and sieved. Different sieve
sizes were used (Table 1). The columns were packed to specific bulk densities,
depending upon the degree of aggregation (Table 1). The influence of aggregate
size and bulk denisty on the freezing process will be reported in a future
publication. Parallel TDR probes and thermocouples were installed horizontally
into the dry soil at different heights (Fig. 1). These were allowed to move (in
response to frost heave) by cutting a narrow slit in the columns at a height > 70
mm. All heights were measured relative to the base of the columns and are reported
as positive upwards.

. . . . . . . .. . .... ... ....... ~ . . . . .

1 2 3 4 56 7 8 9 10

Figure 1 Cross section of column used for uniaxial freezing test. 1 - insulation,
2 - CaC12 solution reservoir, 3 - tubular copper heat exchanger (T-4'C),
4 - constant water table, 5 - soil column, 6 - water inlet with porous
screen, 7 - parallel TDR probes, 8 - slit with bare soil, 9 -
thermocouple and 10 - soil surface contacting air (T<0"C)
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Table 1 Details of column packing and CaC12 solutions added.

,olumn Sieve Bulk Solution
no. size density concentration

(mm] [Mg/m 3] g/1]

1l,2,3 10 1.15 1
4,5 5 1.31 1

crushed 1.39 1
-7,8,9 5 1.31 2
0,11, 12 5 1.31 4

All of the columns were placed into containers with different well defined CaCl2
solutions (Table 1). Holes (with porous screens) at the bottom of each column
allowed the solutions to wet the soil by capillarity. The fluid level was kept
constant by adding solution of the same concentration to the reservoirs. The
columns with their solute reservoirs were then set up in an environmental chamber,
which could be maintained below freezing. The reservoirs were kept unfrozen by a
heat exchanger, which was connected to a thermostatic bath (Fig. 1). Both columns
and reservoirs were carefully insulated with styrofoam, so that the OC isotherm
could only penetrate from the (upper) soil surface. Temperatures in the reservoirs
and in the air (near the soil surface) were also measured with thermocouples. All
temperatures were recorded automatically every six hours using a data logger. The
TDR readings were taken once a day by hand.

The TDR method is based upon the reflection of an electromagnetic pulse within
transmission lines, which are installed in the medium. By this means the
(effective) dielectric constant (e) of the medium can be determined. This value
depends on the volume fractions of the components in the medium. Topp et al.
(1980] obtained an empirical relation to convert the effective dielectric constant
into the volumetric water content, Ow:

Ow - -0.053 + 0.0292c - 5.5xlO'4e2 - 4.3x10 6c3  (1)

Similarly, Smith and Tice (1988] developed an empirical relation between fT and the
unfrozen water content (0u) at subzero temperatures:

0u - -0.146 + 0.0387e - 8.5xlO 4 (2 + 9.gx10"6e3  (2)

The bulk electrical conductivity of the medium can be obtained from the amplitude
of the reflected pulse. However, this reflection is influenced by the measuring
system, as well as by the medium itself. Van Loon et al. (1989a] have developed a
method to correct for influences of the measuring system. In this method, a
reflection measurement in soil (r) is compared with a reference measurement in air
(r 0 ). The bulk electrical conductivity, (BEC) is then given by the following
equation:

BEC - (.e/(NoL))ln(r0/r) (3)

Where N0-120w 0 and L is the length of the probes.
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RESULTS AND DISCUSSION

Regression analyses were performed on the 915 data points obtained from the twelve
columns (exceptions are always indicated). As a first approximation, the measured
BIC was assumed to be a function of the solute concentration on a bulk basis. In
this model, however, no interaction with the soil particles is included, so it can
only be applied close to saturation. For Ow Z 400 we tested the following model:

BEC - A + B.C.Ow (4)

where A and B are regression coefficients and C is the solute concentration of the
pore water. This simple model was highly significant: R2-0.88. From the regression
it follows that A-61 mS/m and B-80 mS m'/kg.

The measured BBC in column number 12 was examined, as an example, to show the
relationship between BEC and temperature and unfrozen water content.

Probe number350 "I

.2
£3
0 4300 - o 6

100

.12O -

C

~1b0

50

0 I * I I I B I * * i I i

-2 0 2 4 6 S 10 12 14 16 18 20

Time (days)
Figure 2 Measured bulk electrical conductivity as a function of time in column

number 12 (with a solute concentration 4 S/l). Initial positions of TDR
measuring probes: 1-160 mm, 2-140 mm, 3-120 m, 4-100 mm and 6-40 mm.
Arrows indicate significant increases in measured BC.
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Influence of temperature

Changes in BEC over time for five different TDR probes in column number 12 are
shown in Fig. 2. Before time t-0 the climate room was cooled from 12°C to 4C. At
t-0 the temperature was dropped to -5°C. Thq first thing that happened was a sharp
decrease in BEC for all five measuring probes (Fig. 2). At the same time the
temperature in the soil went from 12"C to 1.5"C (averaged over column). The water
content profile, which was also measured using TDR, did not change by more than 2%
during this period (t--l.2 to t-0.6 day). Thus, the measured BEC is temperature
dependent. The next step is to include this temperature effect into the model for
BEC, where the regression is again limited to water contents close to saturation
(i.e. Ow 40%):

BEC - A + B.C.ew + D.T (5)

The R2 for this model was 0.92 and the regression coefficients were: A-60 mS/m,
B-79 mS m2/kg and D-3.4 mS/*C/m. The inclusion of temperature was statistically
highly significant. The physical meaning of a positive D coefficient is increased
mobility of ions with higher temperatures. This effect is probably related to the
viscosity of water. The electrical conductivity of a solution is inversely
proportional to the viscosity of water, and the viscosity of water is directly
temperature dependent [Weast, 1978]. Thus, if we express the measured BEC relative
to a standard BEC at room temperature (i.e. 20*C), the following expression is
obtained:

BEC(T) - BEC(20) (viscosity(20)/viscosity(T)) (6)

In the temperature range -8"C < T < +30"C, the ratio of viscosities, V(T), can be
modeled with a second order power expansion on T:

V(T) - viscosity(20)/viscosity(T) - A + B.T + D.T2  (7)

where A-0.5584, B-0.0193 *C-1 and D-0.00014 C-2 with T in 'C. The agreement
between eqn. (7) and Weast [1978] is excellent: R2 > 0.99995 with a standard error
of 0.001.

The effect of viscosity can now be incorporated into a new regression model for
bulk electrical conductivity:

BEC - A + B.C.ew.V(T) (8)

The regression coefficients for this model were A-61 mS/m and B-130 mS m2/kg and
the coefficient of determination was the same as that for the model which was
extended to include the influence of temperature (i.e. R2-0.92). However, eqn. (8)
has two important advantages over eqn. (5): firstly, it uses fewer degrees of
freedom, and secondly, it has a better physical background.

Influence of unfrozen water content

Another feature of Fig. 2 is the continued reduction in BEC at z-160mm (probe
number 6) for t > 0.6 day. Between t-1 and t-4.2 day the measured BEC fell from
171 to 26 mS/. During this time interval the temperature remained constant
(within the measuring accuracy), while the liquid water content decreased from
0.41 to 0.12. This was probably due to ice nucleation and freezing of the pore
water. It is unlikely, however, that the decrease in liquid water content (by a
factor of 3.4) would cause a such large reduction in bulk electrical conductivity
(a factor 6.6). In fact, the opposite might be true if solutes were transported
into the freezing zone by thermally-induced water migration. Therefore, the
reduction in BEC (if present at all) should be less than or equal to the reduction
in liquid water content.
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At low water contents the BEC is a non-linear function of the liquid water content
(e.g. Hayhoe and Balchin, 1988). Van Loon et al. [1989b] developed the following
theoretical ralation between BEC, solute concentration and liquid water content at
room temperature:

BEC(20) - (l+0w)os + 8w
2(2-0w)aw/(2-Osat)Osat (9)

where esat is the water content at saturation, a. is the electrical conductivity
of the soil particles and aw is the electrical conductivity of the pore solution.
The relation between the latter property and solute concentration is simply: aw -
QxC, with Q the specific electrical conductivity at 20"C.

Equations (6), (7) and (9) can now be combined to obtain a quasi-theoretical model
for the bulk electrical conductivity at different temperatures, water contents and
solute concentrations:

BEC(T,0w,C) - {(1+0w)as + Ow2(2-ew)aw/(2-Osat)0sat)V(T) (10)

To generate an equivalent regression model the following assumptions were made:
(1) as is unknown and can be found by regression (i.e. A-as),
(2) the specific electrical conductivity for CaCl2 is Q-161 mS m2/kg [Weast,

1978],
(3) Osat is unknown, so a second regression parameter is needed

(i.e. B - I/(2-0sat)Osat),
(4) eqn. (7) can be used for the viscosity effect,
(5) no intercept is needed in the regression, since it is included in the A

coefficient.

The resultant regression model for BEC can then be written as:

BEC(T,Ow,C) - (l+0w).V(T).A + ew2(2-0w).Q.C.V(T).B (11)

The results of the regression analysis are summarized in Table 2. It can be seen
that the combined model for BEC(T,Ow,C) was highly significant.

Table 2 Regression coefficients for the model: BEC(T,Ow,C) -
(l+0w).V(T).A + Ow2(2-0w).Q.C.V(T).B (eqn. 11).

ata Number A B R2  SD*
ange [-1 [mS/ml [-1 [- [mS/ml

LL 915 37 1.24 0.985 13
:09C 403 24 1.60 0.974 10
0C 614 42 1.17 0.990 13

* SD - standard deviation.

It is to be expected that the coefficients will be different for the frozen and
unfrozen cases: in the frozen case Ow - Ou, the unfrozen water content, and in the
unfrozen case Ow equals the total water content. However, the influence of ice
versus air on the measured BEC is surprisingly small. If all the data points are
taken together, the model explains 98.5% of the variation in BEC. If only the data
points for frozen conditions are considered, the R2  decreases slightly.
Conversely, if only the data points for unfrozen conditions are taken, the R
increases slightly (Table 2).

191



The particle conductivities (Os) given in Table 2 agree well (within the accuracy
of the regression model) with the value for the same material at 20C (as-26 mS/m)
estimated by Van Loon et al., [1989b]. The agreement is closest for the frozen
material (as-24 mS/m). In all probability, as was determined less accurately in the
unfrozen case, because the water contents were always rather high: Ow-0.4 0 ± 0.10.

Since A was overestimated in the unfrozen case, B was probably underestimated. The
B coefficient for the entire data set looks more reasonable. A value of 1.24 for B
would give a saturated water content of 0.56, which is compatible with the lowest
bulk density value in Table 1. The B coefficient for the frozen soil is larger than
one would expect from the bulk density values given in Table 1. The higher B
coefficient might indicate an increase in the solute concentration (C) due to ice
formation; solutes are excluded from the ice and confined to the unfrozen water
films under frozen conditions.

Hayhoe and Balchin [1988] gathered a similar data set using an AC conductivity
signal conditioner module to measure the electrical conductance. This parameter
can be transformed into BEC as follows: BEC-conductance/d, with d the spacing
between the probes (i.e. d-50 mm). From Figures 1, 2 and 3 in Hayhoe and Balchin
[1988) we obtained data sets of 33 points for sand, 26 points for loam and 19
points for clay. When these data sets were analyzed with our BEC model (eqn. 10),
we again found very high coefficients of determination: R2-0.96, 0.97 and 0.95 for
the sand, loam and clay respectively. However, the model produced negative
estimates of a. in each case, which is physically impossible. Inaccuracies in
determining as may be related to the restricted range of water contents available
for analysis.

Redistribution of solutes

Apart from the initial decrease in BEC, Fig. 2 also shows some significant (i.e. >
13 mS/m) transitory increases in measured BEC. Temperature and unfrozen water
content always decreased over time, so these peaks cannot be explained with the
above model. Excluding measurement errors, an increase in BEC could only be caused
by solute redistribution effects. Altogether 29 increases (some determined with
more than one probe) were identified from the 12 columns over the 13 measuring
dates. From these, two variables were evaluated: the amplitude of the increase
(dBEC) and the mean height at which the increase occurred (Z). Parameters that
might be important in the redistribution process include position of the OC
isotherm (Z0), initial solute concentration (C) and time (t).

Using these parameters the following regression model was developed for the

increase in bulk electrical conductivity (dBEC):

dBEC - A + B.Z0 + D.C + E.t (12)

The regression coefficients were B-0.2 S/M2 and D-4 mS m2/kg; A and E were not
significantly different from zero. The coefficient of determination was low
(R -0.18) but statistically significant at p < 0.15. Because of the poor
correlation, further conclusions are hard to make.
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A similar model was developed for the location (Z) of the measured increases in

BEC:

Z - A + B.Z0 + D.C + E.t (13)

where the regression coefficients are A-9 cm, B-0.5 and E--6 mm/day, with D not
significantly different from zero. This model appears to describe the measurements
much better: R -0.77. We can use eqn. (13) to calculate the redistribution of
solutes during soil freezing; predicted values for t-0 days, Z0 -18 cm and t-16
days, Zo-8 cm are Z-18 and Z-3 cm, respectively. Thus, the solute enriched peak
appears to have moved faster than and ahead of the 0"C isotherm.

Kadlec (88] suggests that 'the mechanism of solute transfer in the liquid phase
during freezing in solutions include molecular diffusion and the brine sinking
phenomenon'. The driving force for the latter process is the density difference
between the higher concentration solution at the freezing front and the bulk
solution. These remarks are for sea water. However, similar phenomena have been
reported in soils, namely 'fingering' of pollutants. In all these processes the
solute is allowed to move faster than the advancing freezing front. Thus 'brine
sinking' or 'salt fingering' might explain our observations.

The velocity of the solute peak (E--6 mm/day) is in good agreement with analyses
performed by Kay and Groenevelt [1983]. These authors measured the redistribution
of nitrate in the same Cuelph silt loam soil under field conditions; the nitrate
peak moved down 15 cm during the first 26 days of freezing. Their hypothesis that
solute redistribution occurs on a local scale is also applicable to this research.
The increases we measured were very small compared to the total BEC (see Fig. 2).
Thus, only a small fraction of the solutes could have been transported over
macroscopic distances.

Time domain refectometry can be used to measure the unfrozen water content and
bulk electrical conductivity simultaneously under frozen conditions. The in situ
bulk electrical conductivity depends on the solute concentration, unfrozen water
content and temperature. The temperature effect can be related to the mobility of
ions, through the viscosity of water. The influence of unfrozen water content on
BEC is non-linear. Redistribution of solutes during soil freezing can also
monitored using the BEC measurement. After temperature and water content
corrections are applied, it is possible to identify increases in BEC associated
with solute enrichment. These solute peaks appear to move faster than and ahead of
the OC isotherm.
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MODELING OF SOLUTE REJECTION IN FREEZING SOILS

by

Sorab M. Panday and M Yavuz Corapcioglu
i

INTRODUCTION.

The need to understand freezing processes in saline soil solutions has prompted
several laboratory experiments and field tests. Kay and Groenevelt (1983) noticed solute
redistribution during natural downward freezing in their field tests. However, upward
unidirectional freezing in laboratory sand column tests did not indicate any solute
exclusion from the frozen zone. This phenomenon was also observed in laboratory tests by
Baker and Osterkamp (1988). Wilson and Vinson (1983) conducted laboratory tests on
downward freezing of saline solutions in a granular soil. The degree of solute
redistribution was noticed to increase at colder surface temperatures with decreasing soil
solution salinity. Baker and Osterkamp (1988) and Kaldec (1984) further observed
increased salt redistribution with decreasing freezing rates. Diffusion seemed to be a
secondary process in solute movement. Mahar et al. (1982) report a few of their results
obtained in unidirectional freezing tests of fresh water and saline water solutions.
Mahar et al. (1983) attempted a numerical model to explain the freezing process they
observed. Their model performed well for the distilled pore water case. However, the
saline pore water comparisons with test data were not very favorable. The discrepancy
seems to stem from modeling phase change at a discrete temperature, while for saline pore
water solutions, freezing occurs over a range of temperatures and depths due to changing
solute concentrations as a result of salt exclusion from the ice phase. Other
mathematical modeling attempts of solute redistribution include the study by Osterkamp
(1987) which considers a single heat balance equation to obtain an analytical solution for
the temperature distribution. Cary and Mayland (1972) perform experiments to identify the
significant transport parameters. The Soret effect (i.e., transport of solutes due to
temperature gradients) was found to be inconclusive. Cary (1987) proposes a model to
estimate the effects of solutes on heaving. Fuchs et al. (1978) note the importance of
the osmotic potential, but neglect it in their effort to analyze the heat flow in freezing
soils. Kadlec et al. (1988) developed a model to describe the solute segregation at the
freezing front in a peatland. A critical review of studies on the processes occuring
within freezing soils is presented by Kay and Perfect (1988) in a very comprehensive
article.

Freezing and thawing of saline pore water solutions is a complex phenomenon. The
freezing process excludes the impurities from the ice phase. As a result, salt
concentrations in the unfrozen pore-water increase as freezing progresses (Hallet, 1978).
This elevated salt concentration further lowers the freezing point of the liquid water.
The influence of salt concentrations on unfrozen water content has been studied by Banin
and Anderson (1974), and Yong et al. (1979). With ice pressures being limited by the
total overburden, the capillary pressure effects between the liquid water and the ice
create water pressures which are driving forces for saline pore-water flow. Increased
solution concentrations due to salt rejection upon freezing, further cause osmotic
potentials creating additional driving forces. Diffusion and dispersion also contribute
to salt migration. Ice lenses are formed if a sufficient amount of mobile water exists to
feed them. In this study we will assume a rigid soil column. Energy transport is
governed by conduction, convection, and phase change. Phase change also indirectly

Presented at the Symposium on Frozen Soil Impacts on Agricultural Lands, Spokane,
Washington, March 21-22, 1990.

1Hydrogeologic, Inc., 503 Carlisle Drive, Suite 250, Herndon, VA 22070 and Associate
Professor, Department of Civil and Environmental Engineering, Washington State University,
Pullman, WA 99164-3001.
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Table 1. Model Equations

Conservation of mass equation of unfrozen water phase

a P Ha a K a(- (nSw) + - (n~i) - - -(w" wz 0 (1)

at pwat Bz pwg az

Conservation of mass equation of dissolved salt in the water phase

a a rac a CKa
- (flCSW) - - ( D-- - - ( - pW pgz) J 0 (2)at az az az PWg az {w z Z

Conservation of energy equation

a a a rCTKKaB
- ((pC)mT) - Lpi - (nSi) - - -- (w -Agz)
at at az "g az

-- m _ 0 (3)

Definitions of the heat capacity and the effective thermal conductivity of the soil.

(pC)m -pwCwnSw + pCinSj + (1-n)psCs (4)

Xm - nSw~w + nSfi~ + (1-n)Xs

Clapeyron equation

Pi Pw RTC L
--.- + - + - [T - TO] . 0 (5)
Pi Pw MPw To

Expressions for the characteristic retention curve, the definition of capillary
pressure, and a constraint

Sw uf (Pc) PC P!i " PW Sw+ Sf - 1 (6)

affects energy transport by changing the thermal properties (i.e., conductivity and heat
capacity) of the medium.

Mathematical model

In this study, we present a mathematical model to model the salt rejection process in
freezing saline soils.

Quantification of processes occuring during the freezing and thawing of air free
soils will be presented by employing the conservation of mass equations for the solute and
the unfrozen water and the conservation of energy equation. in Table 1, equations (1),
(2), (3), (5), (6a), (6b), and (6c) are a set of seven equations in the seven unknowns Sw
(degree of unfrozen water content), Sf (degree of ice content), Pc (capillary pressure),
pf (Ice pressure), p(pressurein unfrozen water phase), C (salt concentration) and T
(temperature), and can bi solved by using appropriate initial'and boundary conditions.
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Table 2. Model Parameters

n- 0.256

R- 8.3 J/mol./K

To- 273 K

N- 0.05844 kg. mol. [for Na C7]

Pw" 1000 kg/n3

pi- 920 kg/ 3

ps = 2500 kg/m
3

g. 9.81 n/s2

Cw- 4180 J/kg/K

Cf- 2056 J/kg/K

Cs- 940 J/kg/K

L. 335,000 J/kg

Xw- 0.59356 Ji/n/sIK

Xi- 2,253 J/m/s/K

Xs- 14.5 J/m/s/K

D- (7.0 10-9 nSw] n2/s with tortuosity accounted for.

K - 3.8 10-5 Se2 m/s where Se - Effective Saturation.

1
Sets

1+[3.9246 10" 7pc]6

Sw- 0.1 + 0.9 Se

The resulting equations are solved by using a Newton-Raphson linearization, and
implicit iterative procedure. The details of the numerical solution are given in Panday
and Corapcioglu (1990).

The test case simulated is of a 30 part-per-thousand saline solution in a 25 inches
long sand column with properties given in Table 2. Figures I and 2 show temperature and
concentration profiles over the freezing period. The temperature profile decreases the
curvature near the base after around 71 hours indicating that the sample froze to the base
as observed in the experiment. The curves given in Figure 2 indicate concentration peaks
occurring in the column. This observation initiated?a numerical experiment wherein the
diffusion coefficient was lowered by two orders of magnitude and surface freezing rates
were increased. At sufficiently high freezing rates and/or low diffusion coefficients, it
was noticed that such concentration 'bumps' are trapped at a fixed location surrounded by
higher ice saturations on either side. Such phenomenon have been observed at a field
scale level (Kay and Perfect, 1988), and are attributed to the lower freezing point of the
concentrated solution, since the concentration increase due to freezing is not dissipated
off into the soil. The temperatures however, are low enough to cause more freezing in the
less concentrated solution further below.
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L;st of Notations

C concentration of solute

Cj heat capacity of ice

Cs  heat capacity of soil grains

Cw  heat capacity of water

D hydrodynamic dispersion coefficient

g gravitational acceleration

K hydraulic conductivity

Ii thermal conductivity of ice

As  thermal conductivity of soil grains

Aw thermal conductivity of water

L latent heat of fusion for water

M molecular weight of the solute

n porosity

pi ice density

Ps density of the soil solids

Pw water density

Pc capillary pressure

pi pressure in the ice phase

Pw pressure in the ir.frozen water phase

R universal gas constant

Si  ice saturation

Sw degree of unfrozen water saturation

t time

T temperature

To  freezing point of the pure solvent

z vertical coordinate (positive downward)
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FATE AND TRANSPORT OF CONTAMINANTS IN FROZEN SOILS

0. A. Ayorinde* and L. B. Perry*

INTRODUCTION

The transport of organic compounds through soils (especially frozen soils) is
complex and is governed by many physical, chemical and biological processes which
are not yet fully understood. Prior to the current CRREL research program on the use
of artificial freezing for immobilization and decontamination in soils, few, if any,
research studies had been conducted on the fate and transport of explosive-based
contaminants in frozen soils.

The manufacture, use, and disposal of organic-based explosives at several mili-
tary bases and U. S. Army ammunition plants have resulted in the contamination of
soils and sediments with explosive residues. Some of the explosive compounds include
2,6-DNT, M-NT and O-NT. One of the environmental problems and challenges facing most
industrialized countries, including the U.S., is to develop a cost-effective and
safe method of controlling, treating and disposing of explosive hazardous/toxic
wastes. In particular, the transport of the explosive contaminants in soils and the
potential contamination of ground and surface water by these explosive residues is a
major concern to the Army. Iskandar and Houthoofd (1985) and Iskandar and Jenkins
(1985) reviewed and summarized available techniques for remedial action at uncon-
trolled hazardous waste sites, and concluded that current techniques are not ade-
quate and cost-effective for protecting ground and surface water.

In order to fill this gap, there is an urgent need for fundamental research on
other possible innovative and cost-effective techniques to treat and control haz-
ardous/toxic wastes. Iskandar et al. (1986) and Ayorinde et al. (1988) have evalu-
ated laboratory methods for the potential use of artificial freezing to decontami-
nate soils contaminated with volatile organic compounds (VOCs) and their data indi-
cated moderate success. Perry and Ayorinde (1988) and Taylor (1988) have experimen-
tally demonstrated that different types of explosive residues can be effectively
moved in water by freezing.

The objective of this investigation was to evaluate the effect of freezing on the
fate and transport of 2,6-DNT, O-NT and M-NT explosive residues in soils. This paper
describes (a) the development of experimental methods for obtaining reliable data
that can be used to model freezing-induced transport of contaminants in soils and
(b) the analytical approach used to interpret these data.

MATHEMATICAL FORMULATION

Most theoretical and experimental studies on solute or contaminant transport have
focused on transport processes in repacked laboratory soil columns assumed to be
relatively uniform. Transport in such nonfreezing soils during a steady state flow
is generally predicted fairly well with an advection- or convection-dispersion sol-
ute transport equation (Freeze and Cherry, 1979):

R(ac/at) = D(a 2 C/aZ 2 ) - v(ac/3z) (1)

where

c - dissolved contaminant concentration (kg/n3)
R - retardation factor

* U. S. Army Cold Regions Research and Engineering Laboratory, Hanover, New
Hampshire 03755-1290.
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D = dispersion coefficient (m2/sec)
v - average pore water velocity (m/sec)
z - distance (m)
t - time (sec).

It should be noted that Eq. (1) was derived based on the assumption of a homogeneous

porous medium under saturated conditions for which

=E/z - 0 (2)

where

0 - volumetric pore water content (m3/m3).

To better understand the transport of solutes or contaminants in nonfreezing
soils, Eq. (1) is commonly used to analyze the breakthrough curve (BTC) data ob-
tained in a soil column experiment. However, due to the assumptions of soil or por-
ous medium homogeneity and full saturation, Van Genuchten and Wierenga (1977) and Yu
et al. (1984) have shown that, in most cases, the experimental BTC tends to drop
more slowly than Eq. (1) predicts. Nonetheless, BTC data can provide an insight into
the fate of the contaminants as they move through soils. Hence, BTC data were gener-
ated for 2,6-DNT, O-NT and M-NT explosives during the soil column tests in which
freezing was used to move these contaminants in Lebanon silt. In this paper, no at-
tempt was made to use Eq. (1) to predict and model the experimental BTC data.

EXPERIMENTAL APPROACH AND PROCEDURES

Sample Preparation

A detailed description of the test apparatus and the procedures for sample prep-
aration and preparation for contaminant spike solution is given by Ayorinde et al.
(1989). Four sample soil columns were prepared using Lebanon silt and a 7-cm-OD by
0.325-cm-thick by 12.5-cm-high Lucite cell into which the Lebanon silt was carefully
packed. A spike solution of the explosive contaminants was made by adding 2,6-DNT,
O-NT and M-NT explosive residues to 200 mL of Milli-Q water, and the resulting solu-
tion was poured into a 2-L carboy in which the solution was mechanically mixed for
about 24 hours. Before backsaturating the soil columns with the spike solution, the
contaminant concentration was measured for each of the explosive contaminants. The

expected and measured concentrations for each of the explosive residues were 20 mg/L
and 10 mg/L, respectively. The difference was probably due to biodegradation that
took place before the backsaturation was performed.

One column was used as a control (column E) while the other three columns (col-
umns F, G and H) were used as replicates for the explosive-contaminated soil. Each
Lucite column was packed with oven-dried Lebanon silt to an average density of 1.67
g/cm 3 and a porosity of about 36%. The packing was done in 2-cm layer lifts to
achieve relatively uniform density throughout the column. Once the test cell was
full, an end cap was placed with the filter on top of the soil, and the cell was
sealed. Both the bottom inlet and the top outlet were then attached with three-way
control valves fitted with Teflon tubing. A typical Lucite test cell used for the
experiment is shown in Figure 1 with a soil sample height of 12 cm.

Racksaturation Method and Breakthrough Curve Procedure

To obtain a reasonably uniform distribution of the contaminant concentration

through each soil column prior to freezing, each column was backsaturated slowly
with 10 pore volumes of spike solution. An increment of 0.5 pore volume was used un-

til a total of 10 pore volumes was reached. The backsaturation apparatus used is

shown in Figure 2. The burette with the spike solution was connected to the Lucite
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Figure 1. Typical Lucite soil test Figure 2. Backsaturation apparatus.
cell

soil columns using the Teflon tubing to form a closed loop as shown in Figure 2. The
burette was placed high above the soil columns to provide enough head to move the
spike solution very slowly through the soil from the bottom up. Two soil columns
were simultaneously backsaturated at each time. During the backsaturation of a new
set of soil columns, previously saturated columns were kept inside the environmental
chamber. The incremental volumes of the effluent solution collected from each column
outlet at known periods of time were carefully measured.

For each incremental pore volume, the inlet solution at the bottom of each soil
column and the outlet solution at the top of the column were continuously monitored
and collected for chemical analysis. HPLC was used to measure the concentration lev-
els of the explosive contaminants in the collected solution based upon the procedure
developed for determining nitroaromatics and nitramines (Jenkins et al., 1988). As
shown schematically in Figure 2, the inlet solution from the burette is identified
as AB~n, while the effluent solution coming out of samples A and B are identified as
A0u€ and Bout, respectively. The concentrations of Aouc and B out were averaged and
used to generate the BTC for each contaminant.

After the flow of 10 pore volumes of the spike solution, the soil was assumed to
be fully saturated, and both tae inlet and outlet valves were closed. The soil sam-
ple columns were then placed in the environmental chamber for subsequent one-dimen-
sional freezing from the bottom up.

Sample Freezing and SamSlnp Methods

Ayorinde et al. (1989) provides a detailed description of the sample freezing and
sampling methods used in this experiment. The environmental chamber that housed the
four explosives-contaminated saturated soil columns was maintained at +1. 00Cthroughout the experiment. Prior to freezing, all the soil columns were equilibrated
at +s.00C for 48 hours. Soil columns F, G, and H were frozen bottom up by means of a
large cooling plate inside the environmental chamber, while the control column E was
kept unfrozen throughout the test. Using another large cooling plate placed on top
of the four soil columns, the top end boundary temperatures of the columns were
maintained at +1.0eC.

The freezing of the soil columns was gradual and was from bottom'up in order to
eliminate the possible effect of gravity on the mobility of contaminants. Using the
bottom plate cooling rate of about 0.4°C per day to freeze the soil columns, an ap-
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proximate freeze rate of 0.5 cm/day was achieved. Because of the good temperature
control of the environmental chamber, one-dimensional vertical freezing of the soil
columns was also achieved. Columns F, G and H were frozen approximately halfway (6
cm) from the bottom.

At the end of the freezing process, all soil columns were taken out of the en-
vironmental chamber and flash-frozen in liquid nitrogen. The soil samples were thin-
sectioned to provide estimates of the soil solute concentration profile. To do this,
frozen soil columns were transferred to a coldroom and cut vertically in half as
shown in Figure 3. One half was kept in the freezer, while the other was cut into 1-

cm-thick sections on a band saw as depicted in Figure 4.

Two sample duplicates of each thin section were obtained, representing about 2/3
of each thin section made from 1/2 of the original sample. The remaining 1/3 of the
thin section was used for estimating the sample moisture content profile. The thin-
section sample duplicates were placed inal sl glascintillation vials to be ex-
tracted for chemical analysis. About one milliliter of the extract was then trans-

ferred into mini-autosampler vials for direct concentration determination using
HPLC. By this procedure, the concentration profile of the contaminants along each
soil column was obtained.

ANALYSIS OF TEST DATA

Actual theoretical analysis of the BTC data or the freezing-induced explosive
contaminant transport in Lebanon silt was not performed in this paper. Such an anal-
ysis for the BTC data would require the use and solution of the advection-dispersion
oquation given by Eq. (1) with sorption and biodegradation terms. For the freezing-
induced transport of the explosive contaminants, Eq. (1) with sorption and biodegra-
dation terms would need to be coupled with the thermodynamic energy equation involv-
ing heat transfer with phase change. The resulting set of equations would be very
complex and difficult to analyze. However, Eq. () can be used to explain the BTC
characteristics for each explosive contaminant employed for the test.
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Breakthrough Curve Data Analysis

During the transport of contaminant or solute in soils, the solute movement is
usually slowed as a result of sorption or ion exchange, precipitation, or other geo-
chemical reactions. The slowing of solute movement in soils is referred to as "re-
tardation." For the BTC analysis, the retardation, coefficient (R) in Eq. (1) for
each type of the explosive contaminant used can be obtained from the following equa-
tion (Freeze and Cherry, 1979):

R - 1 + Kp(Pd/e) (3)

"ihere Pd is the dry bulk density of the soil (g/cm3), 0 is the volumetric water con-
tent (cm3/cm3), and K is the partition coefficient (cm3/g), which relates mass of
contaminant sorbed per unit mass of soil to the concentration of contaminant in so-
lution at equilibrium. The dry bulk density was 1.67, g/cm 3, 0 was obtained by di-
viding the average soil moisture content by the volume of the Lucite test cell shown
in Figure 1. However, K. (not calculated in this paper) has to be determined sepa-
rately from typical adsorption tests.

Breakthrough curves are often plotted with pore volumes (PV) of flow on the ab-
scissa and the relative concentration (C/C0) of the contaminant on the ordinate, as
shown in Figure 5. CO was obtained by averaging each explosive initial concentration
determined from the incremental inflow pore volume. PV represents the cumulative
quantity of inflow divided by the volume of the void space (Vv) in the soil. Vv is
equal to the soil column average porosity of 0.36 multiplied by the volume of the
soil column, using the soil column dimensions of 12 cm high and 7 cm in diameter in
Figure 1.

A nonfreezing-induced advective transport of contaminant through soil can be as-

sumed to occur according to Darcy's law:

Q - kiAt (4)

where Q is the volume of liquid flowing through a soil column with a hydraulic con-
ductivity k and a cross-sectional area A over a period of time t, when the hydraulic
gradient that drives the flow through the soil column is i. By carefully monitoring
accumulative Q with time, BTCs were generated. For our tests, there was a pressure
difference of about a 50-cm head of water across the 12-cm-high soil column. Since
1-cm head of water corresponds approximately to 9.806 x 10-2 kPa pressure, then a
50-cm water head yields a pressure differential of about 5 kPa. Hence, the hydraulic
gradient is approximately 0.4 kPa/cm. From Eq. (4), values of the hydraulic con-
ductivity can be estimated, and a plot of the relative concentration (C/C0) versus
hydraulic conductivity (k) can be obtained. This was not developed in this paper.
Daniel et al. (1988) used the C/C0-versus-k plot to estimate the "effective poros-
ity" of a clayey soil. By definition, effective porosity is a measure of the volume
of the soil pores that conduct most of the flow divided by the total volume of the
soil, since pores of various sizes and degrees of connectivity exist in soils.

Freezing Soil Column Data Analysis

A detailed analytical procedure used to interpret the soil freezing data is given
by Ayorinde et al. (1989). As noted earlier, the purpose of the experimental inves-
tigation was to test the hypothesis that freezing can move explosive contaminants in
soils just as it has been dimonstrated for water (Perry and Ayorinde, 1988; Taylor,
1988). For our investigation, two simple analytical approaches were adopted to ana-
lyze the measured concentration d&ta.

The first approach compared the average of the concentration profile for the
frozen bottom half (0-6 cm) of the freezing-treated columns (columns F, G and H)
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with the corresponding average concentration for the bottom half (0-6 cm) of the un-
frozen control column (column E). It was pointed out earlier.that the columns F, G
and H, which were subjected to freezing, only froze to about 6 cm from the cold bot-
tom ends of the columns. The bottom-half average calculated concontration was each
normalized with respect to the mean concentration value (Ctmean) for the whole height
of the unfrozen control column E. Normalization was done in an attempt to minimize
inherent variability in the measured data arising from unavoidable variations in
measurement, sampling, sample preparation and soil heterogeneity. The difference
between the frozen column normalized concentration and that of the unfrozen control
column was expressed as the percent normalized reduction in concentration as silown
in Table 1.

The second analytical method used the Student t statistical significance test to
compare (Bauer, 1971; Draper and Smith, 1976) the regression slope of the concentra-
tion profile for the unfrozen control column with that of the average concentration
profile for the three frozen columns for each analyte. All the data for the three
replicate frozen columns were combined. The combined data were least-squares fitted
to estimate the frozen slope. Duplicate values at each location were used for the
control column.

Table 1: Approximate changis in explosive contaminant concentration in Lebanon
silt presumably induced during freezing* (approx. freezing front location - 6
cm from bottom end).

Unfrozen Norm. avg. Avg. Norm. avg. Norm.*
Distance control control frozen frozen reduction

Type from sample sample sample sample sample in conc.
of Bottom conc. conc. conc. conc. (Ct-Cf)/Ctmean)

contaminant (cm) (Ct) (Ct/Ctmean) (Cf) (Cf/Ctmean) (%)

2,6-DNT Bottom-Half 5.86 1.05 4.96 0.89 16.10
(0-6 cm)

O-NT Bottom-Half 3.21 1.07 2.00 0.67 40.36
(0-6 cm)

M-NT Bottom-Half 4.04 1.08 2.65 0.71 37.19
(0-6 cm)

* Calculated concentration changes were obtained by dividing each column into
two equal segments, and by averaging concentration profile over the bottom
frozen half segment.

Table 2: Comparison between the regression sl.opes of contaminant
concentration profiles for control, and combined frozen silty soil
columns using t-test significance analysis

Combined t-test Octanol-water
Type Control frozen signif. partition
of slope slope level coefficient General

contaminant 11g/g per cm gg/g per cra (%) (Kow) comment

2,6-DNT -8.92E-02 -2.99E-02 76.0 97.0 NS; < 95%

MNT -1.07E-01 -6.70E-03 97.5 263.0 S; > 95%

ONT -7.85E-02 -1.17E-03 96.5 199.5 S; > 95%

S - Statistically significant difference between slopes

NS - No statistically significant difference bbtween slopes

* Values obtained from Hansch and Leo (1979), Leggett (1985) and

Jenkins (1986).
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For each analyte, a value of t was calculated based on the slope comparison anal-
ysis,'and the significance level of the difference between the slopes was obtained
from the Student t table. A significance level of less than 95% was considered in-
significant for any difference between the slopes for the control and frozen sets of
data. A probability level of equal to or more than 95% was considered significant.
The results of the comparison between the regression slopes for the frozen and con-
trol concentration profiles are summarized in Table 2.

RESULTS AND DISCUSSION

The experimental breakthrough curves for 2,6-DNT, O-NT and M-NT are shown in
Figures 5, 6 and 7. These curves depict the increasing relative concentration (C/C0 )
with increase in pore volume of flow (PV). Combined plots of the BTCs for the three
explosive contaminants are also shown in Figures 8 and 9. Figure 8 and Figure 9
indicate that breakthrough occurred earlier for M-NT than for both O-NT and 2,6-DNT.
Both 2,6-BNT and O-NT appeared to break through at the same time around two pore
volumes, while M-NT broke through at about one-and-half pore volumes. This strongly
suggests that M-NT is more mobile in Lebanon silt than either O-NT or 2,6-DNT.

Figure 10 shows a composite of the soil moisture content profiles for unfrozen
control sample and the three replicate frozen samples used as triplicates involving
the explosive contaminants. The moisture profiles for these four samples appeared to
agree very well within the measurement accuracy, in spite of several variabilities
inherent in a complex nonhomogeneous system such as soil.
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0 0
0 2 4 6 8 10 0 2 4 6 8 10

PV, Pore Volume PV, Pore Volume

Figure 5. Breakthrough curve for 2,6-DNT. Figure 6. Breakthrough curve for O-NT.
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Figure 7. Breakthrough curve for M-NT. Figure 8. Combined breakthrough curves
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Concentration profiles for 2,6-DNT are depicted in Figure 11. Very little data
scatter along the sample height for control and frozen sample profiles was observed
for 2,6-DNT. The statistical analysis of the 2,6-DNT yielded low values for standard
deviation (STD) and coefficient of variation (CV). Despite the low STD and CV val-
ues, only about 20% concentration reduction was calculated for 2,6-DNT, indicating
no appreciable movement caused by freezing. In addition, a comparison of the regres-
sion slopes between control and frozen samples for 2,6-DNT showed that there was no
statistically significant difference between the slopes at the 95% confidence level
(Table 2). The average initial concentration for 2,6-DNT was approximately 5.6 jLg/g.
At such a low concentration, the effect of sorption and biodegradation may be sig-
nificant enough to adversely impact the freezing-induced mobility of 2,6-DNT.

Figures 12 and 13 compare the concentration profiles between the control and
frozen samples for O-NT and M-NT, recpectively. Comparing the control and frozen
samples, the norm-lized concentration reductions within the frozen portion were
about 40% for O-NT and about 37% for M-NT (Table 2). The lengthwise data scatter for
both analytes was minimum, and the STD and CV values appeared to be uniform along
the sample height. The average initial concentrations for O-NT and M-NT were 3.0
jLg/g and 3.75 Ig/g, respectively. Using the Student t-test significance analysis,
the regression slopes of the concentration profiles for control and frozen samples
were compared. It was found that there was a statistically significant difference
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between the slopes at 95% confidence level for both O-NT and M-NT as shown in Table
2. Hence, the resulting data strongly suggest that M-NT and O-NT were moved in
Lebanon silt when subjected to one freezing cycle at a freezing rate of 0.5 cm/day.

CONCLUTNS

From the experimental study, the following conclusions were drawn:

1. For one freeze cycle, about 40% reduction in concentration was obtained for M-NT
and O-NT, respectively, with less than 20% reduction for 2,6-DNT.

2. At an average freeze rate of 0.4 cm/day, statistically significant movement was
observed for M-NT and O-NT but not for 2,6-DNT.

3. For given freeze rate, freeze-thaw cycles, soil and soil moisture, it was postu-
lated that the ability to move a contaminant by freezing strongly depends on the
type, initial concentration level and the soil/chemical interaction of the contami-
nant. Also the ability to easily detect each contaminant in the soil affects how to
assess whether or not freezing moves a given type of contaminant.
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EFFECTS OF FREEZING ON SULFATE SALTS IN NORTH DAKOTA SOILS AND WETLANDS

by

J.L. Richardson, J.L. Arndt and J.W. Enz'

INTRODUCTION

Cooling and freezing are techniques used in the sulfate salt industry to separate
Glauber salts (mirabilite Na2SO4 . 10H 20) from Epsom salts (epsomite MgSO4 . 7H.O) and other
brine constituents (Last and Schweyen, 1983). Figure 1 presents the temperature dependent
solubility relationships and stability fields of the major Mg and Na sulfate salts. By
controlling density, temperature and brine composition a nearly pure sodium sulfate can be
harvested. In saline seeps the stability of sulfate evaporite minerals and the relative
abundance of their associated ionic constituents in soil extracts is also strongly affected
by temperature changes (Keller et al., 1986a, 1986b; Timpson et al., 1986; Timpson and
Richardson, 1987). A similar but annual separation of Mg and Na salts should occur in
soils and pond water during fall and winter freeze-up if the solution has sufficiently high
salt content and contains abundant sulfate.

Halite

2

TEMPERATURE (C)

Figure 1. Relationships between solubility and temperature for some common efflorescent
salts (after Timpson et al., 1986).

Freezing of saline lakes can also have other unexpected consequences. Sublimation, the
transition of a substance directly from the solid state to the vapor state, may explain the
observed release of crystalline salts from the ice of a saline pond emplaced in ice-thrust
hummocky moraine in east-central North Dakota. During early winter sampling of this pond
we noted drifts of salt on the ice surface in emergent vegetation. The dune-like
appearance and position of the salt on top of the ice plus the absence of other salt
sources suggests that original ice-entrapment of salt occurred. The entrapment was
followed by later release through sublimation of the pond ice (Arndt and Richardson, 1985).

This paper investigates the influence of freezing of sulfatic waters on salinization
and segregation of Mg and Na in a natural setting associated with brackish to saline ponds
in east-central Nelson County, North Dakota.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.

'Professor, Research Assistant, and Professor, Soil Science Department, North Dakota
State University, Fargo, North Dakota 58105.
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PROCEDURES

The identity of evaporite salts collected in winter was determined by x-ray diffraction
using the techniques of Keller et al. (1986a). Monthly to bimonthly samples of near-
surface groundwaters were collected from hydric soils peripheral to the saline and brackish
wetlands using several passive, capsule-type groundwater collectors (Arndt and Richardson,
1988, 1989). The study wetlands are emplaced in calcareous, sulfate-rich till typical of
the Northern Plains, the weathering of which results in strongly sulfatic groundwater
(Hendry et al., 1986). Electrical conductivity (EC), pH, and soluble ions (C03 , HCO3 , Cl,
SO4, Ca, Mg, Na, and K) were determined in salt (dissolved in a known quantity of deionized
water), ice, and water samples using standard methods (Soil Survey Staff, 1984).

To investigate the magnitude of sublimation as a potential source of crystalline salts
over winter, direct measurements of weight loss due to ice sublimation from white plastic
pans filled with water and frozen were made during January of 1985 and 1987. Days where
snowfall covered the pans and days where the temperature was above freezing were excluded
from the results.

RESULTS AND DISCUSSION

Sublimation ranged from 0.06 to 0.69 mm H20 per day during 12 days in January, 1985.
During January, 1987 sublimation ranged from 0 to .0.73 mm H20 per day during 18 days. The
average for all measured days was 0.31 mm per day, a value probably inflated because days
with precipitation (snow) or days with periods above freezing were excluded. However, when
related to a 20 acre (8 ha) pond similar to the saline pond (20) (Table 1), this represents
a loss of over 25,000 L.day"' of water. If the concentration of salt in the ice is 10 g.L"

(EC approx. 10 ds.m", Table 1), this represents a release of over 250 kg.day"1 of salt from
this wetland. Even if sublimation values are halved, the potential exists for large
quantities of slat to be released.

Table 1. Conductivity and relative ionic compositi6n* of unfrozen water, ice, and aeolian
salt from wetlands 20 and 18.

EC " Alk** Ca Mg Na
Wetland # Sample dS/m ---- % Anions --- --- -% Cations- ---

20 Fall 18.3 96.3 1.2 4.6 42.5 50.9

Icel 11.1 95.8 2.6 6.8 40.5 51.4
Ice2 13.7 95.1 2.9 3.5 47.0 46.3
Ice 3 8.0 93.5 4.7 4.4 46.3 47.7

WinterI 44.0 94.7 3.5 2.1 54.5 42.3
Winter 2  61.9 95.4 2.5 1.5 59.7 37.3
Winter 3  40.6 93.2 5.0 2.7 55.9 42.3

Salt - 96.5 2.6 8.6 26.1 64.5

18 Fall 2.6 62.4 30.5 19.9 36.1 40.8

Winter 9.9 84.3 10.3 16.5 51.5 30.2

* mmol (+/-)L basis.

** Alkalinity (Alk) includes HCO3 and CO3.
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The effect of freezing as a concentration mechanism can be seen in the conductivity and
the relative ionic composition of selected water and salt samples from both the brackish
wetland (18) and the saline wetland (20) (Table 1). The data from wetland (20) show that
the EC of surface ice was two-thirds that of fall water, yet winter water collected under
the ice exhibited conductivities 2 to 3 times greater than fall. Similar trends are noted
in wetland (18). These data suggest that dissolved solids are exiting from freezing
solutions as ice forms and are being concentrated in water underneath the ice. Thompson
and Nelson (1956) describe similar conditions.

Differences in the relative amounts of major ions among salt, water, and ice samples
indicate that some ions are being concentrated more than others, suggesting a geochemical
control on the levels of certain ions with progressive concentration through freezing. In
the less saline conditions of wetland (18), SO4 and Mg are increasing in pondwater at the
expense of alkalinity, Ca, and Na. A similar trend is noted in the saline samples of
wetland (20), except that differences between SO4 and alkalinity are minor at these high
concentrations. A model developed by Hardie and Eugster (1970) to explain the evolution of
closed basin brines by evaporation predicts that with progressive concentration the
relative amounts of alkalinity and Ca with decrease; however, in these solutions Na seems
to be controlled also. An x-ray analysis of the salt collected on top of the ice indicated
a dominance of mirabilite, epsomite, and gypsum (CaSO4. 2H20) with smaller amounts of
calcite (CaCO3). Thenardite (Na2SO4) was essentially absent. Mirabilite and epsomite are
common, extremely soluble Na and Mg sulfate salts and are not normally expected to exist in
,quilibrium with any but the most saline solutions.

Freezing, however, acts as a concentration mechanism active in saturated soils that
removes water from solution and can cause even very soluble minerals to precipitate. At
30*C, epsomite and mirabilite have similar solubilities (Fig. 1). The solubility of each
decreases with temperature. However, at 0'C mirabilite is one-fourth as soluble as
epsomite. In sulfatic solutions where Na and Mg concentrations are high, mirabilite should
precipitate before epsomite upon freezing. The salt collected from the surface ice is
enriched in sodium, a further indication that mirabilite precipitation occurs prior to
epsomite. Under conditions of extreme concentration of sulfatic solutions, mirabilite
:caturation may act to control, the activity of Na in the same way that gypsum saturation
controls Ca activity. This would allow the more soluble Mg-sulfates to accumulate in
unfrozen water.

Freezing from the surface downward may concentrate dissolved solids at depth in a
saturated soil and alter soil-solution composition in much the same way, affecting mineral
precipitation and wetland soil morphology. Data from groundwater extractors in the shallow
marsh of wetland (20) show an enrichment in magnesium over sodium with depth similar to
that seen in the ice and pondwater samples. However, more data from these extractors is
needed to show clearly that depth-dependent changes in soil-solution composition occur
because of freezing.

CONCLUSIONS

Sulfate minerals frequently contain waters of hydration in their crystal structure.
The hydrogen bonds associated with these waters of hydration are exceedingly temperature
dependent; therefore, differential solubility of sulfate salts occurs in saline, high
sulfate soils. Mirabilite, dominant in salt released from the ice of the saline wetland,
in particular changes solubility with temperature. Freezing concentrates the soil solution
to levels that may result in mirabilite precipitation. The mineral precipitation sequence
that occurs at or near freezing apparently can segregate ions in soil profiles. Because of
their greater solubility magnesium minerals do not form until later in the freezing
process. Thus Mg may be concentrated over Na in the soil solution or in pond water during
freezing.

We hypothesize that in saline soils high in sulfate, top down freezing tends to
maximize the sodic influence by removing magnesium; the result is that a matric or sodium
affected soil can occur with lower amounts of sodium ions present than in an unfrozen soil
or in a soil high in chloride salt where temperature dependent solubilities are not as
important.
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AN SCS PERSPECTIVE ON USING RESEARCH MODELS IN PLANNING
AND APPLYING CONSERVATION MEASURES

Lee P. Herndon iL

INTRODUCTION

The 1990s promise to be an exciting time for soil and water
conservation professionals. The development of powerful
microcomputing capability will make possible utilization of the
latest technology to solve problems occurring in agricultural
ecosystems in ways heretofore considered impractical. Efficient
access to remote data base information, combined with onsite data
gathered by conservationists, will fuel the engines of predictive
models carried to the field with these microcomputers. Such
"real-time" analysis of soil and water conservation problems will
provide SCS and others an invaluable tool in providing better
service to decisionmakers in protecting and enhancing the
Nation's natural resources.

SOIL AND WATER CONSERVATION PRIORITIES

Soil and water conservation priorities have been identified
for the next decade that will guide the development of specific
technology aimed at solving complex agricultural ecosystem
problems. USDA, through its National Program for Soil and Water
Conservation, will focus its overall efforts in two general
areas:

1. Reducing damage caused by excessive soil erosion on
rural lands; and

2. Protecting the quality of surface and ground water
against harmful contamination from nonpoint sources and thereby
maintaining the quantity of water available for beneficial uses.

In addressing USDA a top priority item, damage from soil
erosion on rural lands, offsite (as well as onsite--the primary
concern in the past) will be considered. Consequently,
activities undertaken by action agencies within USDA will be
primarily tuned to developing, transferring, and applying
technology that will alleviate such damage.

ROLE OF SCS IN ADDRESSING PRIORITIES

The primary mission of SCS has always been to provide
national leadership in the conservation and wise use of soil,
water, and related resources through a balanced, cooperative
program that protects, restores, and improves those resources.
The role of SCS professionals is to cause actions to occur that
are compatible with the dominant mission. In accordance with the
priorities established by the National Conservation Program, SCS

is taking a leadership role in ensuring that conservation
provisions of the 1985 Food Security Act (FSA) are carried out.

Paper presented at the Frozen Soil Symposium, Spokane,
Washington, March 21-22, 1990
I/ National Agricultural Engineer: USDA SCS, Washington, D.C.
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This Act, through the Conservation Reserve and the Highly
Erodible Lands provisions, establishes a commitment to protect
the Nation's cropland from excessive damage due to erosion. SCS
is now devoting a major part of its fundr and resources in
efforts to help reduce erosion on highly erodible cropland. For
the purposes of the Act, highly erodible cropland (HEL) is land
that has an erodibility index of 8 or more based on factors from
either the Universal Soil Loss Equation (USLE) or the Wind
Erosion Equation (WEQ) (i.e., RKLS/T or CI/T equals or exceeds 8)
(USDA, 1978; Woodruff and Siddaway, 1965).

SCS ACTIVITIES PLANNED FOR IMMEDIATE FUTURE

Among other activities associated with these priorities, SCS
provides technical assistance in planning and applying
conservation systems for this highly erodible cropland. In
carrying out their responsibilities, SCS professionals must have
up-to-date knowledge of the complex processes of wind and water
erosion. Over the next several years, conservation plans
incorporating this knowledge must be applied on about 140 million
acres of highly erodible cropland.

This symposium concerns frozen soil and its impact on
agricultural lands. About 70 percent of the cropland identified
as highly erodible land (HEL) is potentially subject to freezing
and thawing--roughly that area north of the 38 degree North
Latitude line but the high mountain ranges of New Mexico,
Arizona, and California. Therefore, knowledge of the complex
phenomena associated with this aspect of erosion is also
necessary for proper planning and application of all conservation
measures in these areas of the country and is directly relevant
to complete and comprehensive treatment of lands identified as
highly erodible.

USE OF MODELS IN PLANNING AND APPLYING CONSERVATION WORK

The term "model" is often misunderstood, connoting different
meanings to soil and water conservation professionals in
different agencies. Furthermore, the utilization of modeling to
help fashion additional conservation tools to solve soil and
water consorvation problems is likewise often fraught with
difficulties related to such things as misapplication of the
model for the purposes intended and/or disagreement over who (in
most instances, which agency) should be responsible for ensuring
a specific model's proper utilization in developing conservation
tools.

Models in the soil and water profession are often
constructed to represent, in a relatively simple manner, more
complex processes associated with physical phenomena or ideas in
hopes that such phenomena or ideas can be better explained,
predicted, or manipulated in some way (Rubenstein, 1975; Kaye,
1982). Modeling procedures and techniques are well understood by
professional researchers, but not so well understood by
conservationists outside of the research profession or others
engaged primarily in using technological tolls based on models to
plan and install conservation measures. Additionally, over the
years, confusion has developed regarding the appropriate use of
these technological tools, based on models, by personnel in
action agencies. We have all heard complaints such as ". .. too
data intensive. . ." or ". . .gives answers that do not seem to
correspond with field conditions. . .
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It is important that SCS utilize various soil- and water-
related models in conservation planning and application.
However, to be useful, easily understood procedures based on
modeling efforts vust be developed for obtaining appropriate
answers to problems occurring in agricultural ecosystems. With
today's computing equipment, this often means that user-friendly
computer programs must be built to support the technology
imbedded in models.

Consequently, it is vital that research agencies, academic
personnel, and user groups (such as SCS) work closely together to
forge proper conservation tools from the raw material of basic
research models. Over the last several years, a remarkable and
extremely effective partnership between the agricultural
scientific and academic communities and user agencies has been in
existence. This effort has involved translating the basic
technology being developed by the Agricultural Research Service
(ARS) for the Water Erosion Prediction Project (WEPP) into
useful, user-friendly computer software to be employed by SCS
conservationists in planning and applying soil conservation
practices. Designed to eventually replace the Universal Soil
Loss Equation (USLE), WEPP will be the cornerstone of SCS
conservation planning efforts for well into the 21st century. The
development of an operational computer program (OCP) for portions
of the WEPP model will help ensure timely and successful
implementation of this technology at the field level of SCS. A
similar effort will be needed to translate technology now being
developed by ARS under the Wind Erosion Prediction System (WEPS).

USE OF WEPP AS A "TEMPLATE" FOR SOIL AND WATER MODELS

An important part of WEPP technology involves ascertaining
comprehensive knowledge of freeze-thaw relationships. We expect
the work of ARS researchers, SCS engineers, and others equally
involved in studying these relationships to be effectively
utilized in WEPP. But beyond the considerations involved in
specific components of WEPP, such as freeze-thaw relationships,
it is even more important to use WEPP as a "template" for other
soil and water conservation efforts, such as will be required in
the water quality arena, to determine the requirements of the
user community prior to beginning models efforts.

Publication of the booklet "U1ser Requirements: USDA - Water
Erosion Prediction Project (WEPP)" was a precedent-setting event
in ascertaining the requirements of the user community for
research into new technology (USDA, 1987). Such a study should
be made for each and every major soil and water research effort
undertaken in the future. Which involved agency initiates such
an effort is not as important as ensuring that the work is
accomplished.

SCS practioners, ARS researchers, academic personnel, and
others should begin now to proactively seek out opportunities to
take advantage of the new WEPP technology. With the idea in mind
that it is best to conserve soil rather than prevent erosion, a
subtle mind set that may one day portend a paradigm shift in
attacking soil and water conservation problems, we can begin the
process of "inventing" conservation systems that are more
holistic in nature. This process will require major new research
efforts and the continuing close cooperation of all of us
involved in soil and water conservation.
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FUTURE RESEARCH WEDS

The recently published 1989 "Soil and Water Conservation
Research and Education Progress and Needs" report identified high
priority research needed to address some of the most important
soil and water conservation priorities of the 1990s (USDA, 1989).
Completion or initiation of research models associated with these
higk priority needs will require close attention by ARS
researckers, academic personnel, and SCS professionals. It is
intended that each of the items listed in the report be assigned
to someone in SCS so that progress in completing the items can be
monitored and so that ancillary problems (and opportunities)
associated with the items can be identified at the earliest
possible stage. We in SCS foresee an era of extraordinary
cooperation between ourselves and the research community in
completing high priority and high quality research needed to
further the objectives of soil and water conservation in the
United States.
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FROZEN SOIL IMPACTS: RESEARCH NEEDS

by

R.I. Papendick and K.E. Saxton

INTRODUCTION

The purpose of frozen soil research on agricultural and forest lands should be to
develop new knowledge and technologies that can help provide management strategies for
overcoming the adverse effects of soil freezing and thawing on production and environment
while at the same time enhancing the beneficial effects. As this symposium has made clear,
frozen soil is a natural occurrence on a large percentage of the world's land areas which
are under cultivation, or in grasslands and forests. It is these lands that produce food,
fiber, and wood products for over a third of the world's population and it is likely that
demands on this particular resource base will continue to increase. Some of the world's
most productive soils and agroclimatic zones are found where frozen soils occur. It is
also where some of the most fragile soils and ecosystems exist.

Because soil freeze/thaw action can dramatically affect many of the objectives of
farm, range, and forest management practices, it imperative that frozen soil impacts be
given a high level of research attention. Soil freezing is especially an important factor
influencing broad scale hydrologic occurrences, and thus, soil water conservation, stream
flow, soil water recharge, surface and groundwater storage, soil erosion, and nutrient
loss. It can also be an important factor influencing plant survival during the winter.
For example, prolonged frost combined with cold winds can desiccate and kill winter wheat
and other fall-planted crops. In the Pacific Northwest, soil heaving from freeze action
can cause wounds in winter wheat roots which may lead to increased infection by the soil-
borne pathogen Cephalospnrium gramineum and result in serious crop losses.

Clearly a wealth of knowledge exists on soil freeze/thaw processes, predictability of
freeze/thaw occurrences, frost measurement techniques, and effects of frost on soil
properties. There are also some excellent research simulation models available, such as
those of Benoit and Mostaghimi (1985), Cary et al (1978), and Flerchinger nd Saxton
(1989), which can predict the influence of managem..t practices on the depth of soil
freezing, and water and solute movement. However, it is also evident that there are major
knowledge gaps which limit application of technologies for management of frozen soil
effects on agricultural, range and forest operations. There is also an urgent need for
improved transfer of technology that can assist land use planners and land users in coping
with frozen soil impacts.

RESEARCH RECOMMENDATIONS FOR THE FUTURE

Priorities for frozen soil research should be a part of or aligned with problem-
solving research on existing or emerging major issues in the management or use of
agricultural, range and forest lands. For example, major problems confronting farmers in
many regions include excessive runoff and soil erosion, low water and nutrient use
efficiency, and pollution of surface and groundwater by pesticides and agricultural
chemicals. Floods from winter and early spring snow melt can cause severe damage to
farmlands, homes, and urban developments, and also create problems in the management of
rangelands and forests. Frozen soils can impact all of these problem areas and must be
considered in any research plan for potential solutions.

Presented at the Frozen Soil Symposium, March 21-22, 1990; Spokane, Washington.
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Some suggested areas of high priority research are listed as follows:

1. Determine the effect of soil freezing on infiltration rate and runoff of rain and snow
melt.

While it is possible to reasonably well predict depth and duration of soil freezing
with simulation models it is not yet possible to adequately predict the infiltration and
runoff of rain and snow melt on frozen and partially thawed soils. This predictive
capability needs to be developed and incorporated with freeze/thaw simulation models to
account for the influences of surface conditions, tillage and residue management, slope
characteristics, frost type, and antecedent soil moisture on infiltration and runoff from
frozen soils. The enhanced model should be applicable to forest and rangelands as well as
croplands.

2. Incorporate soil freeze/thaw effects in hydrology and erosion prediction modeling.

Continued effort needs to be given to determining and mathematically describing the
effects of freeze/thaw process on runoff and soil erosion by water. Attention should be
given to establishing relationships between soil shear strength, and critical hydraulic
shear as affected by freeze/thaw cycles for different soil types and runoff conditions.
These inputs need to be incorporated into models such as WEPP to improve their performance
on frozen soils by accounting for effects of freeze/thaw process on runoff, and rill and
interrill soil erodibility values.

3. Determine the effect of soil freezing and thawing on overwinter water and solute
movement and soil biological processes in relation to surface and groundwater contamination
by agricultural chemicals.

There is considerable evidence that freeze/thaw action can cause significant effects
on soil hydrologic processes which in turn influence chemical transport. However, the flux
rates and magnitudes of chemical leaching from rain or snow melt during freeze/thaw periods
in relation to management practices are poorly understood. Soil freeze/thaw prediction
models such as that of Benoit or SHAW should be expanded to include chemical and microbial
transformations and movement of nutrients and pesticides for representative wintertime
conditions including where there is ephemeral freezing and thawing. The model should serve
as the basis for analyzing farm management systems as to potential impacts of the
freeze/thaw process on surface and groundwater quality and for chemical management
alternatives to improve water quality.

4. Adapt technologies to improve infiltration rate of frozen and partially thawed soil.

Soil management technologies such as slot mulch, the dammer diker, and the paraplow
provide potential methods for reducing runoff of rain and snow melt on frozen soils.
However, research is needed to determine how these technologies can be adapted into the
farm management system for effective results. Consideration must be given to where these
specialized tillages fit best in the cropping sequence, frequency of application, range of
slopes where they can be used, residue amounts, soil types, and farmer interest.

5. Determine the effect of soil freezing in relieving compaction in shallow and deep
compacted layers.

Use of increasingly heavier machinery and on wetter soils has led to formation of
compacted layers in many soils extending to depths of 30 cm or more. In some cases the
compaction may occur below the level of normal cultivation which makes it expensive and
extremcly difficult to break up even with specialized equipment. The compaction which may
develop can impede water flow, aeration, and root growth compared with soil where
compaction has not occurred. Research is needed to determine the extent to which freezing
and thawing breaks up compacted soil and at what depths the compaction is relieved, and how
management affects this process.
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6. Determine the effect of soil freezing on overwinter soil water recharge.

Water movement to the freezing front from shallow water tables and deeper layers can
be a significant source of soil water recharge for some soil conditions. Research is
needed to determine the extent to which this occurs and how this type of recharge can be
enhanced through soil, snow, and residue management. Where this is important this
contribution needs to be accounted for in water budget models.

7. Evaluate methods to minimize frost heave damage to crops.

Damage to crops from soil heaving caused by freezing can be extensive for certain
soils. The effect of management practices on heave damage is not well understood. Studies
are needed to determine how tillage, residue, and snow management can be used to reduce
frost heaving where this is a serious problem. Special consideration should be given to
soil type, water contents, heat and water flow properties of the soil, and rate of
freezing.

8. Determine how residue layers affect the energy balance at the soil surface, and rate
and depth of soil freezing.

Surface residues strongly influence the flow of energy across the soil surface. The
physics of the radiative and thermal energy balance through the residue layer is not well
understood with respect to the quantity, quality, and orentation of the residues. This
type of information is needed for improving the predictive capability of soil freeze/thaw
models to account for residue management effects on depth, duration, and type of frost.

9. Test the applicability of soil freezing and thawing simulation models for forest
conditions.

Results with recent modeling efforts indicate good versatility for predicting soil
freezing and thawing for widely varying cropland and rangeland conditions. These models
need to be further tested for applicability to forested and cleared forest lands with and
without heavy snow cover, and where winter and early spring runoff is important.

i0. Develop geographical and topological influences on soil freezing and topographic
impacts.

Topography, aspect, and associated snow depths often dramatically influence the
depth-duration of soil freezing. Sometimes this benefits the prodiction or resource
protection and sometimes it causes drastic effects. These cases need to be studied and
understood to provide management alternatives.

11. Develop probability maps of frozen soil occurrences for use in hydrology and erosion
models.

Seasonal and annual predictions of hydrologic processes and soil erosion will require
as inputs probability values for frozen soil occurrences. Maps for land areas need to be
developed from weather records and use of freeze/thaw simulation models that can be used to
identify frequency and distribution of frozen soils during the winter season. This
information can be used to improve the long term prediction performance of existing erosion
and hydrologic models which include subroutines which account for frozen soil effects.

12. Evaluate the potential effect of global warming on the distribution and seasonal
patterns of frozen soils.

Models for predicting global warming or the "greenhouse effect" need to include
predictions on how climatic change will influence the distribution and seasonal patterns of
frozen soils in different regions of the world. Such predictions are needed to evaluate
potential effects of increased temperatures on changes in hydrologic phenomena, vegetation,
adaptable plant species, and biological production in regions where major changes in frozen
soils can be expected to occur.
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SUMMARY

Research on frozen soils needs to be a part of ongoing problem-solving research on
existing or emerging major issues in the management and use of agricultural and forest
lands. The process of soil freezing and thawing impacts a number of important problem
areas including watershed runoff, soil water conservation, soil erosion, surface and
groundwater contamination from agricultural chemicals, and frost heave damage to plants.
Research should give high priority to how management practices can be applied to alleviate
the adverse effects of frozen soils on the environmental and productivity goals of crop,
range, and forest land use. It should also consider how the beneficial effects of soil
freezing can be enhanced.

REFERENCES

Benoit, G.R. and S. Mostaghimi. 1985. Modeling soil frost depth under three tillage
systems. Trans. ASAE 28(5):1499-1505.

Cary, J.W., G.S. Campbell and R.I. Papendick. 1978. Is the soil frozen or not? An
algorithm using weather records. Water Resour. Res. 14(6):1117-1122.

Flerchinger, G.N. and K.E. Saxton. 1989. Simultaneous heat and water model of a freezing
snow-residue-soil system: I Theory and development. Trans. ASAE 32(2):565-571.

Flerchinger, G.N. and K.E. Saxton. 1989. Simultaneous heat and water model of a freezing
snow-residue-soil system: I1 Field verification. Trans. ASAE 32(2):573-578.

223



RUNOFF AND EROSION DURING SIMULATED RAINFALL ON FROZEN FIELD PLOTS

WITH DIFFERENT DEPTHS OF SURFACE THAW AND LEVEL OF ERODIBILITY

by

GEORGE R. BENOIT, ROBERT A. YOUNG, and ALAN WILTS'

INTRODUCTION

Freezing and thawing have a marked influence on a soil's aggregate stability, density,
hydraulic conductivity, and water content (Baver, 1956; Bisel and Nielson, 1964 and 1967;
Gardner, 1945; Domby and Kohnke, 1955; Leo, 1963; Sillanpaa and Webber, 1961; Slater and
Hopp, 1949; and Willis, 1955). The influence of frost action on such soil physical
properties can be either positive or negative with the magnitude of the effect depending
on soil type and initial conditions (Benoit, 1973; Chepil, 1954; Mostaghimi et al., 1988;
and Sillanpaa and Webber, 1961). This implies that frost action should have a marked but
site-specific effect on soil erodibility when snowmelt or rainfall runoff events occur on
frozen or partially thawed soil. Published reports confirm this by showing that from about
10 to nearly 90 percent of annual soil loss can occur during runoff events on frozen or
partially thawed soil with the actual amount of erosion that occurs depending on soil type,
presence of frost, and the physical conditions of the soil at time of the event (Kirby and
Mehuys, 1987; Satterlund and Eschner, 1965; and Spomer and Hjelmfelt, 1983).

The knowledge base available about erosion from frozen soil is broad but general with
little information that shows the relation between thaw depth and actual erosion during a
runoff event. Our objective is to show, with use of a rainfall simulator, the effect of
thaw depth on infiltration, runoff, and sediment transport from three Minnesota soils under
two tillage conditions (fall plow and fall chisel) and two levels of residue management
(residue and residue removed).

PROCEDURE

Field sites that had been planted to corn were selected on a Hattie clay (Udertic
haploboroll) with a 6 percent slope in the fall of 1985, a Barnes loam (Udic haploboroll)
with a 7 percent slope in the fall of 1986 and 1987, and a Sverdrup loamy sand (Udic
haploboroll) on a 3 percent slope in 1988. Each fall 8 uniform plot areas were selected
and split so that all corn residue was removed from half of each plot area. After the
residue treatment had been established, half of the plots were moldboard plowed and half
chisel plowed. The result was a split plot arrangement with residue level superimposed on
main tillage treatment. This approach yielded 16 individual plots, 4 each of all tillage
residue combinations. No treatment replication was possible for each run.

After tillage-residue treatments were established, each plot was isolated with metal
barriers and a drainage pit was dug at the downslope end. Frost tubes, neutron access
tubes, and thermocouples were installed in the treated area but just upslope of the metal
barriers. Frost depth, thaw depth, snow depth, soil moisture, and soil temperature were
measured weekly throughout the winter and on a more frequent basis during spring thaw. In
addition, initial random roughness, aggregate stability, and surface bulk density data were
recorded for each treatment. Sill plates were installed at the downslope end of each plot
and the 16 plots were divided into 4 groups. Each group had all residue-tillage
combinations.

In the spring simulated rainfall was applied to one group of plots at a time at 4
successive stages of thawing. Thaw depths during simulated rain ranged from about 20 mm
to 650 mm. A final rain event was run after complete thaw each year. Extra runs in some
years covered situations where surface refreezing had occurred, creating a three-layer
system of surface frost, thawed soil, and deep frost. All soil measurements were repeated
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for each simulated rainfall event in addition to measurements of time to first runoff,
total runoff, sediment yield, aggregate size distribution, aggregate stability, enrichment
ratios, and soil surface strength. In this paper we will examine the overwinter tillage-
residue effects of soil physical conditions and concentrate on the relation between depth
of thaw and rates of soil or water loss.

RESULTS

Surface density (BD), random roughness (RR), and aggregate stability (MWD) recorded
just before each simulated rainfall event was related primarily to soil type (Table 1).
The Hattie clay used in spring 1986 had an average surface BD (Uhland core method) of 1.02
while Barnes loam (1987 and 1988) and Sverdrup sandy loam (1989) had average surface BD's
of 1.16 and 1.37, respectively. In general, the finer textured soil had the lowest pre-
rainfall BD values (Table 1).

Tillage type and residue treatment had secondary and inconsistent effects. Fall
plowing as compared to fall chisel decreased surface BD of Hattie clay, slightly increased
BD of Barnes loam but had no effect on Sverdrup sandy loam. No apparent significant
difference in BD was associated with residue management on any of the soils studied. In
addition, no significant relationship was found between surface BD and thaw depth.

Table 1. Soil surface density (BD-Mg/m), random roughness (RR-mm), and aggregate mean
weight diameter (MWD-mm) by drop tower method recorded just before simulation
rainfall events were applied to Hattie clay, Barnes loam, and Sverdrup sandy loam
soils. Tillage-residue treatments were fall plow and fall chisel, each with and
without residue. Seasonal average maximum frost depth (FD) is also shown for each
tillage-residue treatment.

FALL PLOW FALL CHISEL

Residue BD RR MWD FD BD RR MWD FD
Level (Mg/ 3 ) (mm) (mm) (mm) (Mg/m 3) (mm) (mm) (mm)

Hattie clay, 1986
Res .92 50.9 .945 718 1.09 22.8 .973 735
No Res 1.00 49.4 .916 772 1.09 20.4 .938 710

Barnes loam, 1988
Res 1.19 26.1 .762 1228 1.11 21.5 .658 1190
No Res 1.18 27.8 .668 1185 1.17 21.8 .726 1220

Sverdrup sandy loam, 1989
Res 1.36 23.8 .310 1500 1.35 28.0 .266 1500
No Res 1.37 24.2 .287 1500 1.40 33.3 .316 1500

Ave. across soil 1.17 33.7 .648 1151 1.20 24.6 .646 1142

On the fall plowed plots, RR was highest for Hattie clay, with a markedly lower value
recorded for Barnes loam and the lowest value for Sverdrup sandy loam. In contrast, fall
chisel plots were just the opposite, with lowest RR for Hattie clay and the highest for
Sverdrup sandy loam. No residue effect on RR was observed (Table 1).

Aggregate stability, measured by MWD, changed only as a function of soil texture with
the highest aggregate stability occurring with Hattie clay and the smallest with Sverdrup
sandy loam. No tillage or residue management effect on aggregate stability was observed.

Maximum frost depth varied from year to year as a function of snow depth, winter
temperatures, and soil moisture. The greatest depth was observed in 1989 in Sverdrup sandy
loam and was associated with a low profile moisture content and little snow cover. The
tillage and residue management used in this study never caused differential snow entrapment
and showed no effect on frost depth.
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Data was also collected from a Barnes soil in the spring of 1987. It was consistent
with the data presented in Table I and is not shown.

Each rainfall simulation event was applied at 64 mm/hr and followed a two-stage
sequence consisting of 60 minutes of rain, 60 minutes of rest, and a final 30 minutes of
rain. Table 2 is a sample set of data collected from each rainfall application. In 1988
the time to runoff from a Barnes loam was always greatest for the 60-minute segment of the
sequence and varied from 10 to 2 minutes. Time to runoff for the 30-minute segment varied
from 1.5 to 0.5 minutes. Over all years, the time to runoff varied from a low of 2 minutes
for the 60-minute segment to cases where no runoff occurred for either segment. More
importantly, the data sample presented in Table 2 shows a breakdown of the water and soil
loss recorded for each runoff segment and their relation to initial surface soil moisture
and depth of thaw. For ease of presentation, data for both segment. have been combined to
give the total runoff and soil loss that occurred for each event each year. These combined
data are presented graphically to show runoff and soil loss differences associated with
thaw depth as affected by tillage method and residue level (Figs. 1-4).

Table 2. Total soil and water loss from a Barnes loam during 60- or 30-minute simulated
rainfall applied at a rate of 64 mm/hr as related to thaw depth and calendar
day (CD) of run. Time to beginning and end of runoff and percent soil water in
the surface 150 mm of soil are also presented.

FALL PLOW FALL CHISEL

RUNOFF TOTAL LOSS SOIL THAW RUNOFF TOTAL LOSS SOIL THAW
TRT RUN BEG END WATER SOIL HOIST DEPTH BEG END WATER SOIL HOIST DEPTH CD

---- NH -------- KG---- % rm MIN .... .KG---- X nn

RES 60 6.0 60.5 214.52 8.87 23.00 -120 5.5 68.0 517.85 9.79 33.50 -100 70
30 .7 30.5 168.06 4.84 23.00 1.0 38.0 358.52 6.23 33.50

NRES 60 3.5 61.0 405.97 16.23 23.20 -110 5.5 62.0 508.91 30.73 27.40 "80 70
30 .7 30.5 250.96 7.61 23.20 1.0 32.5 335.21 17.05 27.40

RES 60 3.5 63.5 484.91 33.03 26.70 -50 1.0 65.0 655.10 18.00 33.20 -50 82
30 .7 31.5 327.33 14.57 26.70 .7 34.5 359.38 7.20 33.20

NRES 60 2.0 61.5 568.44 44.10 18.50 -50 1.0 61.0 736.21 57.25 25.10 -20 82
30 .7 31.5 332.34 17.65 18.50 .7 31.5 416.12 23.45 25.10

RES 60 5.0 60.5 356.85 20.55 22.30 -290 2.0 61.0 385.55 16.44 21.40 -330 95
30 .5 30.5 240.19 12.77 22.30 1.0 31.0 244.12 7.96 21.40

NRES 60 4.0 60.5 377.83 28.69 21.10 -310 1.0 61.0 575.06 32.54 22.90 -380 95
30 .5 30.5 230.31 15.15 21.10 .5 31.0 307.01 10.10 22.90

RES 60 7.5 60.5 247.93 il.24 18.40 -560 2.0 60.5 85.32 1.60 22.45 -460 98
30 1.5 31.2 308.57 14.44 18.40 1.5 31.0 251.96 5.70 22.45

NRES 60 8.0 60.5 396.46 14.28 20.05 -390 3.0 60.5 324.94 7.29 20.05 -410 98
30 1.5 31.2 423.40 12.83 20.05 1.0 31.0 493.55 9.79 20.05

RES 60 8.0 60.5 247.30 10.21 17.30 -590 7.0 60.5 128.60 2.90 19.35 -620 104
30 .5 30.5 189.40 8.12 17.30 1.5 31.0 174.25 3.81 19.35

NRES 60 10.0 60.5 327.32 20.82 16.85 -560 3.0 60.5 247.56 10.95 19.75 -710 104
30 .5 31.0 322.40 19.77 16.85 1.0 31.0 228.36 9.19 19.75

RES 60 5.0 60.5 257.69 14.10 17.35 6.0 61.0 202.28 5.85 23.30 113
30 .5 30.5 199.40 6.98 17.35 1.0 31.0 247.79 4.61 23.30

NRES 60 3.5 60.5 468.67 20.35 20.05 3.0 61.0 450.54 9.53 19.90 113
30 .5 30.5 404.99 11.14 20.05 1.0 31.0 406.43 7.22 19.90

Water loss from a Hattie clay that was chisel plowed generally increased with
increasing thaw depth with the greatest runoff occurring after complete soil thawing (Fig.
1). Only a slight increase in runoff is evident where residue had been removed. Soil loss
also increased with increased thaw depth for residue removed plots with the greatest loss
occurring after complete thaw. In contrast, residue plots show a decreased soil loss for
increasing thaw depth even with increased runoff. Comparable plowed plots, except for one
plot with no residue, yielded minimal water and soil loss and in half the cases yielded no
loss at all.

Simulated rainfall on Barnes loam (Figs. 2 and 3) resulted in decreased water loss
with increased thaw depth for both tillage treatments with and without residue. Runoff
from chisel plots tended to exceed runoff from plowed plots. Residue comparisons also
suggest increased runoff from residue-removed plots. Soil loss from the Barnes loam
followed the same general pattern as shown for runoff, with soil loss values higher for
1988 than for 1987.
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Figure 1. Total water runoff (kg) and soil loss (kg) observed at different depths of
soil thawing as a result of 96 mm of simulated rain applied to a Hattie clay
under chisel or plow tillage management, each with and without residue.
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Fi gure 2. Total water runoff (kg) and soil loss (kg) observed at different depths of soil
thawing in 1987 as a result of 96 mm of simulated rain applied to a Barnes
loam under chisel or plow tillage management, each with and without residue.
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Figure 3. Total water runoff (kg) and soil loss (kg) observed at different depths of
soil thawing in 1988 as a result of 96 mm of simulated rain applied to a
Barnes loam under chisel or plow tillage management, each with and without
residue.
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Figure 4. Total runoff (kg) and soil loss (kg) observed at different depths of soil
thawing in 1989 as a result of 96 mm of simulated rain applied to a Sverdrup
sandy loam under chisel and plow tillage management, each with and without
residue.
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Despite a higher surface BD, Sverdrup sandy loam yielded lower total runoff and soil
loss values than did Barnes loam. In addition, chisel plots usually yielded lower runoff
and soil loss rates than did plowed plots. This point is particularly evident for soil
loss -from both residue and residue-removed plowed plots which show soil loss values roughly
twice those for chiseled plots.

The data presented show differences in physical properties related to soil type.
These properties are modified by tillage-residue management treatments in complex ways.
Trends are apparent that indicate these properties, along with depth to frost (thaw depth),
affect the runoff and soil loss observed from partially thawed soil during simulated
rainfall events. These trends become more readily apparent if the lumped data for all
soils and treatments are analyzed with a stepwise multiple regression technique to
determine the relation between (1) the dependent variable total water runoff (TWR) and the
independent variables of BD, RR, percent water in the surface 150 mm of soil (W), MWD, and
thaw depth (TD) and (2) the dependent variable of total soil loss (TSL) and the above-
listed independent variable plus the addition of TWR.

Stepwise multiple regression analysis yielded the two equations:

TWR = 4.3435*W+199.41*BD-92.683*RR+16.273*MWD+0.014085*TD [1]

TSL = .024065*TWR-.011079*W+.19783*BD-.30445*RR+1.2738*MWD+.00169*TD [2]

with r2 values of 0.84 (P<.01) and 0.72 (P<.01), respectively. Equation 1 indicates that
runoff increases with increases in BD, water content (W), and MWD but, since TD is entered
as a negative value, decreases with increased TD and also RR. The analysis also showed
that the greatest impact on TWR was caused by BD followed by W; the least impact was caused
by TD.

Equation 2 indicates that soil loss increases with increased runoff, BD, and MWD but
decreases with increased RR, W, and depth to frost. In this case, the greatest impact on
soil loss was caused by TWR followed by MWD, RR, and TD; the least impact was caused by W
followed by BD.

In summary, regression analyses indicate that 84 percent of the variations observed
in TWR under all conditions of soil and tillage-residue management can be explained by W,
BD, RR, MWD, and TD. Similarly, 72 percent of the variations observed in TSL can be
explained by the same five variables plus TWR.
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SEED ZONE TEMPERATURE AND MOISTURE CONDITIONS IN A PARTIALLY FROZEN
SOIL-CROP RESIDUE SYSTEM

by
1

William R. Bidlake, Gaylon S. Campbell, and Robert I. Papendick

INTRODUCTION

Tillage and residue management options and their effects on soil temperature and
moisture may be explored with a mechanistic model for heat and water transport. Several
workers have recognized the utility of mechanistic models for predicting heat and water
transport in systems of soil and crop residues (Ross et al. 1985, Bristow et al. 1986,
Flerchinger 1987). The objectives of this study were: 1) to identify management options
that promise to promote rapid crop establishment within the framework of conservation
tillage, and 2) to provide a mechanistic model of heat and water transport applicable to
partially frozen soil-crop residue systems. The model is adapted from Bristow et al.
(1986) to include effects of soil freezing and thawing, and to include effects of
varying residue configurations on heat and water transport in fields cropped for small
grain production.

PROCEDURES

Heat and water transport model

The model is designed to simulate heat and water transport under a variety of
management practices and the configuration of the simulated soil-crop residue system is
flexible. In the most complex configuration (Fig. 1), the soil is covered by two
distinct layers of crop residues. The lower layer consists of matted straw and chaff
and the upper layer is standing straw. Simulation of heat and water transport in the
soil-crop residue system is accomplished through numerical solution of the governing

STANDING STRAW

MATTED STRAW

Figure 1. Soil-crop residue system.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, March 21-22, 1990.
1Hydrologist, U. S. Geological Survey, 4710 Eisenhower Blvd. Suite B-5, Tampa, Florida
33634; Professor Soils, Department of Agronomy and Soils, Washington State University,
Pullman, Washington 99164; and Research Leader, USDA-Agricultural Research Service, Land
Management/Water Conservation Research, Washington State University.
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equations for heat and water transport. Solutions are carried out similar to Bristow et
al. (1986) in that the soil and crop residues are linked into a single system for heat
and water transport.

A one-dimensional heat balance equation for an unsaturated, partially frozen soil may
be written (Fuchs et al. 1978)

ao i
LT = f L (-qh- Lfql- Lvqv) + Rn [1]

where symbols are defined in the Appendix. Net radiation is zero below the soil surface
and may be calculated from analysis of the surface short-wave and long-wave radiation
budgets.

A one-dimensional heat balance equation for a crop residue canopy may be written

C L = a(-qh- Lvq v ) + Rn [2]

The short-wave radiation balance of the crop residue canopy is calculated after
Norman and Jarvis (1975). The matted straw and standing straw components are each
divided into three layers of equal thickness. By assuming that the residue elements do
not transmit short-wave radiation, element overlap within layers can be ignored and the
residue canopy can be divided into the small number of layers of varying residue area
index. Solution of the long-wave radiation balance is accomplished by using the system
of crop residue layers described for the short-wave balance.

An equation describing one-dimensional water transport in an unsaturated, partially
frozen soil can be written (Fuchs et al. 1978)

atl ati a
Pl aT+ Pia = az (-ql- qv + Us5 3

water transport in the residue canopy is assumed to take place only in the vapor
phase. Vapor density equilibrium is not assumed to exist between residue elements and
the air bathing them. An equation for one-dimensional vapor transport in a crop residue
canopy may be written (Bristow et al. 1986)

awr apv a+

Pbra-t +- = ( + Ur [4]

The atmospheric boundary condition consists of radiative and forced convective
components, and rainfall. The radiative components are described by atmospheric short-
wave direct and diffuse radiation fluxes, and by a downward long-wave flux from the
atmosphere. The convective component is described by atmospheric air temperature, vapor
density, and wind speed. The rainfall component is described by a flux of water to the
soil-residue system. The soil boundary condition is described by soil temperature and
soil water matric potential.

Interception and distribution of rainfall within the residue canopy follows directly
from Bristow et al. (1986). Throughfall and drip transport in the residue canopy are
modeled after penetration of short-wave radiation from an elevation angle of ?r/2. All
throughfall and drip intercepted by a residue layer are added to the source term of the
water balance equation until the residue is nearly saturated. Additional interception
is converted to a drip flux arriving at the next layer down. The entire flux of
throughfall and drip at the soil surface are added to the source/sink term.

Solutions to the heat and water transport equations are approximated using numerical
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methods. Each of the transport Eqs. [1-4] is written in difference form. These
difference equations are written for each of a vertical series of n nodes spaced through
the soil-crop residue system. Heat and water transport are assumed to occur only at
nodes. Solution proceeds by discrete time steps. Steady flow of heat and water is
assumed to take place between adjacent nodes for the duration of a time step.
Atmospheric and soil boundary conditions are applied and the system of equations is
solved using the Newton-Raphson iterative technique (Campbell 1985). Coupled heat and
water transport may be simulated in a frozen soil by iterating between heat and water
solutions over the same time interval. Solutions for soil temperature and soil water
matric potential become difficult to obtain as partially frozen soils approach
saturation. Further approximations to soil heat and water balance equations may be
obtained by solving heat and water balances separately (Bidlake 1988).

Study site, tillage and residue treatments, and field measurements

The study site is in the Tanana River Valley in the Interior Basin of Alaska (63
deg. 58 min. N) and near milepost 1408 of the Alaska Highway. The silt loam soils are
in the Volkmar series (Aeric Cryaquept; Schoephorster 1973) and are derived from aeolian
deposits of mica schist parent material. Mean annual air temperature is -2 deg. C and
mean annual precipitation is approximately 30 cm.

Two tillage and residue treatments were selected and instruments were
installed during fall, 1986 and spring, 1987. The crop was spring barley A
conventional-till plot was selected as a maximum disturbance and minimum residue
condition. The plot was disked in the fall with an offset disk. Crop residues were
raked and removed from the plot. The plot was then disk-seeded in the spring. Second,
a no-till plot was selected to represent the minimum disturbance and maximum residue
condition available to farmers. In this treatment, all crop residues were left in the
field and seed was drilled directly into undisturbed soil. Planting was conducted on
day of year 131 (May 11) and the target seeding depth was 6 cm for both plots.

Soil temperature, soil water matric water potential, depth to frozen soil, and
climatic variables were monitored from day of year 107 to 160 (April 17 to June 9).
This time period encompasses the critical stand establishment phase of small grain
production in interior Alaska. Soil temperature was measured with insulated copper-
constantan thermocouples. Measurements were made with a field portable data logger (21X
data logger, and AM-32 multiplexer; Campbell Scientific Inc., Logan, Utah). Soil
temperature was measured and recorded hourly at 6, 10, 18, and 30 cm depths at three
locations on each plot, and at one location on each plot at 60 and 80 cm depths. Soil
water matric potential at 6 cm was measured with the filter paper method on excavated
samples. Midday measurements were at 4 to 6 random locations on each plot at 3 to 5 day
intervals beginning when the soil had thawed to 6 cm. Depth to frozen soil was measured
in mid to late afternoon. A piece of welding rod (dia. 4 mm) was used to probe the
depth to frozen soil.

Incoming short-wave radiation was monitored with a pyranometer (Kipp and Zonen,
Delft, Holland) and a field portable data logger (CR7; Campbell Scientific Inc., Logan,
Utah). Radiation measurements were made every 10 seconds and recorded as hourly
averages (Alaska Standard Time).

Other reteorological variables were monitored continuously during the study. A dual
function relative humidity/air temperature sensor was suspended 1.5 m above the ground
at a border between the two study plots (207 RH Probe; Campbell Scienti.fic Inc., Logan,
Utah). Th. electrical resistance hygrometer employs a sulphonated polystyrene chip (PC-
RCII; Phys-Chemical Research Inc, New York, New York). A thermistor in the unit is used
to sense air temperature. The sensor was monitored with a data logger (21X) to obtain
humidity and air temperature hourly. Wind speed was sensed with a cup anemometer (014A
with aluminum cups, switch closure operation; Met One Inc., Grants Pass, Oregon). The
anemometer was suspended 1.5 m above the soil surface of the conventional-till plot and
was operated with the 21X data logger. Wind speed was integrated over 60 second
intervals and recorded as an hourly average. Daily precipitation was measured with a
wedge rain gauge.
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The model was operated to simulate soil temperature, soil water matric potential, and
depth to frozen soil in the conventional-till and no-till plots over the study period.
Initial water contents to 30 cm depth were obtained from soil samples extracted from
holes drilled in the frozen soil. Initial temperature profiles were obtained from
sensors already in place. The lower boundary of the soil-crop residue system was set at
80 cm. Values for many of the important transport parameters were obtained from
sampling at the study site (Bidlake 1988).

RESULTS

Soil in the conventional-till plot was warmer than soil in the no-till plot.
Measured soil temperature at the 6 cm depth was 1-3 deg. higher in the conventional-till
plot that in the no-till plot during most of the study period. Soil temperature as
simulated by the model generally compared well with measured temperature. During most
of the the study period (day of year 107 to 150), simulated mean daily soil temperature
at 6 cm was 1 to 2 deg. higher than measured temperature for both plots (Fig. 2).
During the final 10 days of the simulation, simulated temperature closely approximated
measured soil temperature. The difference in simulated soil temperature between
conventional-till and no-till soils was generally within 1.5 deg. of the measured soil
temperature difference.

15

10.

V

W
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-5

100 110 120 130 140 150 160

DAY OF YEAR

Figure 2. Average daily soil temperature at 6 cm depth in the conventional-till (solid
line, * symbol) and no-till (dashed line, 9 symbol). Lines represent daily
average simulated values. Symbols represent averages of measured values with
the standard deviation (n= 4).

Soil water matric potential for unfrozen soil at the 6 cm depth was lower in the
conventional-till soil than in the no-till soil (Fig 3). Measured soil water matric
potential ranged between -15 and -30 J/kg in the conventional-till soil, and it ranged
between -8 and -15 J/kg in the no-till soil. Soil disturbance during sampling may have
produced some error in measurement of soil water matric potential because of the
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Figure 4. Measured and simulated depth to frozen soil in conventional-till (solid line,
* symbol) and no-till (dashed line, • symbol) plots. Measurements were made
in the afternoon and simulated values are the maximum daily depth from model
simulation.

The oscillating behavior of simulated soil water matric potential in the conven-
tional-till plot is related to thawing of discrete soil layers as simulated by the model
(Figs. 2, 3). In the model, ice is immobile, therefore, underlying frozen soil layers .--

are not a source for water to replace that which is ultimately lost from the surface by
evaporation. As a result, water from the seed zone flows toward the surface under
matric potential gradients, seed zone water is depleted, and soil water matric potential
in the seed zone decreases. Once a frozen layer below the seed zone thaws, however, the
water is available to flow toward the surface and soil water matric potential in the
seed zone increases. The oscillating patterns of soil water matric potential in
simulation for the conventional-till plot was due to the intermittent supply of water
from soil layers below the 6 cm depth. This result suggests that a thawing soil at
depth is a source of water to replace seed zone water that is ultimately lost by
evaporation. In the case of the no-till soil, the effect of intermittent water supply
from below was not evident because evaporation was suppressed by surface residues to the
extent that the initial water at the 6 cm depth was never substantially depleted.

Weather records for interior Alaska indicated that the study period of 1987 was
driest such spring period in over 50 years. Despite this fact, simulated and measured
moisture conditions in the seed zone of each both plot were likely not inhibiting for
germination and emergence. Cool seed zone temperature is likely a limiting factor for
germination and emergence of small grains in interior Alaska.

CONCLUSIONS

A mechanistic model for heat and water transport has been presented with which to
simulate seed zone temperature and moisture conditions in partially frozen soil-crop
residue systems. Simulated and measured results indicated that conventional-till soils
are warmer and dryer than no-till soils. Seed zone moisture conditions are likely not
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dependence of matric potential on soil structure. Simulated soil water matric potential
in the conventional-till plot was lower than the measured value until day of year 152
(Fig 3). Simulated soil water matric potential dropped below -45 J/kg but measured
values never dropped below -30 J/kg. Simulated soil water matric potential in the
conventional-till plot oscillated throughout the study period while the measured value
generally changed by less than 6 J/kg between samplings. Simulated and measured soil
water matric potential at the 6 cm depth in the no-till plot did not vary by more than 8
J/kg, and simulated matric potential did not exhibit the oscillation typified in
simulations for the conventional-till plot.

DAY OF YEAR
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_ 20-
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Figure 3. Soil water matric potential at 6 cm depth in the conventional-till (solid
line, * symbol) and no-till (dashed line, • symbol). Lines represent daily
average simulated values for unfrozen soil. Symbols represent averages of
measured values with the standard deviation (n= 4).

The conventional-till soil was unfrozen at a greater depth than the no-till soil
during the entire study period. Measurements of afternoon thaw depth indicated that the
conventional-t;ll soil thawed to a depth that was 4-9 cm greater than the thaw depth for
the no-till soil (Fig. 4). The daily maximum of simulated depth to frozen soil remained
within 3 cm of the measured value for both soils until day of year 130. After that
time, measured thawing outstripped simulated thawing. Simulated depth to frozen soil
was within one standard deviation of the measured depth for all but the final
measurement in the conventional-till plot (sd. bars not shown).

Simulated soil thawing proceeded in discrete steps and the step size tended to
increase with depth. The reason for this simulation result is that energy liberated in
thawing controls the temperature of a discrete layer of soil until it warms to above the
freezing point. At that time, the entire layer suddenly thaws out and creates a sharp
increase in thaw depth that is equal to the thickness of the layer. Layer thickness was
increased progressively with depth for the simulations and this was reflected in the
thawing step size.
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inhibiting to stand establishment for small grains in interior Alaska. Results from
this study suggest that thawing soil at depth may yield water to keep the seed zone
moist. Greater moisture availability in no-till systems may be used to ameliorate
adverse temperature conditions by planting at shallower depths in order to advance the
goals of crop production and soil conservation.

APPENDIX: SYMBOL DEFINITION

C Volumetric heat capacity (J/m3-°C).

T Temperature (°C).

t Time (s).

L i  Heat of fusion (J/kg).

8 i  Volumetric ice content.

z Depth (m).

qh Sensible heat flux (W/m2).

ql Liquid water flux (kg/m 2-s).

Lv Heat of vaporization (J/kg).

qv Vapor water flux (kg/m 2-s).

Rn Net radiation (W/m3).

PaCp Volumetric heat capacity of air (J/m3-C).

pl'p i Densities of liquid water and ice (kg/m 3).

a 1 Volumetric liquid water content.

Us  Source term for precipitation at the soil surface (kg/m 3-s).

Pbr Crop residue bulk density (kg/m
3).

Wr Gravimetric water content of residue elements.

Pv Vapor density of the bathing air in the residue canopy (kg/m 3).

Pvr Vapor density at the surface of residue elements (kg/m 3).

Ur Source/sink term for precipitation, and evaporation and condensation in the

in the residue canopy (kg/m 3-s).
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TILLAGE AND RESIDUE MANAGEMENT SYSTEMS AFFECT WINTER SOIL TEMPERATURES

By

R.F. Cullum, B.S. Sharratt, C.E. Lewis
I

INTRODUCTION

The interior of Alaska has a growing season climate favorable for spring cereal
crop production. This region, however, is not conductive to the establishment of win-
ter annual crops due to winter-kill from low soil temperatures and snowmold (McBeath,
1985). The average January minimum soil temperature at 20 cm reported by Ping (1987)
was -60C. Average minimum winter air temperatures are below -300C and indicate the pos-
sibility for shallow soil temperatures of less than -200C, the lower temperature thresh-
old to winter wheat survival (Ulanova, 1975). winter cereals have been tried in inte-
rior Alaska with little success.

The vulnerability of subarctic soils to erosion when cleared of the native vege-
tation necessitates a soil and water conservation plan to minimize soil loss (Boyer,
1985). Winter soil temperatures are higher when the soil surface is mulched instead of
being exposed (Aase and Siddoway, 1980). soil freezinq is generally not as deep (Pikul
et al., 1986; Benoit and Mostaghimi, 1985) and the number of soil freezing events are
fewer when utilizing no tillage in cereal cropping systems.

The purpose of this study was to characterize the winter climate of soils as
influenced by Lillage and straw management in interior Alaska. This baseline informa-
tion may be used in establishing a soil climatology to assess the potential of subarc-
tic soils to diversify crop production.

PROCEDURES

Mile 1408 of the Alaskan highway near Delta Junction, Alaska was chosen as the
study site (Figure 1). This area, located within the Tanana River floodplain at 350m
above sea level, is characterized by a mean annual temperature of -30C. Annual precipi-
tation totals 250 to 300 mm. soils have been formed on stabilized deposits of loess on
large glacial outwash plains and are not aggregated when newly cleared. The silt loam
soil at the study site (Typic Cryochrepts) is typical of the area. The soils are con-
sidered moderately to severely susceptible to wind and water erosion. These soils are
very low in clay (<10%) and high in organic matter (>6%). They are cold and remain
frozen for approximately six months each year. Thus, decomposition of organic matter
is slow and tree roots and forest litter remain in the soil long after land clearing
(Cochran et al., 1988). The research site was cleared of native spruce vegetation in
1979 and cropped to barley (Hordeum vulgare L.) since 1982.

Tillage and straw treatments were initiated in the spring and fall of 1983, re-
spectively, using continuous barley cropping systems (Lewis and Cullum,1985; siddoway
et al., 1984). The experimental design was split plot with tillage as main treatments
(23m x 122m) and straw amount as secondary treatments (23m x 41m). The two extreme
treatments were evaluated for this study. The maximum tillage-straw removed treatment
(maximum-till) consisted of fall and spring disking with threshed and standing straw
removed following harvest. The no tillage-straw remaining treatment (no-till) con-
sisted of no tillage with threshed and standing straw remaining after harvest. These
treatments were selected to maximize differences in the measured characteristics of the
crop and soil.

Presented at the International Frozen soils Symposium, March 21-22,1990;
Spokane, Washington.

1Assistant Professor, Agricultural Engineering, Agricultural and For-
estry Experiment station, University of Alaska, Fairbanks; soil Physicist,
USDA-ARS, Subarctic Agricultural Research Unit, Fairbanks, Alaska; and Asso-
ciate Professor, Resource Management, Agricultural and Forestry Experiment
Station, University of Alaska, Fairbanks, Alaska.
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Figure 1. Location of the conservation tillage project.

Thermocouples were used to measure soil temperatures and were installed
in each plot in the summer of 1983. They remained buried throughout the du-
ration of the three year study. Thermocouples were placed at depths of 0, 5,
15, 30, 50, 60, 76, 102, and 123 cm. Each thermocouple consisted of three
leads wired in parallel to obtain an average temperature for each depth. A
micrologger recorded daily averages, minimums, and maximums from 10-minute
readings.

soil frost was determined by use of frost tubes (Richard et al., 1976) that were
installed to a one-meter soil depth. Each tube extended two meters above the soil
surface and were marked to measure snow depth. These tubes were read once a week begin-
ning the middle of september.

RESULTS
The data in Figure 2 indicates that tillage-residue systems influenced the amount

of snow retained on the soil. The no-till system consistently trapped more snow than
the maximum-till system (7 cm vs 32 cm on sept 30 or 2 cm vs. 30 cm on Dec 4). The
greater amount of snow on the no-till system was attributed to the snow entrapment by
the standing stubble. Stubble also prevents removal of snow during the high wind peri-
ods from october through April (Figure 2).

Tillage-residue effects on snow depth influenced soil frost penetration. The
maximum-till treatment normally froze first and deeper than the no-till treatment as
seen in Figures 2, 3, and 4. The no-till plot trapped and retained more snow than the

maximum-till plot. Frost penetration in the no-till treatment was less than observed
in the maximum-till treatment. Snow depth and frost penetration data indicate tillage-

residue systems influenced snow accumulation and resulted in decreased frost penetra-
tion when standing stubble remains over winter. The standing stubble entrapped snow
which insulated the soil retarding frost penetration. The no-till treatment retained
the snow, thus preventing the extreme -50c air temperatures from contact with the soil
surface. The soil surface of the maximum-till plot were exposed to these sub-zero
temperatures and wind speeds greater than 24 kph producing a two to fige-cm layer of
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Figure 2. snow and frost depth during a typical fall in the extreme residue and
tillage treatments.

dehydrated soil through sublimation. This process resulted in a layer of
soil with water content at the wilting point. This layer, a dust mulch, re-
duced the thermal conductivity in the maximimum-till treatment and hindered
heat transfer during the thaw period (mid-April to early May) (Figure 5). By
leaving standing stubble over winter in this area, earlier thaw would be ex-
pected.

The effect of tillage-residue systems on snow accumulat.on influenced soil tem-
perature patterns (Figures 3 and 4). The no-till treatment showed warmer soil tempera-
tures due to deeper snow accumulation than the maximum-till treatment. During the
freeze periods, the no-till treatments consistently maintained the highest average soil
temperatures. Benoit et al. (1986) presented similar results. The no-till treatment
could thus be planted several days (3 to 10) earlier than the other treatment. From
mid-May through mid-June (the period of barley can y development) insignificant tem-
perature differences resulted between the treatments; however, during late June and
throughout July the temperatures of the no-till treatment would be greater than maxi-
mum-till treatment (Figure 6 and 7). An explanation for this phenomena may be a result
of lower moisture content attributed to maximum tillage which would retard heat trans-
fer into the soil than would otherwise be found in no-tillage systems.
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conclusions

A distinct tillage-residue effect on snow accumulation and soil tempera-
tures which affect frost penetration was shown. These effects mean that
tillage-residue systems have an influence on conditions found at spring
planting (early May). Reduced tillage with standing stubble results in a
greater accumulation of snow and maintains the snow cover in high wind areas
resulting in reduced frost penetration, early frost disappearance, and warmer
soil temperatures. Maximum tillage resulted in less snow accumulation,
deeper frost penetration, and colder soils which tended to retain frost later
in the spring (mid-May). During winter, this tillage forms a distinct layer,
a dust mulch, which retards heat flow retarding early spring thaw. This im-
plies that management of tillage-residue systems might promote earlier plant-
ing lengthening the growing period of this subarctic region. The data favor
development of tillage-residue systems that minimize tillage and maximize
residues left on the field. The residues to be effective should be left in
the form of standing stubble.
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Figure 7. Average daily soil temperatures from one-hour readings during 1986 for
plots in a conservation tillage experiment.
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iii.. t0&AC3 OF IUi Se0ll U. PkALkiV HYlrnuti,uGY

by

K.,J. r;lu|.J!r and D.M. Gray 1

f 10 1(tiUtLi I (\

Much ol the umaian rrfl ries can be classified as a cold climate region, at least
dittiir ir tLhosp iive! months o{ the veur INovemier to March J when air temperatures. and soil
".empllrat ures. are below the treezing point for water. Its hydrology is therefore strongly
alletitd by the seasonal iflucLuations it, t.emperatures and the relative lengths of the cold
ano warm seasons. ior example. the extent and continuity of soil freezing, the relative
amount ol the mean annual precipitar.ion which occurs as snow. and the length of the period
of soii thaw after the disappearance of the seasonal snowcover impact directly on local
nvdt.o I o(y.

rhe seasonal fluctuations in temperature have also affected the nature and scope of
hidrolojlcal investigations in the region. Whereas numerous studies have been conducted
during the growing season on evapotranspiration requirements and root-zone soil moisture
withdrawal patterns ot crops. only a limited number of investigations have studied the soil
moisture regime during the winter months. The seasonal difference in research activity is
understandable given t.he inclement conditions under which equipment and personnel must
operate during a Prairie winter. As a consequence. there is a general impression that
moisture conditions remain relatively static over winter and that the effects of the freeze-
thaw sequence on the soil moisture status are unimportant, with the exception of the effects
on snowmelt infiltration, it is one purpose ot this paper to demonstrate that the moisture
regime of a Prairie soil remains active during the winter months. and that significant
moisture transfers can occur within the root zone of a crop.

The mean annual precipitation throughout a large part of the grain-producing sector of
the Canadian Prairies is in the range of 300-380 mm. Of this total the relative amounts
occurring as snow and rain vary widely from year to year. with an average ratio of
approximately 3W. as snow. Neglecting large-scale water diversions and the development of
irrigation schemes, snow represents the major source of manageable fresh water available for
agricultural and municipal use. The role of snow as a water resource for agricultural
production is still not well understood. In the wake of recent "dry" years, there Is
increased interest in the potential of managing snow to increase soil water reserves. The
basic premise underlying the use of snow management practices for this purpose is that an
increase in snow water will result in an increase in snowmelt infiltration: however, the
relationship between snow cover and infiltration is not straightforward. The paper examines
the potential of the snow resource for augmenting soil moisture reserves in terms of the
infiltration characteristics of frozen soils.

1he soii moisture SatLus at the end of melt of the seasonal snowcover is not usually
the same as that at the time of seeding ef annual crops. Losses occur due to evaporation
and drainage. The etfects of the presence of frozen soil during the period following the
disappearance of the seasonal snowcover on the disposition of soil water gained by snowmelt
Infiltration are discussed.

EXPERIMENTAL STUDIES

The data presented in the paper were obtained from comprehensive field investigations
of soil moisture changes and infiltration into frozen soils undertaken by the Division of
Hydrology. University of Saskatchewan In the Brown and Dark Brown soil zones of the province
of Saskatchewan from 1979-88. The sites included a range of soil textures (fine sand -80%
sand to heavy clay -63% clay) and a number of land use practices (fallow, stubble and grass)
on arable farmland under irrigated and dryland farming practices.

Presented at the Frozen Soil Symposium. Spokane. Washington. March 21-22. 1990.

lRespectively: Research Officer and-Chairman: Division of Hydrology, College of Engineering,
University of Saskatchewan. Saskatoon, SK. Canada S7N OWO
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Soil moisture was monitored with a two probe gamma density meter. This system provider
non-destructive sampling of the density of a 20-mm thick soil layer between two access tubes
finto which a cesium source and a scintillation detector are loweredj spaced about 300-mm
c.c. By assuming the mass of the soil layer remains constant (no structural changes occur)
changes in density of the laver can be attributed to changes in the mass of water present
in the layer.. The equivalent moisture change is calculated assuming a density of water equal
to 1000 kg/m 3 . Measurements are obtained at 20-mm increments of depth to 400 mm and at
40.-mm between 400 mm and 1600 mm. Repeatability tests with the equipment gave a standard
error of estimate in moisture content of about ±2..S mm in a 1-m profile. All systems were
tested and calibrated to operate reliably Under cold weather conditions (to -200).

Profiles were monitored in the fall prior to Lreeze-up and during winter. snowmelt and
poet-melt periods, up to the time of seeding of annual crops. An attempt was made to obtain
measurements at least once every three weeks during the winter and postmelt periods. During
snowcover ablation the frequency of measurements was increased with the final observation
taken immediately following the disappearance of tne snowcover.

At several locations soil temperature probes with automatic recorders were installed
to provide measurements at depths of 25. 50. 100. 200. 400. 800 and 1600 mm. Daily maximum
and minimum air temperatures were also recorded. The temperature data were used to help
identify layers of soil where overwinter changes occurred, periods of midwinter melt and
Infiltration, and the times of freeze-up. snowmelt and thaw. and to establish rates and
depths of freezing and thawing.

THE WINTER PERIOD

That moisture migrates in response to a temperature gradient during freezing and thawing
of soils has been demonstrated by numerous laboratory studies on small specimens of freezing.
frozen and thawing soils IJumikis. 1973: Jame and Norum. 1980: Mageau and Horgenstern. 1980).
However. many questions remain unanswered regarding the pnenome:non in nature: for example.
a clear consensus is lacking on the relative importance of the transfers in the liquid and
vapor phases. and it is yet difficult to identify those conditions which favor the migration
of moisture in significant amounts during freezing.

Gray et al. (1985a) monitored the migration of moisture in response to soil freezing
in-situ. They suggest a soil profile can be divided into two zones in respect to overwinter
moisture changes. In the upper zone. extending trom the surface to a depth of approximately
300 - 400 mm. overwinter moisture transfer lother than infiltration of meltwater) occurs
primarily as a vapor and changes in moisture content are affected by ttose factors
Influencing the energy and vapor exchange processes at the air/snow and snow/soil interfaces
(le. large diurnal fJucLuations in surface temperature and very strotig temperature
gradients). In the zone below, the lower zone. moisture changes occur by upward migration
or relocation of water In response to freezing and by drainage below the freezing front. In
this zone temperature gradients are less pronounced, and. when an "adequate" supply of soil
water is available, moisture moves primarily as a liquid.

Figures 1 and 2 show typical plots of soil temperature and changes in soil moisture
regimes at selected times during the winter of 1982--83. The Saskatoon site iFig.l) is a
silty clay soil having a relatively high soil moisture content iranging from 24 to 45% by-
volume) in the fall and a water table at a depth greater than 4 m. The Outlook site is an
Irrigated, fine sandy loam having a fall soil moisture near field capacity (-25% by volume)
and a water table at 2.55 m on Nov. 17/82. With respect to the overwinter period (before
Mar. 28th the figures show:

1) Moisture losses from the upper zone. That moisture had moved into the overlying
snowcover was evinced by the coarse. rounded. large-grained texture of the snow near the soil
surface (an indication of strong temperature-gradient metamorphism resulting from the flow
of heat and moisture from the soil). Benson and Trabant (1973). Peck (1974) and Santeford
(1976. 1978) have also reported the movement of moisture from the soil to the snowcover as
a result of thermal gradients. An overwinter loss of moisture from the upper zone is typical
of that observed at most sites. with the exception of those situations where significant mid-,
winter melting had occurred.
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Figure 1. Profiles of soil temperature and chartges in soil moisture measured in a silty clay
soil at Saskatoon. Sask. Noisture changes are for the period from November 16/82
to the date shown below each frame.

2) Large fluxes of water may migrate upwards into the frozen zone in response To the
freezing action. Within the 0 to 1-m deptrh these increases amounted to -47.8 mm at Une
Saskatoon site and -95.7 no at Outlook. The lower extremity of the accumulation of water/ice
coincides with the freezing front. and extension of the zone -of -accumulation coincides with
the downward movement of the O*C isotherm. At Outlook. a drop in the water table of 400 mm
during freezing and Its recovery in the spring suggests that the saturated zone is- the
primary source of the migrating water.

3) No pronounced changes in moisture content in the unfrozen soil. The lack of strong
moisture gradients below the freezing front suggests that Jf moisture is moving as a liquid
the transport process bringing water from below is analogous to a coupled hand--to-hand
exchange process.

4) The frozen depth in the silty clav soil at Saskatoon is substantially greater than
in the sandy soil at Outlook. despite the fact that snowcover conditions were similar and
the accumulated degree-days of frost. calculated from soil temperatures at 200 mm. was the
same at each location after 80 days of trost. The shallower depth of freezing at Outlook
is attributed to the larger amount of water frozen.
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Figure z. Profiles ot soil temperature and changes in soil moisture measured in a fine sandy
loam soil at Outlook. Sask. Moisture changes are for the period from November
17/82 to the date shown below each frame. 9( 1 refers to the depth to the water
table in metres: depth on November 17/82 was 2.55 m.

These results demonstrate that significant fluxes of water may occur to the freezing
front where conditions favor migration. They are in agreement with the findings reported
by Ferguson et al. 11964). Willis et al. (1964) and Sheppard et al. (1981) which show larger
amounts, of moisture migration in a wet soil. and where a water table is near the soil
surface, compared to the amounts transferred in dryer soils. Soil moisture observations in
soils which were relatively dry at freeze-up showed moisture profiles with alternating layers
of gains and losses throughout the frozen depth. indicating localized transfers. but with
little change in total moisture content. When a soil layer is sufficiently dry that liquid
water does not form continuous films throughout the matrix, it is not possible for water to
move completely by capillarity in response to a temperature gradient..The moisture content
at which capillary flow predominates depends on such factors as soil texture, porosity.
density and layering, and is difficult to predict.

Excluding those sites where mid-winter melting had occurred, the overwinter moisture
losses observed in the upper zone ranged to a maximum of 35 mm. Occurrence of mid-winter
melting can compensate these losses and result in a net gain of moisture in the period. When
all (-150) observed profiles are considered. the overwinter moisture changes in the upper
zon" ranged from a loss of 35 am to a gain of 15 mm. with fallow lands appearing to be the
most prone to moisture losses. The fact that fields in this landuse may frequently be snow-
free or that the snowcover is shallow results in large fluctuations in surface temperature,
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and nence larger temperature gradients. conditions favorine the transfer of vapor t.o the
surface.

Overwinter soil moisture increases were observed in the lower zone (300 - 1000 mm deoth)
at 67% of the dryland sites (85% of tallow sites. and 58% of stubble sites). These moisture
gains ranged from I to 50 mm. or 7% by volume. The differences in magnitude of the changes
between landuse practices can be attributed to differences ill snoweover and soil moisture
and temperature regimes.

Changes to the moisture regimes of prairie soils during winter impact on the hydrology
and agricultural practices o[ the region. For example:

1) Because the snowmelt infiltration potential el a frozen Prairie soil is inversely
related to the soil moisture content of the upper zone at the time of melt (see rolowjng
section). they directly affect the amount of soil water recharge and snowmelt runoff.

2) The large fluxes of moisture due to freezing in lighter-textured soils with a wat.0r
table at shallow depth put in question the value of fall Irrigation for increasing spring
water reserves. The oractice may ennance moisture migration, reduce snowmelt infiltrataon.
contribute only small additions of water to the root zone over those that would occur
naturally by migration due to freezing, increase runoff and erosion. and retard thawln in
the spring.

3) Water that migrates in response to freezing does not drain until the soil profil,
has thawed in the sprinF. Theretore established crops. such as biennials or perennials.
will benefit most by these additions, particularly in the early part of the growing season.

4) A moisture change calculated from measurements made in the fall and spring may not
accurately reflect snowmelt infiltration.

5) They should be included in any model designed to forecast spring soil water reserves
which is based on observations of fall soil moisture and snowcover water equivalent.

61 Liquid water which moves upward in a soil may carry dissolved salts. Gray and
Granger t1986) showed increases in the amount of exchangeable ions in the 0 to 1--m layer at
Outlook of 11.9 and 4.4 t,/ha during the 1983-84 and 1984 85 winter seasons respectlvelv.
Because of the good drainabilty of the sandy loam most of these salts were removed by
drainage tollowing soil thaw. However it may be up to a month after a snowcover completely
ablates before a soil tMws sufficiently to allow free drainage. During this period the
surface layer is usually at a high level ot saturation (due to snowmelt infiltration) and
the hydraulic gradient is directed upwards (due to evaporation at the surface). conditions
favor further upward movement of salts to the soil surface.

THE SNOWMELT _PF.RIOD

When dealing with seasonally-frozen soils, the temperature regime (or depth of frost
penetration) at the time of snowmelt will affect the infiltration properties of the soil.
If the depth of frost is small the energy content of the infiltrating meltwater may be
sufficient to raise the temperature of the entire frozen layer to OC. thus returning the
infiltration characteristics of the soil to those of Its unfrozen state. Komorov and
Makarova (1973) suggest that a soil frozen to a depth of 150 mm or less absorbs meltwater
as does an unfrozen soil. and once a soil is frozen to a depth of 600 mm. freezing to greater
depth has no further effect on the infiltration of meltwater. Thus it is appropriate to
define a "completely"- frozen soil as one that does not thaw during the active snownelt
period.

Infiltration into a frozen soil is g ,erned primarily by the hydrophysical properties
of the soil layer near the surface. Granger et al. (1984) showed a direct relationship
between effective porosity and the minimum temperature against which infiltratilng meltwater
advanced, thus confirming the movement of water against low temperatures in soils with large
effective porosities. as reported by Steenhuis et al. (1977). Both Komarov and Makarova
(19731 and Steenhuis et a]. (1977) suggest that in frozen soils the effects of soil
temperature at the time of melt on infiltration may be secondary to those of effective
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porosity. which is inversely related to the ice content. They stress that the entry to and
movement of water in frozen soils occurs mainly through large non-capillary pores.

Granger et al. 11984) and Gray et al. (1985b) outline the development and testing of
a simple physically-based model describing infiltration into"completely"- frozen soils. They
suggest that these soils may be grouped into three broad categories with regard to their
infiltration potential:

Restricted - infiltration is Impeded by an impermeable layer. such as an ice lens on the
soil surface or within the soil near the surface. The amount of meltwater infiltration
will be negligible and most of the snowcover water equivalent will go to direct runoff
and evaporation.

Limited - infiltration is governed primarily by the snowcover water equivalent and the frozen
water content of the soil layer. 0-300 m, at the time of melt.

Unlimited - most of the snow water infiltrates. A soil in this condition contains a high
percentage of large, air-filled, non-capillary pores at the time of melt. Coarse sands,
gravels and heavy clay soils which crack naturally upon drying fall into this category.

Figure 3 is a plot of infiltration against snow water equivalent in which the three
categories are demonstrated. The 1:1 line represents the "unlimited" situation where all
the snow water infiltrates: the data points represent point measurements of Infiltration Into
frozen, cracked soils. Infiltration at a point can exceed measured snow water because of
overland flow to and interflow within the soil fractures. The data points on and near the
abscissa, representing the "restricted" case. show that even with relatively large amounts
of snow water, infiltration is negligible. The family of curves represent different initial,
"premelt". moisture conditions for soils in the "limited" category. Granger et al. (1984)
found for medium- to fine-textured uncracked, frozen soils in which meltwater is not impeded
by ice layers that: (a) the average depth meltwater penetrated a soil was 260 mm (standard
deviation - 100 mm). (b) infiltration was relatively independent of soil texture and landuse
practice, and (c) the amount of snowmelt infiltration was inversely related to the average
moisture content of the 0-300 m soil layer at the time of melt. Gray et al. (1985b)
provided the following relationship between snowmelt infiltration (INF). premelt moisture
content (0p) and snowcover water equivalent (SWE):

INF = 5(l-s)SWE0'584  [1]

in which INF and SWE are in m and ip is the degree of pore saturation, mm3 /mm3 . Equation
1. which was developed from measurements at 130 sites, has a correlation coefficient of 0.85
and a standard error of the estimate of 5.5 mm.
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Figure 3. Infiltration plotted against snowcover water equivalent for frozen soils of the
Unlimited. Limited and Restricted categories.
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Referring to fig. 3. it can be observed that the rate of increase of infiltration per
unit increase in snowcover water equivalent decreases with increasinw SWE. In light of this.
and the interest in managini the snow water resource, it appears that applying snow trapping
techniques on fields with soils in the 'limited" and "'restricted" categories can result in
situations where tne nractice Is contributing more to runoft (and potential erosion) and
evaporation than to recharge. It is evident that those soils which are likely to benefit
most in terms (it water augmentation from snowmelt. and hence are most amenable to the
application or snow management practices. are those in the "unlimited" category. Under
natural conditions the arable soils that most-commonly exhibit these properties are those
heavy. lacustrine clays which severely crack on drying. The macropore content of soils which
do not cracK bv nat-iai causes can only be increased substantially by some practice such as
subsoiling. which rractures soil to depths greater than the normal depth of penetration of
infiltrating water. A companion paper in these proceedings (Gray et al. 2990) discusses
infiltration into cracked and subsoiled frozen soils.

A number o1 models have been developed for simulating streamflow from snowmelt. A few
examples are: the U.S. Xational Weather Service River Forecasting System. NWSRFS (Anderson,
1912): the Streamf'low Simulation and Reservoir Regulation Model. SSARR (U.S. Army Corps of
Engineers. 1972): and the HbV of the Swedish Meteorological and Hydrological Institute

0oergstr6m. 1916). Each model differs from another, either as it calculates hydrological
components or simulates the processes of snowcover accumulation and ablation. evaporation.
infiltration. changes in soil moisture storage and flood routing, and no one model has been
accepted for universal use. The pertormance of these models applied to natural catchments
is directly related to the accuracy with which infiltration is evaluated. In most of the
existing operational systems no attempt is made to distinguish differences in the
infiltration process in frozen and unfrozen soils. In light of the above discussion this
represents a major limitation of these systems for synthesizing snowmelt runoff on watersheds
in many parts of central and northern Canada.

Gray ct al. (1985b. 1986) demonstrated that incorporating the infiltration model
(described above) into the NWSRFS and SSARR models significantly improved the performance
of these systems in si7ulating streamflow from snowmelt on Prairie watersheds. Figure 4
shpws obser.'d and simulated hydrographs by NWSRFS for the Creighton Tributary (a small 11.4
ksz watershed in western Saskatchewan) for 1974. The closer agreement between observed and
simulated hydrographs due to the improved estimate of runoff volume is evident: the original
model grossly underestimated the runoff volume because it assumes infiltration into an
"untrozen" soil. Tests with revlseo (containing the frozen soil algorithm) NWSRFS and SSARR
models applied to a larger (125 kmz ) watershed In south central Saskatchewan (Gray et al..
j9861 also showed that simulations of runoff volume are markedly improved when infiltration
into frozen soil is accounted for.
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Figure d. Observed and simulated hydrographs of snowmelt runoff from Creighton Tributary In
1974. Original model:NWSRFS operated with its land phase subroutine unchanged:
revised model:NWSRFS operated with the land phase subroutine replaced with the
infiltration model.
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THE POSTMELT PERIOD

in this paper postmelt is taken as the period extending from the disappearance of the
seasonal snowcover ut) to the time of seeding of annual crops (usually six-nine weeKs).
During the rirst two-five weeks of postmelt idepending on the frozen moisture content and
the energy supplied) the soil remains partially frozen. Tne presence of frozen soil affects
the disposition of infiltrated meltwater and the moisture which has accumulated in the lower
zone. rhe last cliches of gigs. I and L show typical changes in the soil moisture regime
following melt: a Joss of moisture from the upper zone due to evaporation, and drainage of
water below the frost line. Note that even in the light-textured soil there is no pronounced
change in the moisture protile due to drainage until the soil temperaturo throughout the
frozen zone reaches 0C. Deep percolation below a root zone of 1 m does not always take
place tit was observed in only 23% of the sites): it occurs when th? moisture content exceeds
the water holding capacity of the soil. and therefore is affected by the drainability of the
soil (75% at the sites in fine sandy loam and 15% of those in clay showed deep percolationi.

By preventing the vertical movement of the infiltrated meltwater. a frozen soil
increases the probability that this water will be lost to evaporation. Measurements of soil
moisture changes showed that at all sites 1100%) evaporative losses occurred from the upper
zone. whereas at only 53% of the sites was the race ol soil thaw suffioJently rapid to allow
some of the meltwater to move deeper into the soil profile before it was evaporated. Table
1 shows that evaporative losses during postmelt are signiricant wntn compared to gains by
meltwater infiltration and precipitation. The data a.iso show that. on average. meltwater
infiltration is lost to evaporation in 7 days following the disappearance of the Unnual
snowcover from fallow and in 16 days from stubble.

Table 1. Average snowmelt infiltration and evaporation losses iii the postmelt period.

Landuse No. Obs. Infiltration Evaporation* Ratio Rate77
mm EVAP/iNF EVAP/(INF-PPT)

Fallow 39 19.9 50.9 2.6 0.9 7

Stubble 77 26.6 46.5 1.7 0.'? 16

Obtained from the soil water balance: EVA, - AMoisture - PI'T.
'' The average number of days following the disappearance of seasonal snowcover in

which meltwater infiltration is lost to evaporation.

The existence of frozen soil affects the energy available for evaporation. While there
is frost in the ground. a greater amount ot the incoming energy isniar radiation) is
apportioned to the soil heat flux in order to supply the energy required for the solid--to-
liquid phase change. thus reducing the amount of energy available for t.ne liquid to-vapor
phase change (evaporation) at the surface. Many schemes for estimating evaporation. although
they are based on energy balance considerations, ignore the soil heat flux. and tend to
overestimate the evaporation rates during the period of soil thaw. A comparison of the
measured evaporation amounts to those estimated by Morton's (19831 evapotranspiration model
showed that. whereas the model performed well during the summer months it gave estimates that
were generally greater by 22 to 30 mm during the 4-week period following snowcover ablItion:
an error of approximately 50% (Granger and Gray. 1989).

SUMMARY

This paper uses in-situ measurements of soil moisture changes during winter and spring
to demonstrate the impact of, frozen soil on the hydrology of the Canadian Prairie region.
The discussion focuses on three periods: the winter period (from freeze-up to the onset of
snoumelt). the snowmelt period, and the postmelt or thawing period (from the disappearance
of the seasonal snowcover up to the seeding of annual cereal grains).

During winter, moisture is usually lost from the upper soil zone (0 to 300-400 mm soil
layer): conversely, large fluxes of water may migrate into the adjacent lower frozen zone
(which extends to the depth of the frost fronti in response to the freezing action. These
moisture changes affect the Infiltration capacity of a soil and the amount of water contained
within the root-zone of a crop. It is also shown that under specific conditions the
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migrating water may contain soluble salts in amounts sufficient to change the salinity level
of the frozen profile. The magnitudes of the observed moisture Phanges indicate that
snowmelt infiltration cannot be reliably estimated from the difference between fall and
spring soil moisture measurements and demonstrate the Importance of accounting for the
migration process in modelling soil moisture reserves.

Snownelt infiltration into a completely-frozen soil (a soil which does not thaw during
the snowmelt period) is governed largely by the frozen water content of the upper soil zone
and by the presence of large non-capillary macropores. A simple conceptual model is
presented which classifies frozen soils into three categories according to their Infiltration
potential. The impact of the presence of frozen soil on the use of snow management practices
aimed at increasing soil moisture reserves for crop production and on the simulation of
streamflow from snowmelt is demonstrated.

The continued presence of frozen soil during the postmelt period affects the disposition
of infiltrated meltwater. Since the downward movement of the water is prevented until the
soil profile has completely thawed, the water is held near the surface where it is subject
to evaporation. Evaporation losses often exceed the gains from snowmelt infiltration. It
is during postmelt that conditions are favorable for further migration towards the soil
surface of salts which have moved in response to freezing. The frozen soil also represents
an effective heat sink. and thus affects the surface energy balance. Evaporation models
which assume that soil heat flux is negligible may be subject to significant errors during
the period of soil thawing.
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COMPARISON OF THREE METHODS FOR MEASURING DEPTH OF SOIL FREEZING

by

Clayton L. Hanson and Gerald N. Flerchinger

INTRODUCTION

Flooding often occurs during the winter in the northwestern United States (Johnson and
McArthur, 1973). These floods generally occur from December through March when warm, moist
air masses, accompanied by strong winds, produce rain and/or rapid snowmelt after periods
of extreme cold that freezes the soil to considerable depths.

The Reynolds Creek Experimental Watershed located in southwestern Idaho has been
operated by the Agricultural Research Service, USDA, since 1960 for the purpose of studying
water yield, flood flows, and sedimentation problems from grazing areas of the Pacific
Northwest (Robins et al., 1965). Several methods have been used on the watershed to
measure the spatial and temporal distribution of frozen soil to enhance our understanding
of relationships between frozen soil and the associated runoff and erosion (Hanson et al.,
1988). Our experiences with the thermilinear network for measuring soil temperature and
gypsum soil-water resistance blocks and a version of the Gandahl gage for measuring depth
of frozen soil are reviewed in this paper. Data from the Quonset site (Fig. 1) are used to
show how well the depth of frozen soil compares between the three systems.

EXPERIMENTAL SITES AND INSTRUMENTATION

Soil temoerature

The 12 locations on the Reynolds Creek Experimental Watershed where depth of frozen
soil was measured are shown in Figure 1. Soil temperatures were measured at five of the
sites by the thermilinear network (Yellow Springs Instrument Co., Yellow Springs, OH*),
which is a resistance network consisting of a thermistor composite and two precision
resistors. Soil temperatures have been recorded hourly at the Quonset site since 1985 at
depths of 2.5, 5, 10, 15, 20, 30, 40, 60, 70, and 90 cm. Soil temperatures are recorded
hourly at two sites and weekly at the other two sites. Measurements are made at depths of
10, 30, 60, 90, 120, 180, and 240 cm at these four sites.

Thermilinear networks were used rather than thermocouples because they can be easily
read by a hand-held meter or continuously recorded at remote sites. The only problem we
encountered was a breakdown of the material used to pot the sensors. This problem has been
solved by protecting the sensors in vinyl.

Gypsum blocks

Gypsum soil-water-resistance blocks (gypsum blocks) have been used in several studies
to indicate the presence of frozen soil (Burgess and Hanson, 1979; Sartz, 1967; Wilen et
al., 1972). Studies by Colman and Hendrix (1949) and Bethlahmy (1953) showed that there
was a change in electrical resistance in blocks due to both soil-water content and
temperature. They found that the electrical resistance increased as the soil temperature
decreased and that there was a sharp rise in the electrical resistance when blocks froze.

*Trade names and company names when mentioned are for the convenience of the reader and
do not imply preferential endorsement by the USDA-Agricultural Research Service of a
particular product or company over others.

Paper presented at the Frozen Soil Symposium, Spokane, Washington, darch 21-22, 1990.

'Agricultural Engineer and Research Hydraulic Engineer, respectively; USDA-Agricultural
Research Service, Northwest Watershed Research Center, 270 South Orchard, Boise, Idaho
83705.
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SCALE IN KILOMETERS

Figure 1. Reynolds Creek Experimental Watershed depth of frozen soil instrumentation
network.

Gypsum blocks were installed at 12 sites on the Reynolds Creek Experimental Watershed
during the mid 1970's as one of the methods used for monitoring the spatial and temporal
distribution of frozen soil (Fig. 1). Two sets of single gypsum blocks were installed at a
level site at each location. The gypsum blocks were positioned at depths of 5, 10, 15, 20,
and 30 cm. In addition, one set of gypsum blocks at the Quonset site was positioned at 5,
10, 15, 20, 30, 40, 50, and 60 cm depth. Two sets of gypsum blocks were installed at each
site, e-tcept the Quonset site, to prevent data loss due to gypsum block failure.

During the cold period, frost depth was measured weekly at all sites except the Quonset
site where measurements were taken more frequently. When the soil was frozen, frost
penetration was assumed to be between two adjacent depths, i.e., frozen at 5 cm but not at
10 cm. When soil frost was indicated at 30 cm, the.depth was noted as 30 cm or greater.
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The gypsum blocks on the watershed required changing every four years because they
dissolved enough during that time period to cause failure. The major problem encountered
in using gypsum blocks to measure soil frost on the watershed was the lack of fall
precipitation at all of the sites. Because of dry conditions during some years, there was
no way to determine if the soil was dry, frozen, or both since gypsum blocks also indicate
very high resistance at low soil water contents.

Frost tubes

Frost tubes similar to the modified Gandahl gage (Gandahl, 1957; Rickard and Brown,
1972; Harris, 1970) have been used on the Reynolds Creek Experimental Watershed. The tubes
were read manually on a daily basis at the Quonset site and the other tubes were read
weekly.

Frost tubes consisted of an outer rigid PVC pipe, 24 mm inside diameter, and an inner
plexiglas tube 19 mm inside diameter by 22 mm outside diameter. The outer tubes were
installed to a depth which allowed for the inner tube to be 100 cm in the soil. The outer
tube extended above the ground surface so they could be found during the winter. The inner
tube had a 4.8 mm flexible plastic tube mounted in the center to prevent breaking the inner
tube when the solution in the inner tube froze. This happened at a site where 50 to 100 cm
of soil frost occurred during some winters without the flexible plastic tube. The flexible
plastic tube was held in place by the material used to plug the ends of the inner tube.
The inner tube was filled with sterilized, 1 mm blasting sand, and a 0.1 percent
fluorescein dye solution. When the fluorescein dye solution froze, it changed from green
to a red-brown color. In order to read the depth of freezing, an adhesive, metric tape was
placed on the outside of the inner tube.

We currently use sterilized sand to " revent organic growth in the inner tube as this
was a problem with the first frost tubes we constructed. As mentioned earlier, we now put
a flexible plastic tube in the center of the inner tube to prevent breaking the bottom out
of the inner tube.

Annual maintenance includes adding a small amount of sand to almost all frost tubes
because of settling. This is accomplished by feeding sand into the top of each inner tube
through a small hole that is drilled and threaded for a stoppcr.

FIELD EVALUATION OF METHODS FOR MEASURING DEPTH OF FROZEN SOIL

Depth of frozen soil measured by the three measuring systems is shown in Figure 2 for
the period November 27, 1988 through March 7, 1989. The 0 *C isotherm shown in Figure 2
was obtained from linear interpolation between the depth at a temperature sensor below 0 *C
and the next sensor that had a temperature above 0 *C. The gypsum block depths have not
been interpolated and thus the actual frost depth was at or below the plotted depths.

During the last three days of November and the first 15 days of December, the gypsum
blocks and frost tubes indicated the same depth of frozen soil. The 0 *C isotherm was 5 to
10 cm below the frost line indicated by the gypsum blocks or frost tube but the soil
temperatures were all warmer than -0.3 *C. Between December 16 and January 8, the frost
depth measured by the frost tube and the 0 'C isotherm were never more than 5 cm different.
During this same period, the frost depth indicated by the gypsum blocks lagged the others;
however, the frost depth was greater because only the depth of the deepest frozen gypsum
block was plotted.

There was a disparity between the gage readings during the period of January 9 through
24. When the soil was at or near freezing after being frozen, the gypsum blocks indicated
little or no frozen soil, whereas the frost tube and soil temperature indicated freezing to
about 20 cm. However, the soil temperature was generally warmer than a -1 *C below 5 cm
for six of these days and field observations indicated that the color in the tube made it
difficult to determine if the tube was frozen or not. These remarks about the difficulty
of determining color differences in the tube agreed with Harris (1970) who said that
"during periods of rapid freezing and thawing the color separation lines in the gages were
sometimes diffused and mixed." His gage was the same type as the one used in our study.
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Figure 2. Depth of frozen soil at the Quonset site for the period November 7, 1988
through March 7, 1989.

When the weather cooled at the end of January, all gages indicated that the soil froze
rather rapidly. The frost tube and 0 C isotherm agrecd very closely to a maximum freezing
depth of about 75 cm. The gypsum blocks lagged the other gages, but only the bottom frozen
gypsum block was plotted. During the period of deepest frost penetration, the deepest
gypsum block, which was located at 60 cm, froze which suggests that the soil was frozen
below 60 cm.

The soil profile started thawing rapidly on February 21 and thawed from the bottom
upward from about 70 cm to 40 cm by February 25. From February 27 through March 2, the
gypsum blocks indicated that the soil had thawed from the surface and from below leaving a
frozen layer from about 15 to 40 cm. The tube indicated frozen soil at about 45 cm on
February 28 and all thawed the next day. During this period of rapid thaw, field
observations indicated that the colors in the frost tube were not distinct, making it
difficult to determine if the frost tube was frozen or not. All of the sensors indicated
that the soil profile was not frozen on March 7.

Soil frost monitoring systems do not indicate the type of frost in the soil, i.e., the
two extreme types, concrete and granular. Bethlahmy (1953) could not determine soil frost
type from laboratory experiments using fiberglass blocks; However, these studies do
suggest that the gypsum blocks can be used to infer soil frost type because gypsum blocks
indicate soil water status and soil frost types as related to the amount of soil water.
Knowing if the soils are wet or dry prior to soil freezing could indicate frost type, which
is useful in flood prediction.

Three measuring systems have been used to measure the depth of frozen soil on the
Reynolds Creek Experimental Watershed in southwest Idaho. The systems include a
thermilinjar network to measure soil temperature, gypsum soil-water-resistance blocks
(gypsum blocks), and the modified Gandahl tube (frost tube). The frost tube readings were
very well correlated with the 0 eC isotherm for most of the 1988-1989 winter season.
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Generally, the frost tube readings were within 5 cm depth of the 0 *C isotherm depth.
There were greater differences during a thawing period in mid January and at the end of the
season. During these thawing periods, field observers were unable to determine the frost
line because the color in the frost tube was not distinct. These results agree with
findings by Rickard and Brown (1972) and Harris (1970).

In general, the frost tube has given reliable reconnaissance type data. We have not
encountered the problem of the frost tube thawing several days later than the soil. This
condition was reported by McCool and Molnau (1984) who did not use sand in the inner tube.

Gypsum block readings followed the same pattern of soil freezing and thawing as
indicated by the other two methods. However, they tended to lag when the soil was freezing
and indicate that the soil was thawed before the other methods. The gypsum blocks
indicated essentially the same maximum depth of frozen soil when all three sensor types
indicated frozen soil conditions. Results from this study show that the gypsum blocks are
a reliable method of measuring depth of soil freezing and substantiate previous
researchers' findings (Burgess and Hanson, 1979; Sartz, 1967; Wilen et al., 1972). Frost

tubes are advantageous because they measure all locations from the surface, whereas the
resolution provided by the gypsum blocks and thermilinear network are determined by the
location of the sensors.

The thermilinear network systems worked well after a method was developed to protect
the sensors from water. The gypsum blocks must be replaced approximately every four years
because they eventually dissolve. They also do not indicate soil frost conditions when
they go into winter dry due to a lack of fall precipitation. The frost tubes need some
annual maintenance because of breaks, etc., but this has not required a great amount of
money or time.
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REDISTRIBUTION OF SOIL WATER AND SOLUTES IN FINE

AND COARSE TEXTURED SOILS AFTER FREEZING

by

L. L. Hofmann, R. E. Knighton, and J. L. Richardson
1

INTRODUCTION

Winters in the northern Great Plains are characterized by long periods of below
freezing temperatures with few if any periods of thaw occurring for two to three months.
This is often accompanied by little to no snow cover resulting in soils freezing to depths
greater then lm. Studies indicate this freezing process results in significant increases
of water and solute concentrations in the upper portion of the soil profile (Campbell et
al., 1970; Gray et al., 1985; Gray and Granger, 1985). The quantity of water translocated
towards the surface is affected by soil moisture content before freeze-up, depth of
freezing front, and the presence of a shallow water table (Willis et al., 1963; Benz et
al., 1968; Benoit et al., 1988).

In saturated soils, water freezing in the pure state concentrates solutes just below
the freezing front as it advances into the soil profile (Arndt and Richardson, 1986). In
unsaturated soils, upward migration of water and solutes through the unfrozen soil in
combination with concentrated solution moving down with the freezing front concentrates
substantial quantities of salts near depths of maximum frost penetration (Beke and Palmer,
1989). Movement of soil water is also evident within frozen regions advancing from warmer
to cooler areas believed to occur primarily in the vapor phase (Gray et al., 1985; Gray
and Granger, 1985). Studies indicate that films of liquid water surrounding soil
particles in frozen soil can move along temperature gradients with thickness and rate of
movement decreasing as temperatures drop below 0 0C (Hoekstra, 1966). Migration of
solutes and particles can also occur by diffusion through these liquid films (Cary and
Mayland, 1972; Rbmkens and Miller, 1973). These phenomenon may result in increases of
water and solutes in frozen areas of the soil profile.

This study is designed to quantify the changes in moisture and solute content as the
freezing front advances into the soil profile in a sulfatic system containing similar
concentrations of Na and Mg salts. The effects of a water table, solute concentration,
depth of freezing front, and soil texture on water and solute redistribution within a soil
as it freezes are presented.

PROCEDURES

Soil columns 90cm in length of Fargo silty clay (Vertic Haplaquoll) and Hecla fine
sandy loam (Aquic Haploboroll) were sampled in 20cm diameter PVC pipe by driving the pipe
with a metal cutting bit into the ground with a tractor-mounted post pounder. A pit was
dug and the columns were pulled from the pit wall with a PVC base cemented to the bottoms
to obtain undisturbed samples. The columns were saturated under a vacuum, then allowed to
drain using two solutions: (1) a moderately saline solution of 1-gram equivalent MgSO4
and Na2SO4 with 100 mg kg

-1 KBr, and (2) a control solution of 0.01N BaC12 plus 5% ethyl
alcohol by volume. Thermocouples were placed at 7.5cm depth intervals in the upper 45cm
and 15cm intervals in the lower 45cm. The columns were brought to an ambient air
temperature of 6 *C and placed in baths maintaining a 2cm hydrostatic head over the
column bases. The upper 45cm of the soil columns were positioned within a modified chest
freezer surrounded with 7.6cm fiberglass insulation and enclosed in 2.5cm high density
foam insulation with only the surface of the columns exposed to freezing temperatures. The
columns were then frozen from the top down at -10.0 0C . Soil and air temperatures were
logged every 12h with a Wescor TC Thermometer model TH-65. A freezing run consisted of
one of three soil columns of a given solution treatment frozen to a depth of 15cm, 30cm,
and 45cm. The columns were removed from the freezer when the temperature at the desired
depth of freezing reached -0.2 0C and sampled at the depths of thermocouple placement.
All samples were analyzed for gravimetric water content, bulk density, EC, pH, alkalinity,
soluble salts (Rhoades, 1982), and Br- (Adriano and Doner, 1982) with sulfate determined
by difference based on saturation paste extraction.

Presented at the Frozen Soil Symposium, March 21-22, 1990; Spokane Washington.

lGraduate Research Assistant, Assistant Professor and Professor, Department of Soil
Science, North Dakota State University, Box 5638, Fargo, North Dakota, 58105.

263



RESULTS

Freezing the soils from the surface down was achieved with mean temperature
gradients across the length of the columns at sampling ranging from -7.2 to 4.80C in the
Fargo silty clay and -5.3 to 6.10C for the Hecla fine sandy loam. The average
temperature profiles of the two soils for each freezing treatment are illustrated in
Figure 1. Average time to complete each freezing treatment is presented in Table 1. The
saline solution (SS) treated columns required 25 to 64% more time then the distilled
solution (DS) to freeze to the specified treatment depth.
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Figure 1. Average temperature profiles of the Fargo (a) and the Hecla (b) soils at three
depths of the freezing front (FF).

Table 1. Time of freezing required to obtain depth of freezing treatments in Fargo silty
clay and Hecla fine sandy loam soils.

Soil Solution Freezing Freezing
Type Treatment Front Time

- Cm - - d -
Fargo DS 15 1.8

30 2.8
45 19.4

SS 15 2.3
30 4.6
45 24.0

Hecla DS 15 1.2
30 6.2
45 31.0

SS 15 1.9
30 10.1
45 31.0

Figures 2 ad 3 illustrate water and EC redistribution as the freezing front
advances in the Fargo silty clay soils and Figures 4 and 5 for the Hecla fine sandy loam.
Data values are averages of three replications. Exceptions are two replications for the
Fargo soil water content values and the 45cm freezing treatment of the Hecla soil. Values
for the Hecla soils represent only one replication of the experiment. The control
treatment represents average moisture and EC values of columns treated with the
corresponding solution and sampled after draining for 14 days. Depletion of H20 in the
unfrozen portion of the columns corresponds to increases near the freezing front in the
soils frozen to 30 and 45cm. Average initial Fargo soil water content for the surface
depth increment is 0.33 cm3 .cm-3 with losses ranging from 0.01 to 0.04 cm3 .cm-3 as the
freezing front advanced from 15cm to 45cm in depth. Average Hecla initial water content

264



for the surface depth increment is 0.21 cm
3 .cm-3 with a range of +0.02 to -0.04 cm

3 cm-3

after freezing. The losses of water occurring near the surface are due to sublimation.
Changes in EC values appear to be different between soil types and solution

treatments. Average EC valu03s for the DS and the SS solutions are 0.99 and 6.29 dS-m "1 ,
respectively. Fargo soils exhibit EC changes inversely proportional to changes in water
content, but a direct relationship between water and EC redistribution is evident in the
Hecla soils. This may be explained by hydraulic and vapor conductivity properties of the
soils. The low hydraulic conductivity of the Fargo silty clay inhibits mass flow of water
to a rate below that of sublimated losses. Increases in moisture in the frozen Fargo soil
are due predominantly to transport in the vapor phase. The greater hydraulic conductivity
in the coarser Hecla fine sandy loam allows enough water transport during freezing to
recover sublimated water losses (Koopmans and Miller, 1966).
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Figure 2. Average volumetric water and electrical conductivity redistribution in DS
treated Fargo soil as the freezing front advances.
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Figure 3. Average volumetric water and electrical conductivity redistribution in S$
treated Fargo soil as the freezing front advances.
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Figure 4. Average volumetric water and electrical conductivity redistribution in DS
treated Hecla soil as the freezing front advances.
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Figure 5. Average volumetric water and electrical conductivity redistribution in SS
treated Hecla soil as the freezing front advances.

Trends for DS treated soils indicate an inverse relationship between volumetric
water changes and EC changes. This is an indication that water low in solutes is moving
up from the watertable with salts dissolving into solution in the unfrozen portion being
transported towards the freezing front. Trends of a direct relationship are evident in
the SS treated soils but to a lesser extent in the Fargo soils than the Hecla soils.
Complex exchange reactions in the Fargo soil due to high exchange capacity could be
responsible for attenuating these trends.

Movement of solutes towards the surface in the frozen soil is evident in the 45cm
freezing treatment. This increase may be explained by upward thermal transport of thin
liquid films surrounding ice and soil particles. This is probable considering it took
from 2-4 weeks more freezing time between the 45cm freezing treatment versus the others
(Cary and Mayland, 1972; Romkens and Miller, 1973). Redistribution of cations as the
freezing front advances into the soil is illustrated in Figures 6 and 7.
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The dominant anion in the SS treated soils is S04-2 with HC0 3" influencing the
chemistry to a large extent in the DS treated soils. Preliminary results indicate
movement of salts through the unfrozen portion, concentrating salts near the freezing
front. Few trends in ionic redistribution are evident in the DS treated Hecla and SS
treated Fargo soils. However, trends in cation redistribution are evident in the DS
treated Fargo and the SS treated Hecla soils. The increase in Ca concentrations may be
due to exchange reactions and ion pairing as Mg is drawn up from the watertable and
unfrozen soil. Correlations conducted between EC values resulted in correlation
coefficients between EC and Mg at the three freezing treatments ranging from 0.83 to 0.95
and 0.37 to 0.99 for EC versus Na. This is an indication that the increases in EC are
mainly due to movement of Mg and Na. Na appears to concentrate the greatest below the
freezing front while Mg is exchanging with Ca associated with the exchange complex. The
use of undisturbed soil columns and limited constraints on the number of treatment
replications led to the inability to detect any major significant differences between
treatments. Trends indicate that appreciable redistribution of soluble and exchangeable
ionic species within these soils can occur as water and solutes are drawn from a
watertable as these predominantly sulfatic systems freeze. Bromide values at similar
treatment levels may enable better interpretation of the mechanisms influencing
redistribution of water and solutes.

CONCLUSIONS

Water and solutes move towards a freezing front causing increases in water and solute
concentrations within the soil profile drawing from the water table as the freezing front
advances. The relationship between water and solute movement is influenced by soil
textural and solute concentration differences with movement more restricted in the silty
clay soil. Appreciable differences in soluble and exchangeable salts occurs in these
systems as water and solutes are drawn from the watertable through the unfrozen soil. Mg
and Na appear to be the most mobile cations with Na concentrating below the freezing front
while Mg exchanges with Ca. Solute increases in the frozen soil induced by thermal
gradients are evident given an adequate time of below freezing temperatures. The use of
undisturbed soil columns resulted in the inability to detect significant differences
between solution and freezing depth treatments influenced by physical and chemical spatial
variability common under naturally occuring field conditions.
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FIELD AND LABORATORY TECHNIQUE§ FOR FROZEN AND THAWING SOIL

by

D. K. McCool and Hans Kok
1

INTRODUCTION

The northern tier of states of the US and the Canadian provinces experience frozen
soil of varying depth and for periods of varying length every winter. The regions roads
and other infrastructure are affected by the occurrence of the frost and its hydrology is
influenced by rain or snowmelt on frozen soil which can cause severe floods. In some
areas, such as the Palouse of the Pacific Northwest, frozen and thawing soil is a factor
in soil erosion because of reduced strength and high erodibility as the soil thaws (Zuzel
et al., 1982; Formanek et al., 1984; Van Klaveren, 1987; and Kok, 1989). Research on
frozen and thawing soil is necessary to protect infrastructure, evaluate flood hazard to
protect lives and property, and to understand and prevent erosion from frozen soil runoff
events.

The purpose of this paper is to briefly present and discuss methodology and
instrumentation for conducting frozen soil research. References will provide additional
information.

FROST DEPTH

The classic method of determining the depth of frost is to dig a pit and observe the
occurrence of ice crystals. This requires a great deal of time and effort and destroys
the experimental area. However, it is preferred by some investigators, because of the
information that can be obtained about frost form. For many situations is necessary that
the area not be disturbed or that readings be done more quickly. Thus, indirect methods
have been devised to infer the location of the frost line. Garstka (1944), Harrold and
Roberts (1960), and Burgess and Hanson (1979) used soil moisture blocks to detect the
frost line. Electric conductivity approaches zero when moisture in the blocks freezes.
Soil moisture blocks are an accurate means of determining frost depth but provide only
point measurements. However, the blocks and instrumentation may be installed at remote
sites and visited infrequently. Sartz (1967) reported the results of his test of three
indirect indicators of frost depth. These were moisture blocks, thermistors, and a frost
meter, a tube containing a series of solution-filled glass bottles; the lowest broken
bottle indicated frost depth. He concluded that the moisture blocks were more accurate
than thermistors when compared to a penetrometer test.

The low cost, ease of fabrication, and ease of use by untrained personnel have led to
numerous experiments to develop and improve tube-type frost gages. Harris (1970) reported
on tests of two water-dye filled tubes. These were a gage using a 0.01 percent solution
of green fluorescein dye with medium-size clean sand in a polyethylene tube, similar to a
gage developed by Gandahl (1957), but as modified at the Cold Region Research and
Engineering Laboratory (CRREL), and a similar tube using a Kool-aid* solution. He
concluded the modified Gandahl gage performed better during the critical periods of fast
freezing and thawing.
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Rickard and Brown (1972) compared the performance of two frost tubes. The first was
a modified CRREL tube, as reported by Harris (1970), constructed of a 19.0 mm O.D.
innertube of polyethylene filled with sandblasting sand and a 0.1 percent fluorescein dye
solution. The second tube was filled with a 0.1 percent methylene blue solution (no
sand). They found that when the frost was penetrating, the modified CRREL tube rgsponded
to frost penetration faster, with the indicated frost depth within 20 mm of the 0 C
isotherm. The methylene blue tube consistently lagged the modified CRREL tube by as much
as 50 mm. During thawing periods, they found the methylene blue tube also lagged. They
concluded that the modified CRREL sand-filled tube with green fluorescein was superior to
the methylene blue tube because the added water mass of the methylene blue tube slowed the
response time and the greater volume expansion of the liquid filled tubes resulted in
physical damage. Also, the blue solution tended to give unclear edges.

In 1976, Ricard et al. reported on a field assembled frost gage. This was referred
to by one of the co-authors as a CRREL-Gandahl gage. This gage used a polyethylene inner
tube of 12.7 mm I.D. and 15.9 mm O.D. and was filled with a 0.05 percent solution of
methylene blue. A nylon string up the center of the tube anchored the ice and prevented
floating during thaw periods. The outer casing was of rigid polyethylene or PVC pipe. It
was specified that the inner diameter of the casing should be no more than 6 mm greater
than the outer diameter of the inner tube. They recommended that the gage should be at
least 0.30 m longer than expected frost depth to minimize freezing point depression as dye
migrates from the freezing front.

Researchers of the USDA-ARS at Pullman, Washington and of the Agricultural
Engineering Department of the University of Idaho experimented with versions of the
Gandahl and CRREL tubes. A tube filled with fluorescein solution and sand as described by
Harris (1970), but with a rigid inner tube, was first used by USDA-ARS during the winter
of 1974/75 and by the University of Idaho in the winter of 1975/76. The design seemed to
work fairly well for researchers and technicians acquainted with the idiosyncrasies of the
gage. However, many cooperative observers could not differentiate the color change from
yellow-green to gray as the liquid froze. Also, super-cooling was a problem in that some
tubes did not begin to freeze until exposed to very cold temperatures. There was also
occasional difficulty with the rigid inner tube freezing and breaking if the gages were
exposed to cold temperatures prior to installation. Thus, in the fall of 1978, both USDA-
ARS and University of Idaho adopted the CRREL-Gandahl design. The line between frozen and
unfrozen material was much easier to locate, and if necessary, the ice blocks could be
located by squeezing the flexible tube.

There seemed to be some problems with freezing and thawing of the solution in the tubes
lagging behind freezing and thawing of liquid in the soil. Thus, in the fall of 1979, 4
mm diameter glass beads were added to the methylene blue solution in the tube. The intent
was to decrease the quantity of liquid in the tubes and hence thermal lag. However, the
beads seemed to offer little advantage and were discontinued. The CRREL-Gandahl tube is
currently used by these researchers.

SHEAR-STRENGTH

While a soil is frozen, its shear strength is determined by the strength of the ice
crystals, and the ice-soil bonds. Several tests are available to determine soil strength
under laboratory conditions such as the direct shear test and the triaxial shear test.
Those tests require undisturbed samples and are not practical for weak agricultural soil
conditions, such as tilled or thawing soils. Only in-situ methods to determine soil
strength are discussed.

Vane shear device

The shear or Torvane test was described by several researchers (Tuma and Abdel-Hady,
1973, Jumikis, 1962, Caquot and Kerisel, 1967). Vertical vanes radiating from a central
point are inserted in the soil and rotated around their common axis. The torque needed to
rotate the cylinder of soil between the vanes is related to shear strength by the
equation:
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Mmax - r*r(D2H/2 + D3/12) (1)

where Mmax - torsional shear resistance (N m)
r - shear strength of the soil (N m-)

D - diameter of vane (m)
H - height of vane (m).

Dickenson et al. (1982) found a good relationship between vane shear, bulk density

and volumetric water content:

r - a + b(BD) + c(VW) (2)

where r - vane shear strength (N m
2)

BD - bulk density (kg m-3)
VW - volumetric water content (m3m3

a,b,c - regression coefficients.

Caquot and Kerisel (1967) proposed rounded edges on the vertical vanes since the
shear plane in stiff clays did not follow the cylinder formed by the vanes. Douglas
(1986) used a vane apparatus to study the effect of management on shear strength of a clay
topsoil. He measured strength 19 times during a season and found a linear relationship
between water content and strength, and a similar relationship between bulk density and
strength. He stressed that understanding the effects of season on strength would require
more frequent measurements and that all pertinent soil physical properties should be
closely monitored (such as depth of freezing). Elliot et al. (1988) found the Torvane to
produce non-repeatable data on freshly eroded soil during WEPP rainfall simulation tests.
Bradford and Grossman (1982) stated that using a vane test on loam and silt loam soils has
limited value because inserting the tool into the soil would cause failure and under-
estimation of the shear strength. Hirschi et al. (1987) determined a weak relationship
between Torvane shear strength and soil loss under simulated rainfall. Kok (1989) found a
weak relationship between Torvane shear strength and soil water content of the top 10 mm
of the soil profile for thawing soil under field conditions. He found the device easy to
use for a wide array of soil conditions, but hard to clean between measurements.

Penetrometer

The penetrometer test consists of a cone or foot which is forced into the soil at a
constant rate. The force required to obtain a preset depth of penetration is read
manually or recorded with a strain gauge. Penetrometers measure a complex of forces due
to penetration: cutting and separating of soil, shear, plastic flow, compression and
metal-to-soil friction (Hillel, 1980). Penetrat'on resistance is dependent on water
content, bulk density, soil type, soil strength, penetration rate, shape of the cone or
foot and surface roughness of the cone or foot. Perumpral (1987) found penetrometer
resistance to decrease with increasing water content ao.d a decreased effect of density
with increased water content. Penetrometers are available in capacities ranging from
vehicle mounted for penetration of highly compacted soils such as roads (up to 10,000 kg),
to small pocket penetrometers for very weak soil conditions (0.015 kg). Nearing and West
(1988) found a pocket penetrometer to detect different consolidation levels in three soils
satisfactorily. Kok (1989) used a pocket penetrometer on thawing soil and found
fluctuations in soil strength to reach beyond the measuring range of the penetrometer. A
series of adapter feet were made to increase the area tested . The device performed well
and is very easy to handle and clean, however, no satisfactory relationship between
measurements made with the various adapter feet could be established.

Swedish fall-cone avnaratus

The Swedish fall-cone apparatus (Hanabo, 1957) is widely used in Europe for measuring
the shear strength of clays (Towner, 1973). A cone of known weight and configuration is
suspended over the soil surface, just touchixg it. The cone is released and the depth of
penetration is registered. Shear strength is related to depth of penetration by the
expression:
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r - Kf*W/II2  (3)

where r - shear strength (N m"2 )
Kf - a factor of proportionality (9.8"103 m s 2 )
W - mass of the cone (g)
It - depth of penetration (mm)

In comparing the fall-cone apparatus with unconfined shear strength measurements,
Towner (1973) found Kf to be dependent on soil texture and cone weight and constant with
water content. Kullman et al. (1984) determined relationships between fall-cone
penetration, water content and porosity for three soils. Al-Durrah and Bradford (1982)
found detachment due to single raindrop impact to be a linear function of the ratio of
water drop kinetic energy to fall-cone strength on a per soil basis, expressed as:

D - a + b*(Ke/) (4)

where D - detachment (mg per drop)
Ke - water drop kinetic energy (J)
r - fall-cone shear strength (kPa)
a,b - regression coefficients.

The slope of the line differed among the soils used in their experiment. Nearing and
Bradford (1985) found the Swedish fall-cone to over-predict the resistance of a soil to
detachment by raindrop splash due to over-prediction of the resistance to lateral jetting
of water after impact. The above mentioned researchers have used a Kf value only
dependent on soil texture. All samples used were remolded test cores, eliminating any
effects of aggregate size and profile characteristics. Bradford and Grossman (1982)
measured surface strength of soils in the field using a modified Swedish fall-cone device.
They found the device to work well, stressing that soil water potential and cone weight
influence the measurements. Heavier cones penetrate deeper and since it is common in the
field to have a variation of consolidation in the upper 20 mm of the profile, they measure
a different strength than the lighter cones. Franti et al. (1985) reported poor
correlation between Swedish-fall-cone shear strength and soil erodibility. In a field
experiment with flow applied to rills they could not account for differences in
erodibility between no-till and conventionally tilled fields. Different cone weights were
used and they did not state whether cone weights were accounted for in the Kf value used.
Elliot (1988) found Swedish fall-cone measurements, taken during rainfall simulation
experiments for the WEPP project, to be highly variable. Formanek (Formanek et al., 1984)
and Van Klaveren (Van Klaveren and McCool, 1987) used a fall-cone to measure strength of a
thawing soil under laboratory conditions. Kok (1989) used a fall-cone to measure strength
of a Palouse silt loam in-situ during 2 winters and found a very high variability in
readings, which was attributed to spatial variability.

SOIL WATER CONTENT

Resistance blocks can be used to measure electrical resistance of the soil solution
and hence determine soil water content. The method is sensitive to temperature changes
and not feasible for year around water content determination.

The volume of soil probed with the neutron scattering method is dependent on the
water content and bulk density of the soil: in wet soils about 100 mm, in dry soils about
250 mm around the probe. This makes the method infeasible to determine distinctive water
changes in a profile such as wetting fronts. The method does not work in the top 200 mm
of the soil due to neutrons lost into the atmosphere (NeSmith et al., 1986).

Gravimetric water content sampling is a labor intensive and time consuming method but
it works for all weather and soil conditions. The method of sampling is important; some
core samplers cause compaction and may not accurately represent profile conditions.

SOIL IATRIC POTENTIAL

Matric potential can be determined by tensiometers in the 0 to 80 kPa range.
Freezing of water inside the tensiometers will'destroy them.' Wendt et al. (1978) used
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tenslometers filled with a methanol water mixtbire and found the matric potential readings
very similar to readings with water filled tensiometers. No measurements on frozen or
thawing soils were reported. Pikul and Allmaras (1985) used methanol as frost protection
for tensiometers that were installed over-winter. Potential changes measured during
diurnal freeze-thaw were obtained with water filled tensiometers, installed under the
frost layer. Thermocouple psychrometers measure potential in the 2 to 50 bar range but do
not withstand frost either (Hillel, 1982).

The filter paper method (Hamblin, 1981, Al-Khafaf and Hanks, 1974, McQueen and
Miller, 1968) is a slow but reliable and inexpensive procedure. Soil samples are allowed
to equilibrate with Whatman #42 filter papers in a constant temperature environment until
the soil water matric potential is in equilibrium with the filter paper water potential.
Filter paper matric potential is related to the mass water content of the filter paper by
the relationship:

- 10(3.5726
"0 "01458*M) for M > 41.22 (5a)

and
- I0(6.6711-0.08975*M) for M < 41.22 (Sb)

where b - filter paper matric potential (kPa)
M - (filter mass water / mass dry filter)*100 (percent by weight)

Tests by Kok (1989) showed that the disturbance of the very weak structure of thawing
soils during field sampling caused erratic results in matric potential determination. In-
situ equalibration of the soil with the filter papers is not practical as large
temperature fluctuations would severely influence the results.

BULK DENSITY

Methods to determine bulk density were reviewed extensively by Erbach (1987),
including compliant cavity, core sampling, radiation and cone index procedures. The
sandcone method and the balloon method (Means and ?archer, 1963) are of the compliant
cavity type. A section of soil is excavated and the soil is weighed and dried. The
volume of the excavation is determined by filling the hole with a known volume of either
sand or water, usually inside a membrane to prevent infiltration. All methods require.
establishing a reference level, which is hard to do when the soil is frozen or very weak
after thaw (Kok, 1989).

Gamma ray transmission uses probes inserted in the soil about 200 mm apart. Under
dry conditions inserting the pins can cause cracks, which will cause the method to under-
predict bulk density (Henshall and Campbell, 1983).

Core samples of known volume will work under a wide range of weather and soil
conditions. For frozen conditions specialized equipment is needed however **. Under very
wet or dry conditions samples might not stay in the tube or inserting the tube may cause
compaction of the soil (Casias, 1987; Doran and Mielke, 1984; Martin, 1986). Previous
research on the Palouse silt loam, under laboratory conditions, was successfully done with
double ring core samplers (Van Klaveren, 1987). Field sampling of thawing soils with
double ring samplers resulted in very high variability, and was impossible under very weak
soil conditions (Kok, 1989).

Radiation methods include gamma ray scattering, gamma ray attenuation and neutron
scattering. Reports as to the success of their use in the top 100 millimeter of the soil
profile are contradictory. The instruments are very expensive and must be calibrated for
the soil on which they will be used (Erbach, 1987).

ARTIFICAL FREEZING AND THAWING OF SOILS

Soil samples can be frozen in several ways. Formanek (1983; Forman~k et al., 1984)
used a thermo-electric plate to freeze small soil samples at -4 C and -10 C. Freezing to

R. A. Young. USDA-ARS-NCSC, Morris, MN. Personal communication, 1988.
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a depth of 50 mm was obtained in 20 to 30 hours. The s8ils were thawed overnight by
reversing the setting on the thermoelectric plate to 20 C.

Van Klaveren (1987, Van Klaveren et al., 1987) used radiative freezing to freeze
large soil samples (2.74m long by 0.45 m wide and 0.6m deep). Automotive anti-freeze was
cooled to between -12 and -22 C and circulated through a plate suspended over the sample
surface. Freezing to a depth of 120 mm was achieved in 7 to 14 days. Thawing was
obtained in 5 to 14 days by increasing the air temperature in the laboratory.

Earlier attempts to freeze a very large soil sample (the size of a railroad wagon)
by convective freezing at the Palouse Conservation Field Station, Pullman, WA, were not
successful. The large volume of cooled air blown over the sample caused the soil surface
to dry substantially (unpublished internal report).
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A COMPARISON OF RUNOFF OCCURRING ON FROZEN AND UNFROZEN SOILS

Myron Molnau and J. G. Cherry
l

INTRODUCTION

Various experimental watershed throughout the nation have obtained data for frozen

soil events as part of their routine monitoring but rarely are experiments conducted to
specifically obtain data from frozen soil events. As a part of a study to model frozen
ground runoff events, a survey of hydrograph data from USDA watersheds was conducted to
find as many frozen ground runoff events as possible. This paper presents frozen ground
runoff data from six different locations in the United States which were found as a part
of that study.

DATA COLLECTION AND ANALYSIS

Table I summarizes the data from each watershed. A more detailed description of
just one location is given here as an example to show how the data can be used to analyze

both frozen and unfrozen runoff events.

The runoff data for each watershed were examined to find frozen ground events. Data
from East Lansing, MI, Coshocton, OH, Moscow, ID, Pullman, WA, Corvallis, OR and
Pendleton, OR were found to have some frozen ground events. Other watersheds in
Wisconsin, Nebraska and Vermont were also examined but it could not be definitely
determined whether the events found were actually frozen soil or not and these were
therefore eliminated.

The criteria for determining if the event did occur on frozen soil varied for each
watershed. Frost depths or soil temperatures were actually measured at some of the sites
while at others, the presence of frost had to be inferred by studying rainfall/runoff
ratios, antecedent air temperatures and notes in the station logbooks. Freezing degree-
days were computed and frozen soil runoff was assumed when the freeze index exceeded 83°C-
days (McCool and Molnau, 1974).

One of the few watershed established specifically to study frozen soil runoff events
was at East Lansing, Michigan. Rainfall, runoff, climatological and watershed records
from 1941 to 1951 were available for analysis. Using these available data, comparisons
between runoff on frozen and unfrozen ground were made. Watershed characteristics, such
as detention storage and infiltration, were also determined. For this comparison, two
watersheds were chosen. These watersheds had the following characteristics:

Watershed A Watershed B

Area 1.93 acres 1.345 acres

Slope 6.0 percent 6.5 percent

Soil Fine sandy loam Fine sandy loam

Loamy fine sand Loamy fine sand

Cover Corn with cover Corn with cover
and crop, oats and crop, oats and
Rotation 2 years of hay 2 years of hay

Paper presented at the Frozen Soll Symposium, Spokane, WA, March 21-22, 1990.
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For each watershed, a pair of runoff events was chosen, one occurring on frozen soil
and one on unfrozen soil. Events with similar antecedent conditions were chosen. From
the available data it was concluded that all events occurred when little or no snow was on
the ground. Runoff hydrographs were developed from the rainfall and runoff records. Data
for these and all other hydrographs were stored in a database for ease of retrieval and
updating. Hydrologic differences between the frozen and unfrozen events are evident.

The lag time for these events was determined and found to be much shorter for the
frozen soil runoff events than the lag time on unfrozen soil. Because of the frozen
ground, little infiltration occurs and the runoff appears at an earlier time than on
unfrozen ground. The frozen soil runoff events also exhibited more runoff than the
unfrozen events. Watershed A had a high of 98 percent of the rainfall appear a runoff on
frozen ground as compared to 65 percent on unfrozen ground. Watershed B had a high of 89
pe:cent of the rainfall appear as runoff on frozen ground and 84 percent on unfrozen
ground.

As seen from Tables 1 and 2, a significant difference exists between the amount of
runoff on frozen and unfrozen ground. Further analysis of the unfrozen hydrographs was
conducted to determine watershed characteristics. The detention storage and infiltration
capacity of the watersheds were first examined. A method proposed by Dunin(1969) was used
to calculate detention and infiltration. Dunin suggested that the recession limb of the
hydrograph fit an exponential equation of the form

q(t)-q(O)k

q(t) and q(O) - flow at time t and time 0 respectively
t - time
k - hourly depletion rate

For two unfrozen ground hydrographs that met the requirement that the recession limb
be rainless, the average depletion rate was 0.277 for Watershed A and 0.162 for Watershed
B.

The detention storage of the watershed can now be determined since k is known.
Holtan and Overton(1963 and 1964) derived an expression relating detention and the hourly
depletion rate as

Dt - .
ln k

where D(t) is the detention for flow q(t). Approximately 51 percent of the rainfall on
Watershed A went into detention storage and approximately 46 percent of the rainfall on
Watershed B went into detention storage. The infiltration rate could now be determined.
Infiltration occurred during the first five hours of rainfall on Watershed A. For
Watershed B, infiltration only occurred over the first three hours of rainfall.

With the infiltration characteristics determined for the watersheds, hydrographs
could be generated. Unit hydrographs were developed for each watershed using the SCS
methods.

For each watershed, the following unit hydrograph characteristics were determined:

Watershed A Watershed B

t(lag) .058 hrs .054 hrs

t(c) .097 hrs .090 hrs

D .013 hrs .012 hrs

tP .065 hrs .060 hrs

QP 23.08 cfs 16.94 cfs
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When using these unit hydrograph values to generate actual runoff hydrographs for these
events, it was found that the SCS method overpredicted the runoff in the beginning and end
of runoff but underestimateed the peak runoff. Part of this error is due to the small
duration times.

Although the watersheds are small, certain conclusions can be drawn about their
hydrologic properties when comparing frozen and unfrozen runoff hydrographs. The SCS
method illustrated the short lag time, time of concentration and peak runoff of the
watersheds. Dunin's method showed the watersheds have a significant amount of detention
storage. Infiltration was quite low and only occurred in the first few hours of the
runoff events. Also, there is a major difference between runoff events on frozen and
unfrozen soil. Frozen soils have a much shorter lag time and yield more runoff than
unfrozen soil.
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Table 2. Rainfall/runoff percentages for selected events at the East
Lansing, MI watershed.

Number Average percent of
Watershed Conditions of Events Rainfall as Runoff

A Frozen 4 71

B Frozen 3 88

A Unfrozen 6 31

B Unfrozen 6 27
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FROST DATA IN THE PACIFIC NORTHWEST

Myron Molnau D. K. McCool G. E. Formanek

INTRODUCTION

The depth of frozen soil is of interest in many aspects of engineering work.
Utility lines need to be buried below the frost line while foundations must be deep enough
to avoid problems with heaving. Frozen soils are of particular interest to hydrologists
because of the influence of soil frost on runoff and erosion.

The .f'lcts of frozen soils on human activities have been extensively documented.
These studie; represent hydrologic effects (Dingman, 1975; Molnau and Bissell, 1983),
construction ol roads, buildings and pipelines (Jumikis,1977; Sanger, 1959) and
agriculture (Wall, 1987; Cary and others, 1978). These and other papers give ample
justification for studying frozen soil but frost depths are not a commonly measured
variable in non-research data collection programs. Therefore, the few data sets that are
available need to be used by many people in obtaining a solution to their problem.

This paper describes frost depth data sets that have been systematically collected
in the Pacific Northwest.

FROST DEPTH DATA SETS IN THE PACIFIC NORTHWEST

Several types of data sets have been collected in the Pacific Northwest. These may
be characterized as reconnaissance, systematic, (such as climatic networks) and research
or special purpose data sets.

Reconnaissance

The Soil Conservation Service(SCS) and the Agricultural Research Service(ARS)
collected a reconnaissance dataset in Idaho, Oregon, Utah and Washington. A total of 608
station years of data were collected in 20 counties. This network was started to obtain
data over a large area with a wide spatial distribution (Table 1).

The objective of operating this network was to obtain data under a wide range of
tillage conditions and climate in order to better understand the role of freeze/thaw
cycles in the erosion process.

These data were collected by farmers and SCS cooperators using frost tubes (McCool
and Molnau, 1984). Maximum and minimum temperatures and snow depths were also measured,
usually on a daily basis. Many of the cooperators read the instruments only during
periods of deep frost so that period of little or no frost are underrepresented. To some
extent, the number of stations shown in Table 1 reflects the severity of frost in a
particular year. Often, the observer will abandon or not read the station if it appears
that little or no frost occurs. Portions of this network are still being operated by the
local Soil Conservation Districts with the overall coordination being done by the ARS at
Pullman, WA.

Paper presented at the Frozen Soil Symposium, Spokane, WA March 21-22, 1990.

'Professor and State Climatologist, Agricultural Engineering, University of Idaho,
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Table 1. Total Station Years for Frost Sample Sites By State and Water
Year

State WY79 WY80 WY81 WY82 WY83 WY84 WY85 WY86 WY87 TOTAL

ID 0 0 10 12 6 11 11 7 0 39

OR 0 0 0 0 2 2 0 0 0 4

UT 0 0 3 4 4 3 2 1 0 14

WA 20 26 110 115 95 65 78 85 32 551

Total 20 26 123 131 107 81 51 37 32 608

Systematic

In 1977, the western states' Agricultural Experiment Stations Regional Research
Committee on climate instituted a program of systematic collection of frost depth data at
climatological stations. Frost tubes were installed in six states. Good data were
collected from Idaho, Montana, Wyoming and Colorado. From two to eight frost tubes were
installed in each state, usually at the agricultural experiment stations where a National
Weather Service climatic station was also present. Data are currently being collected in
Idaho and Montana. The data sets from Idaho and Montana are currently available and have
been used for various frost depth analyses throughout the area. A description of most of
these stations is given by van Rooij (1987).

Research

The ARS maintains several frost depth networks in the Pacific Northwest. These are
used for research purposes and, as such, have much more intensive data available. Often
there are many meteorological elements collected along with the basic frost, snow depth
and air temperature. In the PNW, there are two large networks and several smaller ones.
The large networks are located at the Reynolds Creek Experimental Watershed of the
Northwest Watershed Research Center, ARS at Boise, Idaho. A second large network is
operated by the Palouse Conservation Field Station (PCFS) of the Land Management and Water
Conservation Research Unit, ARS at Pullman, Washington.

The Reynolds Creek data have been collected for hydrologic purposes since at least
1975 as part of the data collection program (Hanson and others, 1988). Forty eight
station years of record have been put into a single database for public distribution. The
period of record is 1976-77 to 1983-84 with additional years now being added. Table 2 is a
summary of the records available from Reynolds Creek (Hanson and others, 1988). These
data have been used in a variety of applications (Bullen, 1982; Flerchinger and
Hanson,1990).

Table 2. Frost data inventory for the Reynolds Creek Experimental Watershed

Station Elev Aspect Period of Record
*** sites at weather stations ***

76x59 3715 Flat 1970 - present
127x07 5410 N 1970 - present
176x14 6880 NW 1972 - present

*** sites at non-weather stations ***
various 3885-7100 various 114 station-years

The PCFS plots at Pullman, Washington are used to determine the effect of tillage
and management practices on erosion and runoff. These are standard runoff plots with two
frost tubes on each plot (Table 3). Two tubes are necessary because the plots are on a
steep hillside and the soil varies with location on the slope. A complete meteorological
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station is located near the plots to enable the data to be used in the derivation and
validation of detailed frost models such as that of Flerchinger and Saxton (1989) and Kok
(1989).

Table 3. Data inventory for the Palouse Conservation Field Station Plots

Water year Number of sites

1979 18
1980 22
1981 29
1982 33
1983 32
1985 35
1986 36
1987 30

A Comment on Ouality Control

The quality of data directly governs the possible applications of that data. Here
data quality is defined to mean not just the data accuracy but also the frequency and the
auxiliary information that is available. If data are to be used merely for a broad view
of frost depths over a large area, then spatial coverage is important with many reading
surrounding the period of interest. On the other hand, if one were interested only in the
maximum frost depths, then good readings around that period of time are needed while the
onset and thaw periods are of less importance.

In order to meet these varying requirements in a general purpose database, it is
important that data be screened before they are accessed by the public. A screening
procedure is needed that will find the periods of poor or suspect record and then either
correct or flag them. Since most of the data sets to be screened are not very large, the
initial screening is usually done by using a graphical technique. In a graph, the missing
and poor records are usually quite obvious particularly when graphed along with multiple
elements such as temperature, snow-on-ground and precipitation.

SUMMARY

Frost depth data sets are relatively rare, especially over a large area and for any
significant length of time. The Pacific Northwest is fortunate in that several data sets
ranging from reconnaissance data sets to detailed research data sets are available. These
are now being applied to a variety of projects ranging from frost depth mapping to
detailed frost depth modelling.
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SOIL THAW AS INFLUENCED BY SMALL GRAIN RESIDUE COLOR

by

B.S. Sharratt and G.S. Campbell'

INTRODUCTION

Soil conservation cropping practices necessitate maintaining crop residue cover on
the soil where there exists potential for erosion. Crop residues not only reduce wind
and water speeds at the soil surface, and thus reduce soil movement and loss, but also
influence the soil water and heat balance. The residues can affect soil freezing and
thaw and growing season soil temperature and water.

Crop residues placed on the soil surface affect the heat and water balance by
reflecting incoming global radiation and insulating the soil. Aase and Siddoway (1980)
found the albedo of wheat stubble was 1.5 times higher than a bare soil surface,
resulting in cooler stubble-covered soils. Gupta et al. (1981) reported that maximum
surface soil temperatures were as much as 15'C higher over bare surfaces than corn
residue-covered surfaces. Similarly, Unger (1978) found higher maximum and mean daily
10cm soil temperatures under a bare surface compared to residue-covered surfaces. Crop
residues on the soil surface suppress vapor flow from the soil to the atmosphere,
thereby conserving water. Water may also be conserved by enhancing infiltration in
residue-covered soils (Van Doran and Allmaras, 1978).

Bidlake (1988), working in interior Alaska, found that early season soil
temperatures were higher in conventional-till (bare surface) than no-till (residue-
covered) soils. Soil water was lower in the conventional-till soil in the early
season. Thus, in interior Alaska, residues slow soil warming and may delay planting.

Interior Alaska is characterized by a short growing season (about 90 to 100 days)
that is generally mild (July maximum air temperature of 150 C) and moist (precipitation
from May through August of 12cm). These climatic factors are constraints to the
diversity and production of agricultural crops grown in Alaska. Thus crop residue
management methods of conservation cropping systems are sought that enhance global
radiation absorption and heat movement to the soil, thereby promoting early planting
and improving the soil and aerial environment of plants. The purpose of this study is
to determine the effect of coloring small grain residue on soil temperature and spring
thaw.

MATERIALS AND METHODS

The study was conducted at the University of Alaska Agricultural and Forestry
Experiment Station near Fairbanks, Alaska (64'51'N, 147"52'W). The relief of the
research site was level and 145m above mean sea level.

Barley residue color treatments were randomized within a block with 3 replications.
Plots were 6m on a side and established after harvest in August of 1987 and 1988.
Barley was harvested by cutting at a 15 and 30cm height in the respective years and
raking and removing loose residue. The amount of stubble remaining was determined on a
dry weight basis by clipping the stubble at the soil surface from 10 areas of 0.1ma in
1987 and from 4 areas of 0.5m l in 1988. The amount of stubble was 300 and 1600 kg/ha
in the respective years. Stubble was painted using an exterior paint and applied with
an airless sprayer. Boards were placed between rows of stubble to minimize overspray
and coloring of the soil surface. Barley residue plots were painted either black or
white, or remained unpainted for the third color treatment (yellow).

Presented at the Frozen Soils Symposium, March 21-22, 1990; Spokane, Washington.
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Loose residue (excluding stubble) remaining following threshing was simulated by
hand applying a uniform layer of colored barley residue. Loose residue laid on a tarp
was painted in an attempt to apply a uniform and complete coat of paint. The amount of
loose, colored residue applied to plots was determined to achieve 2500 and 3500 kg/ha
of total barley residue in 1987 and 1988, respectively. Loose, colored residue was
applied to the corresponding stubble-colored plots.

Plots were instrumented following the application of colored residue to all plots to
monitor soil temperature, heat flow, and reflected radiation. Concurrent measurements
were made of incoming global radiation, air temperature, relative humidity, and wind
speed. Soil temperatures at 1 and Scm were averaged from 6 locations in each plot by
wiring thermocouples in series. Temperatures at a depth of 10, 20, and 40cm were
measured at one location in each plot. Soil heat flux was measured in one replication
of each treatment with a heat flux transducer placed at a 3cm depth. Reflected global
radiation was monitored in one replication of each treatment using a pyranometer
mounted on a boom orientated in a southerly direction. Air temperature, relative
humidity and wind speed were monitored at a height of 2m.

The instruments were wired to a micrologger. Hourly data were recorded prior to
snowmelt and into June of both years. Following snowmelt, soil water, thaw depth and
barley surface residue temperatures were measured on a weekly basis. Thaw depth was
determined using a pointed rod and inserting into the soil until resistance prevented
further insertion. Periodic comparisons were made with a soil core sampler. Soil
water was determined gravemetrically and surface residue temperatures measured with an
infrared thermometer.

RESULTS AND DISCUSSION

Climatic conditions during the early season of 1989 were cooler and wetter than the
previous year. Air temperature for a 20 day period from April 19 (approximately
snowmelt) to May 9 was 5.9 and 6.6CC in 1989 and 1988, respectively. Global radiation
was 13.0 and 16.0 MJ/day and precipitation 1.5 and 0.9cm in the respective years.

Thaw in 1989 was more rapid than the previous year. The soil thawed 20 cm between
days 114 and 126 in 1988. Over this same time period the soil thawed 40cm in 1989
(Table 1). The rapid recession of the freezing front in 1989 may have been influenced
by the relatively warmer subsoil. At the time of snowmelt, soil temperature at 40cm
was about -44C in 1988 and -2cC in 1989.

Table 1. Depth of soil thaw under black, white and yellow colored-
barley residue following snowmelt on day 108 in 1988 and
day 113 in 1989 at Fairbanks, AK.

Year Julian Depth of soil thaw LSD
day Black White Yellow (0.1)

-------------- cm-------------
1988

109 6.4 5.6 5.5 0.7
112 18.8 15.0 15.6 4.0
113 19.5 19.2 18.8 4.2
118 31.5 30.5 31.0 2.0
126 46.1 43.5 42.5 4.8
140 39.8 39.6 39.4 4.4

1989
114 8.9 7.2 7.3 0.5
116 23.0 22.8 23.1 5.3
117 24.7 23.3 26.3 . 4.0
121 41.0 40.7 45.3 7.5
126 51.3 53.3 54.3 3.5
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The color of barley residue had an effect on the global radiation balance as
indicated by the daily trend in albedo in Figure 1. The differences in albedo became
apparent before complete snowmelt (Figure 1). Visual observations in the field
indicated the emergence of stubble on day 105 in 1989 and day 104 in 1988. Complete
snowmelt occurred on days 113 and 108 in 1989 and 1988, respectively. The albedo
remained fairly constant following snowmelt. The albedo of black residue was 0.05 and
for the yellow and white residue was 0.2 and 0.3. A change in the albedo of the
residue color plots occurred at the time the plots were seeded. Following seeding on
day 131 in 1989, the trend in albedo tended to converge as the albedo of the black
colored residue increased and of the white colored residue decreased (Figure 1).

0.9 -.

0.6

-0 0.3 -- -- .. white.'./ yellow. 1988 -\ ~c0.9 ... ...

0.6

0.3 '

1989 - - - -
90 110 130 150

Julian Day

Figure 1. Albedo of white, yellow, and black colored-barley residue in the early
growing seasons of 1988 and 1989 at Fairbanks, Alaska.

With an approximate 15 to 25% greater absorption of global radiation due to
blackening the barley residue, greater energy may be available for thawing and warming
the soil. Immediately following snowmelt in 1988, soil thaw was greater on the black
colored-residue plot (Table 1). Two days following snowmelt the soil was thawed to
6.5cm under the black residue and 5.5cm under the white and yellow residue.
Differences in thaw were not apparent at five days after snowmelt (Table 1). Similar
observations of differences in soil thaw due to residue color were made following
snowmelt in 1989, but did not persist thereafter (Table 1).

Clear day diurnal soil temperature trends at the 5cm depth indicated thaw occurred
earlier in the day under black residue, followed by thaw under yellow, then white
residue (Figure 2). Maximum temperatures under black residue were higher than under
white and yellow residue. This was exemplified by the diurnal trend in 5cm soil

temperatures in Figure 2. On day 109 in 1988, black residue maximum soil temperatures
were significantly higher (1.30C) than white residue temperatures. No differences were
found between black and yellow residue soil temperatures on this day. On day 137 in

1989, soil temperatures were significantly higher (2.0C) under black residue than
under white residue with no differences between black and yellow residue temperatures.
However the similarity of night temperatures dampened the effect of barley residue
color with no difference in daily temperatures.
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Figure 2. Diurnal soil temperature trend at 5cm under black, white, and yellow
colored-barley residue on days 109 and 137 in 1988 and 1989, respectively,
at Fairbanks, Alaska.

CONCLUSIONS

Small grain residue color affects absorption of global radiation. Black colored
residue absorbs 15 to 25% more radiation than white or yellow residue. The resultant
higher energy absorption on the black residue only slightly affected soil temperatures
and soil thaw. Therefore other means of dissipating the additional radiant energy on
the black residue appear more important than conduction into the soil. A mechanical
device, such as plastic, to trap the greater radiant energy on black residue may result
in elevated soil temperatures and enhance soil thaw.
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SOIL STRUCTURE AND FROST DEPTH AS AFFECTED BY SOIL COMPACTION

by

W.B. Voorhees and G.R. Benoit'

INTRODUCTION

Soil compaction caused by wheel traffic from ordinary farming operations can have a
significant effect on several state soil properties that affect movement of heat and water
through the soil profile. These relationships have been reviewed by Barnes et al. (1971).
One of the major concerns with respect to soil compaction is the increasing evidence from
long-term field experiments that soil compaction can persist much longer than previously
thought. In latitudes where freezing temperatures commonly extend through the surface 30
cm of soil, earlier field research showed little evidence that soil compacted by wheel
traffic during the growing season would persist over the winter (Phillips and Kirkham,
1962). But within the past two decades several researchers have documented and reported
persistence of soil compaction for several years in spite of annual freezing and thawing.
Eriksson (1976) measured compaction from heavy military equipment extending to depths of
1 m and persisting for several years. Blake et al. (1976) reported persistence of an
artificially induced plow pan in Minnesota for 10 years.

Reasons for this change in soil compaction persistence are varied. In the northern
Corn Belt of the U.S., three factors have probably dominated: (1) row crops have replaced
crop rotations that included cereal crops, grasses and legumes; row crops conventionally
require more field operations, and thus more wheel traffic; (2) the size and weight of farm
machinery have increased tremendously since World War II, and thus both the depth and
intensity of the compaction process has increased; (3) use of reduced tillage has
increased. Fall moldboard plowing was the norm in the northern Corn Belt, and this
intensive type of tillage was sufficient to ameliorate the annual compaction problem, if
there was one. Inadvertently, freezing and thawing during the non-growing season were
singularly credited with preventing any soil compaction problems from accumulating.

This paper will review and discuss recent field research in Minnesota concerning some
relationships between soil compaction and soil freezing, as well as address some practical
implications of these findings.

METHODS

Two sets of field experiments will be discussed. The first experiment was conducted
on a Ves clay loam (formerly Nicollet clay loam, Aquic Hapludoll) located on the Southwest
Minnesota Experiment Station in Lamberton, Minnesota. One of the experimental objectives
was to quantify the effect of wheel traffic from normal field operations on various soil
physical properties in the surface 30 cm. Field machinery typical for corn production
(tractors with gross weights up to 7 Mg using 6-row equipment covering a width of 4.6 m)
was used. Heavy harvesting equipment was not used on this experiment. Replicated
compaction treatments consisted of no interrow wheel traffic at any time during the course
of the experiment and wheel traffic controlled to occur within the same interrows within
and across seasons. There was an average of 5 wheel passes per year. Bulk density,
penetrometer resistance and aggregate size were periodically measured to assess the extent
to which annual freezing and thawing ameliorated compacted soil conditions in the surface
30 cm. Detailed description of the experiment can be found in Voorhees et al. (1978).

Another experiment to assess the persistence of subsoil compaction was conducted on
a Webster clay loam (Typic Haplaquoll) at the Southern Minnesota Experiment Station in
Waseca, Minnesota, and on a Ves clay loam at the Southwestern Minnesota Experiment Station
in Lamberton, Minnesota. In the fall of 1981 subsoil compaction was induced by trafficking

Presented at Frozen Soil Symposium, March 21-22, 1990, Spokane, Washington.

'Soil Scientists, USDA-Agricultural Research Service, North Central Soil Conservation
Research Laboratory, Morris, MN 56267.
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the entire plot surface with the wheel traffic from farm equipment with axle loads of 9
and 18 Mg, typical for harvest and transport equipment. Previous research had shown that
axle loads in excess of 9 Mg could cause compaction below the normal depth of tillago
(Danfors, 1974). A control treatment with no heavy wheel traffic was also included at both
sites. The Webster soil was relatively wet at time of trafficking while the Ves soil was
relatively dry. The intensity and depth of compaction were assessed by measuring bulk
density, penetrometer resistance, and hydraulic conductivity immediately after trafficking.
All treatments were then moldboard plowed to a depth of about 25 cm to alleviate surface
compaction. Thereafter, fall tillage consisted of either no-till on the Webster soil or
reduced tillage on the Ves soil. All subsequent wheel traffic normal for growing corn and
soybeans was limited to 4.5 Mg/axle or less.

Frost tubes (Ricard et al., 1976) were installed in all 4 replications of the control
and 18 Mg/axle treatments, and readings were taken weekly once the soil started to freeze
until spring thaw. Average monthly air temperatures and snowfall were measured in a nearby
Class A weather station. Snow cover on the plots was also measured but was of limited
value because of random and uneven drifting. The plots were void of any plant residue
cover the first winter because of the initial plowing. There were plant residues the
second and third winters. Experimental details are discussed in Voorhees et al. (1986).

RESULTS

Surface compaction

The persistence of surface compaction over winter is shown in Figure 1 where bulk
density is plotted at various times over a period of one year. Beginning with an initial
bulk density in the surface 30 cm ranging from 1.3 to 1.4 Mg/i3, one season of wheel traffic
increased the values to about 1.6 Mg/ms throughout the surface 30 cm (compare curves E and
A in Fig. 1). By the following spring, with no fall tillage, natural weathering forces
decreased the bulk density in the surface 10 cm of the wheel track by only 0.1 Mg/ 3

(compare curves A and B). Fall tillage (especially plowing) in combination with natural
weathering was quite effective in ameliorating surface compaction (compare curves C and D
with A). Moldboard plowing may be more effective than reduced tillage because it exposes
more of the surface soil to freezing temperatures.

BULK DENSITY, g/cm3

1.1 1.2 1.3 1.4 1.5 1.6 1.7
0 D B' A

V . A - Wheel traffic before fall tillage

15 - , . B - Wheel track next spring, no fall
* tillage

Z ~' /C - Wheel track next spring, fall reduced
a. tillage

30 .  D - Wheel track next spring, fall plow

E - No wheel traffic

45-

1979-1980

Figure '. Bulk density as affected by wheel traffic, weathering, and fall tillage
(Voorhees, 1983).
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In addition to long-term effects of traffic on bulk soil properties such as bulk
density, there were also significant effects on individual soil structural units. Data in
Table I show that density and strength of individual aggregates can be affected by
compaction and that this effect can be quite resistant to degradation by freezing and
thawing. Normally, climatic conditions are such that this soil is not subjected to more
than one freeze-thaw cycle each winter with the exception of the surface few mm, suggesting
that several freeze-thaw cycles are needed to ameliorate compacted soil.

Table 1. Density and crushing strength of wheel-tracked and nontracked soil

clods. Lamberton, NN (Voorhees et al., 1978).

Sampling date Wheel-tracked Nontracked Significance

Clod density. a/cm'
May 1975 1.72 1.56 **

October 1975 1.73 1.47 **

May 1976 1.59 1.49 **

Crushing strenath, g/cm
October 1975 572 134 **

**Wheel-tracked values significantly higher than nontracked values at the 0.01
level as determined by Student "t" test for difference between means.

Subsoil comDaction

Figure 2 shows the increase in subsoil bulk density in response to applied loads of
9 and 18 Mg/axle for the Ves and Webster soils. The Webster soil (trafficked when wet)
showed a significant increase in bulk density to a depth of almost 60 cm under the 18
Mg/axle load. The Ves soil, trafficked when dry, showed an increase in bulk density to
only about 35 cm. These differences persisted across more than one winter (Voorhees et
al., 1986; Voorhees et al., 1989; and Johnson et al., 1989).

BULK DENSITY, Mg/m
3

1.2 1.3 1.4 1.5 1.6 1.7 1.0 1.1 1.2 1.3 1.4 1.5 1.6IDI I i I I I I I0 ' , '
a A 8.4

A %\ *'-"A

E A

30%
AAA

a-.N AA 8
W AA

o 60 I
A \A A A

NICOLLET WEBSTER

CHECK ........ 9 Mg/AXLE -- -- 18 Mg/AXLE

Figure 2. Bulk density in response to high axle loads on Yes (Nicollet) and Webster soils.
October, 1981 (Voorhees et al., 1986).
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Patterns of frost penetration in response to subsoil compaction are illustrated in
Figures 3-11. Differences between compacted and noncompacted are seldom significant but
are generally consistent within a year, but not necessarily across years. This is
partially due to uneven snow drifting across the plots. If comparison is made between
two individual plots having approximate equal snow cover, then compaction effects are
generally significant. But the variability in snow cover (timing and amount) appears to
cause a correspondingly high variation in frost penetration such that compaction treatments
averaged over replications are not significant. The effectiveness of snow cover in
influencing frost penetration has been well documented (Benoit et al., 1988). In addition,
soil water content at time of freezing has a large influence on frost penetration (Benoit
and Mostaghimi, 1985).
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Figure 3. Snow and frost depth on Webster soil, 1981-82. Bare soil surface.
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Figure 4. Snow and frost depth on Figure 5. Snow and frost depth on
Webster soil, 1982-83. Corn Webster soil, 1982-83. Soybean
residue, no fall tillage. residue, no fall tillage.
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Figure 6. Snow and frost depth on Figure 7. Snow and frost depth on
Webster soil, 1983-84. Corn Webster soil, 1983-84.
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Figure 8. Snow and frost depth on Ves Figure 9. Snow and frost depth on Ves
soil, 1981-82. Bare soil soil, 1982-83.
surface.
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Figure 10. Snow and frost depth on Ves Figure 11. Snow and frost depth on Yes
soil, 1983-84. Corn residue, soil, 1983-84. Soybean
interrow chisel tillage. residue, no fall tillage.

There is merit, however, in discussing frost penetration trends within a year and
comparing these trends with the climatic conditions for that year. The average monthly
air temperature and accumulated snowfall are shown in Figures 12 and 13 for the Webster
and Ves soils, respectively. For both soils, the winters of 1981-1982 and 1983-1984 were
relatively cold while 1982-1983 was relatively warm. Both sites received the highest
snowfall in 1983-1984.

0

10 (W4 ow- .- MW >u'~ 10 >OZMO: >0zm~ >Uzmw_i _,., 0_, La Ot I°W' ' 4 < ,=,_:O 1W4 ww 0
< zo IL 2 Z a-, *- z. Z02- - U zO)L ZO:ILI z a u.1

w

"2J 0 M 20"

WEBSTER SOIL VES SOILS300 WASECA, MN. 300 LAMBERTON,MN.

wL -10. ao o
20 -20

snowfall at Waseca, MN, snowfall at Laberton, N,

1981-84. 18-4

3o0



For the Webster soil in 1981-1982, the treatments with subsoil compaction started to
freeze about a week sooner than the noncompacted plots (Fig. 3). The rate of frost
penetration remained equal throughout the winter with the noncompacted plots lagging the
compacted plot by about 1 week. The compacted plots froze about 5-10 cm deeper than the
noncompacted plots. The cessation of downward frost movement coincided with the timing
of maximum snow cover on the plots and minimum air temperatures (Figs. 3 and 12). The
compacted plots also started thawing from the bottom sooner than the noncompacted plots
but thawed slower from the surface. The higher bulk density in the compacted subsoil
(Fig. 2) likely increased the thermal conductivity to cause faster and deeper frost
penetration. The reasons for decreased thawing from the surface are not obvious, but they
were concomitant with observed delayed drying of the surface soil in early spring (Voorhees
and Lindstrom, 1983).

Frost penetration was limited to only 30-40 cm on the Webster soil during the winter
of 1982-1983 (Fig. 4 and 5) due to relatively warm temperatures (Fig. 12). The only real
difference in frost penetration was related to differences in plant residues on the soil
surface. Plots with soybean residues accumulated about 10 cm less snow (Fig. 5) than plots
with corn residues, (Fig. 4) and froze about 10 cm deeper. Even though differences in snow
accumulation were measurable early in the winter season, differences in frost penetration
did not occur until the cold temperatures of January. There were no differences in frost
penetration due to subsoil compaction.

The winter of 1983-1984 on the Webster soil was very cold early (December) but also
had the greatest snowfall (Fig. 12). Consequently, frost penetration was the shallowest
of the three years that measurements were made (Figs. 6 and 7). There were very consistent
differences in frost penetration, with the noncompacted plots freezing about 5 cm deeper
than the compacted plots; this was opposite the effect seen in 1981-1982. These
differences were not statistically real because of the uneven snow drifting discussed
earlier. The differences between corn (Fig. 6) and soybean (Fig. 7) residues in
accumulating snow were again apparent as in 1982-1983 and were reflected in differences in
frost penetration.

Average monthly air temperatures at the Ves site were almost identical to the Webster
site but snowfall tended to be less at the Ves site (Fig. 13). More important perhaps is
the fact that about 40-50 percent of the snowfall accumulated on the Webster plots but only
20-25 percent accumulated on the Ves plots due to more wind. Consequently, frost
penetrated about 20 cm deeper every year in the Ves soil compared with the Webster soil
(compare Figs. 3 and 8; 4 and 5 with 9; 6 and 7 with 10 and 11). Similarly, there was much
less effect of crop residue on frost penetration in the Ves soil compared with the Webster
soil (compare Figs. 6 and 7 with 10 and 11) because there was some fall tillage on the Ves
soils that buried some plant residues and decreased their effectiveness for catching
drifting snow.

There were no differences in frost penetration due to subsoil compaction on the Ves
soil. This should be expected because the degree and depth of subsoil compaction on the
Ves soil was less than on the Webster soil (Fig. 2). There was a slight trend for
compacted subsoil to freeze deeper than noncompacted subsoil for both soils most years.

DISCUSSION

The relationship between movement of heat and water through the soil is very complex.
Models have been developed that can predict movement of frost through the soil profile
given various soil, snow, and residue parameters (Benoit and Mostaghimi, 1985). The effect
of soil compaction alone on frost movement can be calculated if it is known how
corresponding basic soil characteristics are altered by compactive forces. But under field
conditions, compaction effects rarely, if ever, are the only active factors. The data
above clearly show the overriding influence of snow cover. If compaction affects crop
growth, then the amount of residue on the soil surface may affect snow catch. Compaction
can also affect the depth of snow cover by influencing the amount of upward heat loss early
in the winter season when soil initially begins to freeze. Thus, it is difficult to
delineate cause-and-effect relationships between soil compaction and snow cover.
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The frost data presented above have significant implications in several important
aspects of agriculture. The relative ineffectiveness of freezing and thawing to ameliorate
the surface soil layer, as shown in Figure I and Table 1, emphasizes the need to reevaluate
some of our previous soil management assumptions developed under cultural practices that
existed a few decades ago. Soils compacted by wheel traffic under a no-till system can
have significantly slower infiltration rates (Lindstrom et al., 1981), and can be an
important factor in soil erosion and water runoff (Voorhees et al., 1979). The density and
stability of compacted soil aggregates can affect root growth and nutrient uptake (Voorhees
et al., 1971).

Perhaps the most important myth to dispel concerns subsoil compaction under today's
farming methods and the ability for natural forces, especially freezing and thawing, to
ameliorate these conditions. Using the growing plant as an integrator of the various ways
that subsoil compaction can affect soil properties over time, Voorhees et al. (1989) showed
significant corn yield reductions on compacted plots for the soils and years over which
frost penetration data were reported in Figures 3 through 11. Furthermore, during the
drought stress year of 1988, corn yields were decreased by 15 percent on plots that had
been compacted in the fall of 1981 with the 18 Mg/axle load (Voorhees, unpublished data,
1988); seven years of annual freezing and thawing were not sufficient to completely
ameliorate subsoil compaction.

The persistence of subsoil compaction in the northern Corn Belt may progressively
become a more serious problem with the trend towards reduced tillage. The data presented
in Figures 3 through 11 illustrate the importance of snow cover in moderating the rate and
depth of frost penetration. No-till characteristically leaves more residue on the soil
surface than conventional tillage. Thus, the more plant residue on the surface, the less
ameliorative action of frost in the subsoil. Kay et al. (1985) reported that soil pores
created by ice lenses in a no-till system were unstable compared with those created in a
plowed situation. During subsequent thawing, the no-till soil more easily consolidated,
resulting in a higher bulk density. Compacted soil below the tilled layer can profoundly
affect the hydraulic conductivity of the tilled layer (Blake et al., 1976), and thereby
affect soil erosion.

The data discussed here illustrate the complexity of soil compaction-frost interactions
and point out the need for continued research to delineate cause-and-effect relationships.
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