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INTRODUCTION

During the past year we concluded laboratory work on the optical properties

of young sea ice and on the ablation of vertical ice walls submerged in warm
* 

sea water. Results from these two projects are being written up as thesis

topics by Don Perovich and Edward Josberger, and should be available in report

form in early 1979. A series of grease ice experiments were also carried out

which have led to the derivation of an empirical damping equation for waves

propagating into grease ice. Despite some equipment problems, laboratory

measurements of light scattering by sea Ice were continued . The results show

that the phase function is quite sensitive to temperature, while the scattering

coefficient appears to depend on the rate at which the ice was grown.

Field observations of ice growth were combined with our theoretical heat

exchange, ice growth, and thickness distribution models to obtain estimates of:

(I) the residence time of heat in the suniner mixed layer in the central Arctic,

and (ii) the magnitude of the oceanic heat flux in peripheral seas followi ng

ice formation In the fal1. Other theoretical work included studies of: (1) the

turbulent boundary layer adjacent to melting ice walls , (ii) the effects of

snowfall pattern and date of formation on ice thickness and growth, (iii) year-

to-year variability in the regional heat fluxes, (iv) the dependence of short-

wave input to the polar oceans on ice and snow thickness, and (v) radiative

transfer in young ice.

A field study of the temperature and salinity fields around a melting
I

Iceberg was carried out In the North Atlantic by Edward Josberger in cooperation

with the International Ice Patrol. These observations will form part of Mr.

Josberger’s Ph.D. thesis. Al so, as part of our Instrument development program,

we have almost finished construction of a new scanning photometer which will

-~~~~~~
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2

allow the measurement of infrared albedos over polar Ice and snow. Scientific
results from previous work Include papers on the optical properties of arctic
ice and snow, energy exchange over young sea ice , large-scale heat and mass
balance in the central Arctic, effects of ice thickness on the exchange of
solar radiation, field and laboratory measurements of iceberg decay, a
laboratory study of brine drainage features in young sea ice, and a field
study of brine drainage in first-year Ice .
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DYNAMIC AND THERMODYNAMIC MODELING

• Regional heat balance and related problems. Preliminary results of our

large-scal e heat exchange calculations were presented at the ICSI/AIDJEX
SymposILm~ on Sea Ice In a paper entitled, “Estimates of the Regional Heat
and Mass Balance of the Ice Cover in the Central Arctic ” . This work
incorporated our ice growth and thickness distribution models into a new

regional averaging model . The calculations suggest that thermodynamic
- — 

interactions between the Arctic Ocean and the atmosphere are much more vigorous

than usual ly assumed; this is primarily a result of differential motions

within the ice pack which cause the formation of leads. We found that areas

of thin ice and open water make a major contribution to the overall turbulent

heat exchange and salt flux to the mixed layer, wh i le at the same time
accounting for most of the net ice production and solar heat input to the

upper ocean. A description of these results and related modeling work was

prepared for publ ication in Naval Research Reviews. A paper on the energy

exchange over young sea ice was also , published in the Journal of Geophysical

Research.

We have continued to analyze the regional results in an effort to clarify

the effects of thickness variations on large-scale processes, and to identify

areas where additional research is needed. In the two years (May 1962-May 1964)

studied thus far, we found large year-to—year variations in the monthly and

annual heat balance totals. These differences arose primarily from differences

in ice strains. During October 1962, for example, the area being studied

• converged by about 16%, consuming most of the thin ice and open water; during

the same period in 1963 there was a divergence of 12%, producing large amounts

of open water. Somewhat smaller changes were noted during the other months.

_____  ———- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —,- ~~~~~~~~~~~ -~~~— — - -~~~~~~~~-.. . . .. -- - ,—~~~~— . - — - -  —.
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Such large differences in the area of thin ice are naturally reflected in the

regional flux totals. Whether either of these two years can be considered

typical is not known. To determine long-term averages we will need to

acquire strain records spanning many years. Satellite imagery and planned

buoy arrays offer hope that such data will be forthcoming in the future.

The ice production estimates point up a second area where we need additional

information. We found that during 1963 the net ice production in undeformed

ice was equivalent to a layer some 80 cm in thickness cover ing the enti re region.

Some of this ice went into forming pressure ridges , while the rest went into

replacing ice exported from the region. Unfortunately, we do not yet know

enough about the ridging process or about ridge lifetimes to make confident

estimates of how deformed ice contributes to the regional ice balance. In the

coming year we plan to carry out numerical experiments designed to give us a

better idea of the sensitivity of the regional mass balance to our ridged ice

assumptions. A complete understanding of the problem , however , will not be

possible unti l we learn more about keel decay and the processes associated

with this decay.

Complicating the situation is the summer input of solar energy to the

mixed layer through leads. Our figures show that (in the Central Arctic , at

least) this energy source Is probably somewhat larger than the heat input

from the Atlantic layer. From the 1963 data we estimate that shortwave

radiation absorbed in leads was sufficient to melt away about 13% of the ice

pack in the Central Arctic - 3% by lateral melting on lead walls and 10% by

mel ting on the underside of the ice. Melting at the upper surface decreased

the amount of ice in the Basin by another 13%. 

— -—~~~~~~~~~.-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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From these figures it appears that shortwave absorption In the ocean is

at least as Important to the mass balance as absorption by the ice itself.

However , we do not clearly understand the details of the way in which heat

absorbed in the ocean interacts with the ice. We suspect from the above

evidence and from model calculations that the net effect of the energy absorbed

beneath the ice is to enhance the rate of mass loss from the deformed ice.

The energy is not necessarily concentrated at the keel bottoms, but more likely

acts on smal l pieces of ice eroded from the keels. In a steady-state situation ,

net loss of deformed ice by export and melting must be balanced by ridge

production. With this assumption and quantitative information on the melting

process we should be able to obtain a rough check on predictions of ridging

activity inferred from measured strain rates. We feel that keel ablation and

its relation to absorbed shortwave radiation is knowledge crucial to making

further progress in understanding the mass balance of the ice pack, and are

presently working on the design of a fiel d experiment to obtain this information.

If a suitable field site can be located , we hope to carry out this experimental

program during the summer and fall of 1980.

Recently we have carried out calculations aimed at determining the

residence time of solar energy absorbed in the mixed l ayer. Theoretical

calculations by T. Foster predict that heat carried into the mixed layer

during the winter would be lost to the ice within 1-2 days, but it is not

clear what happens during the summer when the surface layers of the ocean

are strongly stratified . Heat and mass balance data from the AIDJEX experiment

• 
• provided us with a new way to examine this problem. Growth rate measurements

made at the main AIDJEX camp (Big Bear) during the summer of 1976 revealed

• several episodes of enhanced ablation which presumably correspond to periods
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of divergence when more shortwave radiation was absorbed In the ocean.

We therefore used strain observations and the thickness distribution model

to calculate the average amount of open water in the region. We then weighted

this by the incoming shortwave radiation to get an estimate of solar Input

to the ocean. Comparison of the two time series revealed a reasonably good

correlation between periods of maximum ablation and maximum solar input. The

relative magnitudes of these peaks, however , were not well correlated. During

mid-August, for example, there was an extremely large increase in solar input ,

completely out of proportion to the corresponding peak in bottom ablation.

From the strain data we had calculated that about 15% of the area should be

open water, but an aerial mosaic showed that the open water was not distributed

uniformly across the region - one corner contained 20-25% open water, while

the area around Big Bear contained only 6-8%. Thus heat input near Big Bear

was not typical of the area-wide average , demonstrating the difficulties

involved in applying local measurements to regional problems . Nevertheless ,

divergence of the region as a whole should produce some corresponding increase

in open water at Big Bear, and this is what the correlation in the maxima

seems to show. The results from early July indicated a lag of 5-6 days

between peak heat input and peak ablation ; by August the lag had increased

to 10-11 days. Heat entering the mixed layer during the summer thus appears

to be retained several times l onger than during the winter. Increasing

stratification of the surface waters causes a continuing increase in res idence

time during the ablation season.

We have found from the regiona l calcula tions that a major contribution

to the total annual ice production , turbulent heat loss , and salt flux is

made during the fall when the summer leads refreeze. Our present treatment

79 01 08 053
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assumes that the young ice is virtually snow-free, which is a reasonable

assumpt ion during the winter months , but which may be inadequate during the

fall when snow accumulation is rapid. Because small amounts of snow can have

a large effect on the heat and mass balance of young ice and because the fall

is so important to the annual totals, we have begun a more detailed study of

how snowfall affects regional heat exchange.

Our initial calculations were designed to see whether inclusion of the

September-November 3nowfall would necessitate any basic changes in our thick-

ness distribution model which assumes a one-to-one correspondence between

growth rate and ice thickness. Specifying realistic air temperatures and

snowfall rates during the fall, we ran a series of calculations with the

thin ice model to learn how the time of initial ice formation influenced ice

• growth over a period of several months . We found that ice formed late in the

fall grew to much greater thicknesses than ice formed early in the fall. Ice

formed in September, for example, grew slowly due to relatively warm air

temperatures and the rapid buildup of snow, while ice formed in November grew

much faster in res ponse to colder temperatures and a thi n snow cover. Plotting

contours of ice thickness vs. season and time of formation showed that ice

forming at several different times could reach the same thickness on the same

calendar date; the number of different formation times for which this can

happen depended on how air temperature and snowfall varied with time.

Interestingly, with smoothly decreasing temperatures and snowfall typical of

the Central Arctic , we found that there are only two different formation times

~~~~ for a particular ice thickness. For exampl e, on 1 November ice whi ch is 50 cm
• in thickness could have formed either on 10 September or on 14 October.

Oscillations in snowfall simulating periodic storms caused little change in

this general pattern. 

_ _•__ ~
_ • ~~~~~~~~~~ 
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What these results mean is that there is not a one-to-one relationship

between the thickness and growth rate (and hence the heat exchange) of young

ice during the fall. Therefore, to take into account snowfall , some of the

basic equations in the thickness distribution model will have to be reformu-

lated. The overall effect will be to subdivide the thin ice categories

according to their age (or snow depth). This would add another (undesirable)

l evel of complexity to the model , but should be relatively straightforward to

do. When modifications to the model are completed, we will repeat the regional

calculations and assess the importance of snowfall. If snow accumulation on

young ice proves to be a significant factor in the large—scal e heat and mass

balance , we will try to develop a simple parameterization of its effects for

future applications . The fact that the thickness/growth rate dependence is

• only double-valued suggests that such a simpl i fication may be feasible.

Ice forecasting. We have continued to improve and refine our simplified

ice forecasting equations . Results from calculations with the thin ice model

have been used to obtain appropriate values of coefficients in the turbulent

• heat parameterization and in the linearized longwave radiation term.

Expressions for growth rates during the summer mel t season have been developed .

These expressions are suitable for inclusion directly into the ice thickness

distribution model and are considerably easier to integrate than the thin ice

model . However, the equations are still relatively complex and simpler forms

would be desi rable. While there seems to be no obvious way to simplify the

equations without discarding important physics , some inves tig ators (B i lello ,

Karelin) have reported a correlation between accumulated degree-days and the

decrease in summer ice thickness. It seems unl i kely, however , that such
p .

• -—-
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correlations can be very general without explicitly taking into account

incoming shortwave radiation. We plan to use the thin ice model and summer

AIDJEX data to examine the relationship between these quantities in the hope

of developing more generally applicable equations .

We bel ieve on the basis of theoretical calculations that our ice fore-

casting equations adequately describe the wi nter growth of ice in refreezing

leads, but must be modi fied before they can be used to descr ibe seasonal ice
growth in the peri pheral seas. When compared with data from these areas,

predicted ice growth is always greater than that actually observed. The

reason must be due to some factor or factors which are neglected in the ice

forecasts. Since shortwave fluxes are small during the fall freeze-up, the

most likely factors are oceanic heat flux or snowfall. We therefore carried

out a series of numerical experiments desi gned to see how large these quantities

would have to be in order to obtain agreement between predictions and observa-

tions . We used Anderson ’s ice observations near Thule, Greenland as a basis

of comparison. We found that , if there were no snow cover , the oceanic heat
flux (F

~
) would have to be over 100 cal/cm2 day when the ice was very thin

(10 cm), tiecreasing smoothly over a period of two months to a value of about

30 cal/cm2 day by the time the ice had reached 80 cm in thickness. Comparison

with data from the Russian Arctic indicated that even larger values of F
~

would be requned . Comparable values in the Central Arctic are 4 cal/cm2 day.

Changes in cloudiness produced a surprisingly large change in the results .

Increasing the average cloud cover from 6/10 to 9/10 decreased the necessary

Fw by 20-30%.

If there were no snow cover , total heat loss from the ocean during the

growth period would have to have been about 5.5 kcal/cm’. We do not have• I
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simultaneous oceanographic and ice data with which to test the reasonableness

of these results; however, an oceanographic station taken off West Greenland

j ust before freeze-up suggests that the ocean would lose only about 2 kcaI/cm2

during the formation of 80 cm of ice. If this value also applies at Thule,

then Fw would still have to be from 3-10 times larger (depending on ice

thickness) than in the Central Arctic.

From these results it appears that, in addition to an F
~
, some snow cover

is required to explain the discrepancy between observed and predicted ice

thicknesses. To place an upper limi t on the amount ~ snow, we carried out

another series of calculations incl udi ng a snow cover, but requiring that F
~

be zero. We found that the differences would be explained for the Thule data

by a snow cover which increased continually throughout the observation period

to a thickness of about 20 cm by the time the ice reached 80 cm in thickness.

Anderson, however, states that there were no more than a “few” cm of snow

during his observations , which would be in keeping with a fairly large oceanic

heat flux in the region. Thus we see that reasonable values of snowfall and

~w 
provide a consistent expl anation for the differences between observations

and predictions. For this reason we feel that our forecasting equations can

be applied in any region , but the particular form for a given location will

depend on some general information regarding oceanic heat content and expected

snowfall in the area.

Past efforts to measure F
~ 

directly have been unsuccessful, while less

direct methods based on temperature measurements within the ice have proved

• to be cumbersome. The calculations performed above suggest that rates of

heat loss from the ocean can be determined in the marginal ice zone from a

relatively simple data set without direct oceanic observations. As long as

k. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~- - ~~~~ -~~~ • — .— . ~~~~~ - — •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the temperature profile within the ice remains reasonably linear, we can

• calculate the oceanic heat flux using our thin ice model (or forecasting

equations) together with data on ice thickness , snowfall , air temperature and

cloudiness. The method should work up to an ice thickness of 1 m and perhaps

more, depending on how variable the air temperatures happen to be. In the

following year we hope to have a data set from the Northwater area of Baffin

Bay with which we can test this approach .

Another possible reason why predicted ice growth is larger than observed

is that both the thin ice model and the forecasting equations ignore the change

of internal heat content within the ice as it grows. Peter Schwerdtfeger has

argued that this change can produce up to a 30% decrease in the expected ice

growth. Al though we are still reviewing his figures, crude calculations which

we have carried out suggest no more than a 10-15% decrease. This is still a

significant effect, particularly if we hope to use the thin ice model to obtain

F
~ 

as a residual . We are currently examining ways to include the change in

heat content while retaining the basic simplicity of our models. Once a

suitable method has been selected , we wi l l carry out a series of numerical

experiments to determine the importance of internal heat changes. If the

effect of these changes is l arge enough to worry about, we will try to include

a fairly precise treatment of it in the thin ice model . Exact treatment of

internal heat may not be possible in the forecasting equations, however, and

we may have to simulate the effect with empirical coefficients obtained from

the results of the numerical experiments. 

- -- - - - ~~~ -~~~~~~~ -—-~~~~.--. - ----~~~~~~~-~~~~~~~~~ —--— • • • -- •- --, -~~~~~~~•~~~~~~~~~~~~~~
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RADIATION IN ICE

A paper entitled “The Optical Properties of Ice and Snow in the Arctic

Basin” was publ ished in a recent issue of the Journal of Glaciol ogy. The

paper describes spectral albedos and extinction coefficients of thick first-

and multiyear sea ice and snow, together with the application of these results

to problems of radiative energy absorption , regional albedos , and remote sensing .

Thin ice calculations. In response to the need for more complete heat

balance data on young ice, we have carried out a theoretical investi gation of

its interaction with solar radiation . A three layer model based on the work

of Dunkle and Bevans was developed to treat radiative transfer between the

thin snow and ice layers. The model includes a realistic lower boundary

condition (namely that the upwelling i rradiance must drop to zero at the

bottom of the ice) and also takes into account the wavelength dependence of

both the incident irradiance and the optical properties of ice. Al though our

laboratory studies indicate that the optical properties of young Ice can be

rather different from those of mature ice, we assumed that extinction coeff 1-

cients in melting first—year ice provide a reasonable first approximation for

thin ice.

Two distinct types of ice were considered. Of primary importance is

young growing ice which occurs throughout the Arctic Basin during most of the

year. Such ice has a high salinity , is relatively homogeneous, and is usually

covered with dry windpacked snow. The second type, white ice, consists of a

highly scattering granular surface layer above a thin transition zone and a
) consolidated lower layer. Al though white ice does not constitute a major

fraction of the thin ice during most of the year, substantial quantities can

—4
• . ..• • —••- -- — • , • - - -—. — ---- -- •--—.---- - —--- •---•--•--•-—— ---—--——-— --
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be produced by sta~mier ablation of first-year ice at the margin of the ice pack.

White ice does not develop until the overlying snow layer has melted away.

Calculations of spectral and total transmission , absorption, and albedo

were carried out for ice from 2-80 cm In thickness with up to 40 cm of snow

cover . Energy absorption in the ice was sensitive to spectral albedos over

the entire solar spectrum (roughly 400 to 3000 nm) as well as to the effects

of cloudiness on the spectral composition of the incident irradlance. Since

clouds remove essentially all the radiation beyond 1200 nm, total albedos for

a particular ice type may vary by up to 30% depending on the degree of cloudi-

ness. Radiative energy absorption is also sensitive to cloud cover, and on

clear days it can be as much as 50 times larger in the upper 10 cm of the ice

than on cloudy days. Below 10 cm most of the infrared has been removed and

the energy absorption is about twice as large on clear days. In addition,

total transmission to the ocean is 2 to 2.5 times as large under clear skies .

Depth profi les of net irradiance showed that for ice thinner than 40 cm

an exponential law for the radiation field (Beer ’s law) Is a poor approximation.

Melting white ice, for example , can transmit up to 3 times as much energy to

the ocean as Beer ’s law would predict. In order to incorporate the results

of the present study into our thermodynamic ice growth model without using an

involved radiation model , the albedo and transmission results have been

parameterized as functions of snow and ice thickness. The results of the

radiative ca lculations were submitted to the Journal of Glacioloqy under the

title “The Effects of Ice Thickness on the Exchange of Solar Radiation over
• the Polar Oceans ”. The paper has been accepted for publ ication.

I
________ 

I
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Laboratory measurements. Experiments on the optical properties of thin

salty ice grown in the cylindrical freezing tank have been completed. The

objective of the investigation was to study variations in the albedos and

extinction coefficients of young ice in response to changes in ice thickness ,

growth rate, salinity, and temperature.

Eight experiments have been carried out and the data reduced. These

include two runs with fresh water at -15°C air temperature , and six runs with

saline water (32 0/00 Initial salinity) at air temperatures ranging from -10°C

to -37°C. Two additional experiments wi th water of intermediate salinity

(16 °/oo) at -10°C and -20°C have been completed and data reduction is in

progress. Each run lasted from 10 to 15 days and Included measurements of

spectral albedos and transmission profiles as the ice developed. Concurrent

measurements of the physical state of the Ice Included vertical temperature

and salinity profiles , and ice thickness. After the ice growth was completed

12 cm cores were extracted and cut in half through a vertical plane. One-half

of each core was stored for later use in the scattering measurements , and the

rest was sectioned into thin vert ical and horizontal slabs . Close-up photo-

graphs of these slabs were taken to study the bubble density profile and to

show possible brine drainage features. Additional photographs in polarized

li ght were used to delineate the crystal structure of the Ice .

In each of the fresh ice experiments we were able to study both bubble-free

and bubbly ice. Since the water was not initially saturated wi th air , the ice

grew to about 80 nm before significant bubble nucleation took place . As the

ice grew thicker, densely packed bubbles formed in long vertical columns rather

than as discrete spheres as one finds for salty ice .

_ _ _  A
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To the present limits of accuracy, the optical properties of bubble-free

fresh ice are indistinguishable from those of pure water . As the bubbly layer

• grew, spectral albedos increased by only a few percent , and the total trans-

mission decreased only slightly, indicating an extinction coefficient at 500 nm

of less than 0.1 m ’. Because the vertical sides of the columnar bubbles

Introduced very little backscattering, neither the albedo nor the attenuation

was strongly affected even though the vapor volume was quite large. If the

same vapor volume were distributed as a large number of spheres wi th about the

same diameter as the cylinders , backscatteri ng would be much larger. Thus , the

fresh ice results are more representative of lake and river ice , and provide

only a lower limit for the influence 0f bubbles on the optical properties of

salty ice.

Al bedos of salty ice Increased much more rapidly wi th ice thickness than

those of fresh ice. Actual values ranged from 0.4 to 0.9 depending on the

ice temperature and initial growth rate. For example, the albedo at 500 nm

• of 25 cm ice grown at an air temperature of -10°C was 0.55 , but when the ice

was warmed to -2°C , the albedo decreased by 20%. In another run the ice

surface was cooled below the eutectic temperature (-21°C) causing solid salt

to crystallize out of the brine which formed a surface crust with an albedo

similar to that of dry snow. Raising the surface temperature above -21°C

caused the salt to redissol ve , and the albedo dropped by about 30%.

Growth rate dependence was tested by comparing ice of the same thickness

and temperature which was grown at air temperatures between -10°C and -36°C.

Spectral albedos at all wavelengths were larger for Ice which had grown faster .

A difference of about 40% was observed between the extreme cases at all

wavelengths.

_ _ _  ~~~~ - - ~~~~-— “,-• —-- -  ~~—.- - - - -
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Surprisingly, spectral albedos from the intermediate salinity (16 °/oo )

experiments were as much as 20% higher for a given growth temperature than

for the corresponding high salinity (32 °/oo) cases . This was caused by the

formation on the surface of a thin brine skim at higher water salinity which

was not present for intermediate salinity. The skim filled in surface irregu-

larities and reduced backscattering in the uppermost ice layers . This effect

was most pronounced for an air temperature of -20°C, while at of -10°C

the skim was barely noticeable , and albedos for the 16 0/00 and 32 0/oo cases

were nearly the same.

In general, the spectral extinction coefficients (K x ) observed for growing

young ice were from 1.5 to 15 times greater than for the thick ice studied

during the melt season in our field experiments . Since the present results

appear to be quite large, they have been checked by heating the ice wi th the

artificial sun and determining the bulk extinction coefficients from changes

in the vertical temperature profiles. Results from the two methods are

consistent , supporting the accuracy of the optical data .

As wi th the spectral albedos , ~~~ is larger for higher growth rates .

At 500 nm they ranged from about 2 m 1, for ice grown at an air temperature

of -10°C, to 12 m 1 for Tair of -37°C wi th the same initial water salinity.

After the latter run the air temperature was raised to -20°C and the ice

allowed to equilibrate. 1(500 had decreased by about 6 ur’. A further tempera-

ture increase to -2°C reduced 
~500 by an additional 2 m 1. The changes In

extinction wi th temperature and growth rate appear to be smooth except when

the upper layers of the ice cross the eutectic temperature.

Preliminary analysis indicates that extinction coefficients from both the

Intermediate and high salinity cases were about the same even though ice
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salinitles varied from about 4 0/00 to 14 0/00 in proportion to the water

salinity. The growth rates , however , were nearly independent of salinity.

In conjunction wi th the albedo results , this suggests that in the range 4 0/~~

to 14 0/oo the optical properties of sea ice do not depend strongly on

salinity, but that the initial growth rate and subsequent thermal history

control the observed variations in the optical properties .

Final data interpretation is in progress using an adaptation of the

radiative transfer model of Liou (1972) incl uding surface refraction. This

work is being carried out by D. Perovich for his M.S. thesis and should be

finished during winter quarter. Mr. Perovich also presented some of his

results at the Northwest Glaciologists conference in Vancouver , B. C. late

last month.

Scattering experiments. Measurements of the light scattering properties

of sea ice are currently in progress. To date we have completed 36 runs .

We have been somewhat delayed by the failure of the laser ’s power supply,

and it was necessary to use the old illumination system which required some

improvements in the sample holder and light baffl es . However , the laser has

now been repaired by the manufacturer and is back In service. We expect the

measurements to be completed In the next two months or so.

Light scattering is characterized by a coefficient , a, which is the

fraction of light scattered per unit length out of a collimated beam incident

on the test sample, together wi th the angular distribution of the scattered
• radiation, the phase function . These two parameters specify the role of

scattering in the transfer of radiation through sea Ice .

- - -— 4  
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For bubble free ice the scattering coefficient is on the order of

2 x lO 6cnr1 at 400 nm , and the phase function is nearly synmnetric about an
axis perpendicular to the- incident beam. This indicates that the dominant

process is Rayleigh scattering. Since the absorption coefficient is about

4 x lO~~, scattering is negligible compared to absorption.

For salty ice the scattering is much more efficient; a values measured

so far lie ~between 0.07 and 0.3 cm ’. The phase functions show strong

forward scattering and a minimum near 100° deflection angle with a slight

increase for backscattering . Since the theoretical phase function for bubbles

has a very weak backscattering component and a sharp drop near 90° (neither of

which is found in our data), the influence of bubbles is probably small.

The phase function for both bubble free and salty ice is independent of

wavelength from 400 nm to at least 800 nm. This indicates that the dominant

scattering mechanism is controlled by the refractive indices of salt water,

ice, and air, none of which are strongly wavelength dependent.

Substantial variations in the scattering coefficients and phase functions

were observed for different samples . A strong temperature dependence between

-10°C and —20°C was found; scattering coefficients for the colder samples

were 2 to 3 times larger and the forward peak of the phase function was nearly

an order of magnitude higher . Even larger variations were observed when the

ice was cooled below the eutectic point and multiple scattering became

• significant.

Scattering coefficients for grease Ice at -20°C were somewhat larger than

• for samples from the thin ice experiments at the same temperature and showed

more side- and backscattering. This is reasonable since the grease ice Is

made up of many randomly oriented small crystals rather than a small number

of large columnar crystals characteristic of the interior of the thin ice.

— ---
.

- -- - — - -.- ----- -— -~~~~-- _ _ _ _ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



________________________

19

Results to date indicate that the shape of the phase function appears to

depend on the current temperature of the sample while the scattering coeff i-

cient depends on the freezing rate. If this holds up, it will simplify the

parameterization of the scattering properties for studying the bul k optical

properties of the ice.

Attempts to grow bubble free salty ice using techniques suitable for fresh

ice were unsuccessful . We will try degassing the water and growing ice in an

atmosphere of hel ium which has a low solubility in water.

Scanning photometer. Construction of the scanning infrared photometer

will be completed as soon as the electronics have been installed and the

optical components aligned . The instrument is designed to scan visible and

infrared wavelengths from 400 to 2500 nm using a circular variabl e interference

filter together with a set of twelve fixed band interference filters. The

spectral resolving power (wavelength * bandpass) wi ll range from 25 at 400 nm

to about 50 at 1300 nm. Thus , in addition to extending the wavelength region

we can observe, the new system will have almost 20 times higher spectral

resolution between 800 and 1000 nm than do our present instruments . The

radiation detectors will include a PbS photoconductor for the infrared beyond

1000 nm and a blue-enhanced , ul tra-low-leakage photodiode for visible and near-

infrared wavelengths. Initial estimates Indicate that this system will detect

spectral i rradiances of less than 1 uW/cm2/nm at all wavelengths - more than

two orders of magnitude below the solar i rradiance expected at 2.5 ~ on cl ear

days in the Arctic.

The entire photometer is contained In an aluminum cylinder 20 cm in

diameter and 20 cm tall weighing less than 35 pounds. To eliminate A.C. noise

- •- - - • — - --“
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problems, only D.C. powered components will be used together with rechargeable

lead acid batteries. C-MOS electronics will be installed where possible for

low power drain and low temperature operation.

The scanning photometer is intended primarily for measuring albedo and

incident spectral irradiance, but it can be equipped with fiber optics if

measurements withi n the ice are required.

Optical properties of grease ice and cold seasonal ice. Last year we

participated in two joint experiments with Dr. Seelye Martin. The first, a

laboratory study of grease ice and pancake ice grown in both fresh and salty

water, was carried out in a 2 m wave tank using the profiling spectrophotometer.

Spectral albedos and transmissions were measured at regular intervals as the

ice grew. Ice density , temperature, and crystal structure were also observed

concurrently.

Reduction of the optical data has been completed and interpretation is

i n progress. For ice grown in salt water, spectral albedos at 500 nm (ct500)

increased from 0.038 for open water to 0.14 for 13 cm of ice when the growth

phase was terminated . At longer wavelengths , the increase with ice thickness

was less pronounced , but the spectral albedo curves for a particular thickness

show a decrease from 500 to 1000 nm typical of ice and snow. At 1000 nm the

albedo for 13 cm ice rose to 0.05, only slightly above the limi t of specular

reflection . The grease ice was allowed to freeze solid overnight , and another

data set was taken. 
~~~ 

then Increased to 0.20 and 
~~ 

to 0.084. The final

ice thickness was about 12 cm due to consolidation of the platelets when the

wave mixing stopped.

—-a 
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Extinction coefficients at 500 nm (
~5oo) 

were initially on the order of

4 nr’ and showed a decrease of about 1.3 ~~ as the ice grew. After the ice

had frozen solid , however, the extinction had increased by about 0.5 m ’.

The cause of these changes is not yet clear. The extinction coefficients are

similar to those obtained from the thin ice experiments in cases where the

growth rate was slow (Tair = -10°C).

For the fresh ice, albedo increases with ice growth were only about 25%

as large as for the salty ice and 
~~~ 

was also smaller (about 2.5 m ’).

Al though the density of sea ice and fresh ice in the two runs was simi l ar,

the platel ets in the sea ice were rougher around the margins and the index

of refraction difference between ice and water was larger , giving rise to

greater scattering efficiency.

The second experiment carried out in March 1977 was a field study of

undeformed shorefast ice near Prudhoe Bay. This gave us the opportunity to

measure the optical properties of cold seasonal ice together with the physical

parameters influencing the scattering and absorption (salinity , temperature,

crystal structure, and bubble density).

Al bedos were rather large in comparison with those of warm sumer ice

especially at long wavelengths due to the very low brine volume in the upper

layers. As a result the Ice surface appeared bluish gray rather than blue.

Surfaces covered with dry packed snow had very high albedos ranging from

0.8 to about 0.95 at 500 nm depending on solar elevation and surface roughness.

The highest albedos were observed for smooth surfaces with the sun approximately

8 to 10° above the horizon .

Extinction coefficients of cold ice were larger than for sunmner Ice -

typically 1.5 m ’ at 500 nm as compared to between 0.8 and 1.2 m 1 . The
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difference between the two was about the same at all wavelengths. Since the

air temperature was usually between -25°C and -30°C, the surface temperature

of the ice was often below the eutectic point and therefore the brine volume

was nearly 0. In one case, however, the extinction coefficients were

considerably lower (
~5Oo = 0.85 nr’). At this site the uppermost layers

consisted of 5 cm of low salinity frazil ice over 11 cm of clear fresh ice,

indicating that either flooding with fresh water or surface melting and

brine drainage had occurred earlier in the season. Below 16 cm , however,

the ice structure was essentially the same as in other areas. Clearly, the

upper portions of the ice contribute significantly to the total transparency ,

and modifications in structure can have an important effect on the extinction

coefficients of the entire l ayer.

Due to the tragic death of Mr. Dave Hedrick in October, we are spending

additional time completing the scattering experiments while the freezing tank

for our samples is still in operation. As a result publication of the results

from the above experiments will be delayed until next year.
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FLUID MECHANICS AND SEA ICE

During the past year, we wrote up four papers for publ ication; carried

out laboratory studies on wave damping by grease ice and on the turbulent

boundary layer adjacent to a vertical ice wall submerged in warm seawater;

and carried out a cooperative field program in June 1978 with the

International Ice Patrol on iceberg deterioration .

The publi shed work consists of a paper by Edward Josberger titled

“A Laboratory and Fiel d Study of Iceberg Deterioration”, with an Appendix

by Martin , Josberger, and Kauffman on “Wave-Induced Heat Transfer to an

Iceberg” , both of which will be published In the Proceedings of the First

International Conference on Iceberg Utilization. Second , we have rewritten

Terren Niedrauer ’s Master’s thesis wh ich has been accepted by the Journal of

Geophysical Research under the title “Brine Drainage Features in Young Sea

Ice” , by Niedrauer and Martin. Third, Edward Josberger with Steven Neshyba

of Oregon State University have prepared a paper titled “An Estimation of

Antarctic Iceberg Melt Rates” , which was recently submitted in revised form

to the Journal of Physical Oceanography. Fourth , S. Martin has submitted a

paper titled “A Fiel d Study of Brine Drainage and Oil Entrainment in Fi rst-

Year Sea Ice” to the Journal of Glaciology . The writing up of this paper and

some of the photographic processing , which stretched over two years, was

partially supported by the Office of Naval Research and partially by the

BLM/NOAA OCS program. Finally, the work by Martin and Kauffman on the inter-

action of grease ice and ocean waves was presented at the meeting of the

Pacific Division of the AAAS on 15 June 1978 under the titl e “A Laboratory

and Field Study of the Interaction of Slush Ice and Wind Waves”. 

~~~~-•- —~~~~~~~~~~ -- — • —~~~~~~- - •- -~~~~
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In our present research, our major efforts during the past year have been

Josberger ’s thesis study of the turbulent boundary layer adjacent to a vertical

ice wal l, and Martin and Kauffman’s laboratory and theoretical study of wave

damping by grease ice. We next describe in detail these two proj ects .

Melting of a vertical ice wall. Josberger ’s thesis on this subject Is

presently in draft form and is being read by the members of his reading

coninittee. It should be available in report form early in 1979. The thesis

consists of a discussion of his experiments on the melting of a vertical ice

wal l contained in warm seawater, the application of a numerical model to

these experiments, and the results of his two iceberg cruises with the

International Ice Patrol . In his experimental tank , the seawater temperature

elevation above freezing ranged from 1 to 25 degrees, with most of his

experiments in the range of 1-6 degrees. A turbulent boundary layer drives

the melting ; to parameterize the turbulence , he measures the wall melt rate,

the wall temperature, and takes streak photographs of the flow. His detailed

measurements gi ve mel t rate and wall temperature as a function of the far

fiel d temperature in both functional and graphical form. These relations will

be useful as predictors of the melt rates of icebergs and pressure ridge keels.

Wave damping by g-~ase ice. In the second set of experiments, Martin and

Kauffman studied the interaction of surface waves with grease Ice. These

experiments took place in a tank measuring approximately 2 m long by 1 m wide,

which Is filled with seawater to a depth of 0.4 m. Using a wave generator

located at one end of the tank to agitate the water, they grew layers of

grease ice up to 0.3 m in thickness. 

-• - - -



-
~~~ —~~~~— - • -

25

Within this grease ice, in a series of experiments they generated waves

t • with periods between 0.4 to 0.6 seconds, or wavelengths of 0.25 to 0.54 m,

at a variety of different amplitudes ranging from small to near-breaking.

To observe the wave properties , they used a resistance probe placed at

different stations down the tank to record the wave amplitude as a function

of position in a series of approximately 40 experiments . They then used this

information to develop a relation for how waves decay in grease ice .

The experiments showed that in all cases where the grease ice depth is

greater than the depth of motion of the wave k ’ , where k is the wave number

and k ’  was typically 40-100 nun in our experiments , that the wave amplitude

decays linearly with the slope a. Further for a constant frequency as the

wave amplitude at the paddle a0 increased , a increased as a~, so that the

wave damps out in a shorter distance as the amplitude increases . Second, we

found over our range of frequencies that

a = 0.24(a0k)2 (1)

where the wave number k follows f rom the dispersion relation

a2 x g k

where g is the acceleration of gravity and a is the wave frequency.

The attached figure compares on a log-log scale the data from 26

different runs with equation (1). The solid line shows (1) and the points

represent different values of ~ plotted against a0k at different frequencies .

Examination of the figure shows that the data clusters around the line for

_ _ _ _ _ _ _ _ _  __ _ _ _  —-~~~ - -  —--~~-
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0.20 < a~k < 0.45 . Because the maximum amplitude of ~~~ deep water wave

cannot exceed a0k = 0.45, equation (1) may also be va lid for the longer

period wind-waves which occur at the ice edge.

The cause of this rapid linear wave decay is that the grease ice
• 

consists of a slurry of small ice platelets , measuring approximately 1 nun

in diameter and 10 ~im in thickness. At high shear rates , these platelets

move independently. At low shear rates , the platelets sinter or pressure

melt together into clusters , thus causing a viscosity increase and a linear

decay. As the shear rate decreases further , the platelets form larger and

larger clusters , until finally the grease ice ceases to behave as a liquid,

but rather becomes an elastic solid so that the water waves propagate as

elastic waves . Our present theoretical work centers on relating the above

nonlinear viscosity to the observed wave properties . We are presently

writing up this work for publication.

Finally, we have begun construction of a new wave tank measuring about

4 m long , 1 m deep, and 1.2 m wide. This tank, which should be completed by

the end of December 1978, will be used to investigate wave decay in pancake ice.
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REPORTS PUBLISHED AND IN PRESS

1. Grenfell , 1. C. and G. A. Maykut, The optical properties of ice and snow

in the Arctic Basin. Journal of Glacioloqy, 18 , 80, 445-63 , 1977 .

Measurements of light transmission and reflection were carri ed out
on first-year sea ice near Point Barrow, Alaska , and on multiyear
ice near Fletcher’s Ice Island In the Beaufort Sea (lat. 84°N,
long. 77° W.).  Spectral albedos (400- 1000 nm) and extinction
coefficients (400-800 nm) were determined for melt ponds , snow , and
various types of bare ice . Al bedos were largest in the 400-600 nm
range, decreasing toward longer wavelengths at a rate which appeared
to be related to the liquid-water content of the near-surface
layers . Extinction coefficients remained nearly constant between
400 and 550 nm, but increased rapidly above 600 nm. At 500 nm,
albedos ranged from 0.25 over mature melt ponds to 0.93 over dense
dry snow , while the corresponding extinction coefficients ranged
from 0.6 to 16 rn 1. Intensity profiles taken in the upper 50 cm
of the ice indicated that the extinction coefficient at a particular
wavelength was nearly constant with depth below 15 cm, although the
bulk extinction coefficient decreased with depth because of the
strong attenuation in the red. Near the surface it was found that
multiyear ice absorbed slightly more energy than did first-year bl ue
ice , but at depths below 10 cm the flux divergence in the first-year
ice was three to four times larger than that in the multiyear ice.
A simple procedure is described for estimating light transmission
and absorption within the ice under clear or cloudy skies from total
flux measurements at the surface. Methods by which satellite data
could be used to estimate regional albedos, melt—pond fraction, and
lead area are also presented.

2. Maykut, G. A., Energy exchange over young sea ice in the central Arctic.

Journal of Geophysical Research, 83, 3646-58, 1978.

A simple model of heat transport through young sea ice is combined with
cl imatological data on air temperatures and incoming radiation in the
central Arctic to predict how each component of the surface heat bal ance
is affected by changes in ice thickness. Results indicate that during
the cold months the net heat input to the atmosphere from ice in the
0- to 0.4 m range is between 1 and 2 orders of magnitude larger than
that from perennial ice. Once the ice exceeds a meter in thickness,
there is little change In any of the heat fluxes as the ice thickens.

- - • • •~~~~~~~~~ •
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Al though both the amount of absorbed shortwave radiation and the
emitted longwave radiation depend on ice thickness , it is the
turbulent fluxes which undergo the largest changes . The rate of
heat exchange over thin ice is shown to be extremely sensitive to
snow depth and assumed boundary layer temperatures . It is concluded
that with the present ice thickness distribution in the central
Arctic, total heat input to the atmospheric boundary layer from
regions of young ice is equal to or greater than that from regions
of open water or thick ice.

3. Maykut, G. A., On the heat and mass balance of the arctic ice pack.

Naval Research Reviews, 17-35 , July 1978.

Dynamic and thermodynamic processes interact within the arctic ice
pack to maintain a distribution of ice thickness which ranges continu-
ously from open water to pressure ice tens of meters in thickness.
Because of extremely large rates of Ice growth and turbulent heat
exchange in areas of open water and thin ice , such areas have the
potential to make a significant contribution to the overall heat and
mass balance of the ice pack. Field observations were combined with
theoretical models of ice growth and thickness distribution to deter-
mine how thickness variations affected regional fluxes in the Central
Arctic. The resul ts show that the large-scale ice production, sensible
and latent heat fluxes, salt input to the mi xed layer, and absorption
of shortwave radi ation in the ocean are several times larger than would
be expected with a uniform ice cover. This suggests that the inter-
action between atmosphere and ocean in the presence of a dynamic ice
cover is much more vigorous than previously believed .

4. Josberger , Edward, A laboratory and field study of iceberg deterioration.

(In Hussieny, A. A., ed , Iceberg Utilization , Pergamon Press, London ,

245—60) 1978.

Vertical ice walls in warm sea water deteriorate from the action of
natural convective boundary layers. A cooperative field study with
the International Ice Patrol shows that in 4°C seawater melt-driven
upwelling occurs adjacent to an iceberg. The effects of the iceberg
on the water column were to lower the temperature and salinity by
3.0°C and 0.5 0/oo. In the laboratory this process was modeled using
fresh water bubble-free ice sheet s inmnersed in sodium chloride solutions
of oceanic salinities and temperatures . The observed flow field next
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to the ice face was laminar at the bottom, then went through a region
of transition and finally became fully turbulent further up the ice.
The length of the l aminar layer for oceanic conditions has a maximum
length of 0.5 m , at which point the saline Grashof number reaches a
critical value 2 x 108 and the flow becomes turbulent. Measurements
of the melt rate and the ice/water interface temperature in the
turbulent regime show uniform temperatures and a melting rate that
varies slowly in the vertical ; this greatly facil itates theoretical
model ing of the flow. For subpolar water temperatures, 0° to 5°C,
the experiments show the melt rate to be of the order 0.1 m day ’;
for tropical water temperatures, 25°C, the melt rate is of the order
2.5 m day ’.

5. Martin , S., E. G. Josberger, and P. Kauffman , Wave-induced heat transfer

to an iceberg. (In Hussieny , A. A .~, ed., Iceberg Utilization ,

Pergamon Press, London , 260-64) 1978.

This appendix compares field observations of wave-induced waterline
erosion on icebergs with a l aboratory experiment to show that the
cause of the erosion is the heat carried to the ice by the Stokes drift.

6. Grenfel l , T. C., The effects of ice thickness on the exchange of solar

radiation over the polar oceans. Journal of Glacioloqy (in press).

7. Niedrauer, 1., and S. Martin, Brine drainage features in young sea ice.

Journal of Geophysical Research (in press). -

8. Neshyba, S., and E. Josberger, An estimation of antarctic iceberg melt rates.

Journal of Physical Oceanograp~hy (submitted).

• 9. Martin, S., A field study of brine drainage and oil entrainment In first-

year sea ice. Journal of Glacioloqy (submi tted).
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