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PREFACE

This report was prepared by Dr. Elmer L. Offenbacher of the Physics Department of Temple
University and Dr. Samuel C. Colbeck of CRREL. Dr. Offenbacher prepared the original version of
this report while at CRREL on the Summer Faculty Assessment program in 1983. Dr. Colbeck’s
participation in the preparation of this report was sponsored at CRREL by the Office of the Chief of
Engineers under DA Project 4A762784AT42, Cold Regions Engineering Technology, Work Unit FS/
003, Radiational Effects on Snow Signatures. Dr. Offenbacher’s participation was funded under DA
Project 4A762730AT42, Design, Construction and Operations Technology for Cold Regions, Work
Unit D/004, Seasonal Change in Strength and Stiffness of Soils and Base Courses. This report was
technically reviewed by Dr. T.R. Carroll and Dr. R.L. Grasty.

The contents of this report are not to be used for advertising or promotional purposes. Citation of
brand names does not constitute an official endorsement or approval of the use of such commercial
products.
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Remote Sensing of Snow Covers
Using the Gamma-Ray Technique

ELMER L. OFFENBACHER AND SAMUEL C. COLBECK

INTRODUCTION

The seasonal snow cover significantly influences agriculture, climate and the supply of water in
many parts of the world. Accurate measurements of temporal and spatial snow cover variations are
crucial for managing river flow and lake levels, using hydroelectric power facilities efficiently and
forecasting floods. The importance of measuring the total water content of snow, or snow-water
equivalence (SWE), was emphasized by NASA’s Snowpack Properties Working Group (NASA
1982). This report classifies nine snow cover properties according to their usefulness in 18 diverse
fields of application of snow cover information. SWE is the most sought-after value among these nine
properties.

SWE and the snow-covered area are needed by hydrologists on a near-real-time basis to make their
forecasts. This need has led to the use of remote sensing methods. The gamma-ray survey methods
described here are more efficient and reliable than ground-based measurements and can sample
remotely. Because of the large spatial variations in snow, it is important to sample a large area, which
can easily be done with remote sensing techniques but not with ground-based approaches.

In principle, microwave systems have the potential of providing a suitable remote sensing method.
However, both microwave theory and the technolngy for this purpose are still being developed.
Therefore, it is fortunate that another remote sensing technique, at the other end of the electromagnetic
spectrum, is operational. Known as the airborne terrestrial gamma radiation technique, it is based on
the snow cover’s attenuation of terrestrially produced gamma-ray flux. This method is now providing
highly reliable data in many countries. By its use, large local variations of the snow cover can be
averaged along a flight course, and the available water mass can be predicted quickly.

The purposes of this review are

» Todescrib¢ the physical principles and methods used,

+ To explain some of the pertinent nomenclature,

» To present annotated references and

+ To point out the potential and the limitations of the airborne gamma technique for determining

SWE.

Advances in airborne gamma-ray snow surveying have been facilitated by intense developments
for surveys of terrestrial-exposure maps and for uranium-rich ore deposits. The gamma technique has
been applied under varied conditions, from the plains in the midwestern U.S. with only a few
centimeters of snow, to the rugged mountains of Norway with several decimeters of snow, The U.S.
National Weather Service has used this technique for monitoring watersheds in the midwest since
1978, and its success there has led to a planned expansion of the program to other water basins,




including those in the northeastern U.S. Worldwide interest was evident in 1979 at an international
workshop in Norway on nuclear techniques in hydrology. Five countries (U.S.S.R., U.S., Canada,
Norway and Finland) then reported using the airborne gamma method.

SNOW-WATER EQUIVALENT

The gamma-ray method detects the mass of water over the depth of the snow cover, which is usually
reported as the snow-water equivalent in units of mass per unit area. The depth d and density p jofa
unifciu snow cover are related by the simple equation

d=SWE/p,. ()

The attenuation of gammaradiation is determined by the total mass, or SWE (ordx p ) and not by either
d or p, alone. This is shown in Figure 1, which is from one of the earliest measurements of natural
gamma-ray transmissions through snow covers of different depths and densities (Sievert and Hultqvist
1952). Note that the same transmission rate of 40% occurs at adepth of 20 cm for a0.40-g/cm3-density
snow cover as at a depth of 80 cm for a 0.1-g/m3-density snow cover, both cases having an SWE of
8 g/cm?. Clearly, any one of the three curves shown is sufficient to give the information contained in
all three.

Spatial variations of the snow cover are usually considered on three scales:

» On a macroscale or regional scale, with variations caused by dynamical meteorological

conditions and geographical features and with characteristic distances of 10%-10° m;
» Onamesoscaleorlocal scale, with variations caused by wind, avalanches and snow depositional
patterns and with characteristic distances of 10—10° m;

+ On a microscale, with characteristic distances of 10-102 m.

There are over 3000 marked snow courses in the U.S. and Canada that are sampled several times
each winter to yield SWE for water runoff estimates. The SWE of a region usually is obtained by
averaging over relatively few representative ground locations for each snow course. This may lead to
large errors (sometimes reaching 30%}) because of the spatial variations over the measured courses and

because of extrapolations to areas not sampled

at all. In contrast, in the airborne method the
00T T T 1T T T T T average SWE is obtained by sampling continu-
- ously overthe entire flight line. Inatypical case
of a 20-km flight line, the sampled area might
be 6 km2. Since present systems are capable of
7 storing the SWE values every 0.1 km, they can
alsomeasure the mesoscale variations of SWE.
An example of such SWE variation over a 10-
km open field course in the U.S.S.R. is shown
in Figure 2.

Kogan et al. (1971) proposed the airborne
method based on two interesting observations:
1) the existence in the earth’s crust of a fairly
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0 20 40 €0 80 100 4pd 2) the deep penetrating power of high-
Snow Depth (cm) energy gamma rays. Those with energies over

1 MeV have mean free paths in the atmosphere
Figure 1.Gamma attenuation with depth of snow of 140 m. Therefore, these terrestrial gamma
cover at three snow densities. (After Sievert and rays can be easily detected by scintillation
Hultgvist 1952.) crystals mounted on aircraft flying at low alti-
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Figure 2. Variation of snow-water equivalent across an open field. (After Kogan
etal 1971.)

tudes. The attenuation of these rays, measured as the difference between the pre-snow values and the
values with snow, produce a value for the SWE.

INTERACTION OF GAMMA RAYS
WITH WATER SUBSTANCE

Gamma rays are high-frequency photons that originate from the decay of certain nuclei. Most of
these photons have energies between 40 keV and 4 MeV, although gamma photons as low as 8 keV
and higher than 4 MeV are known to exist. As a part of the electromagnetic spectrum, they form the
transition region between the lower-frequency x-rays, produced by electron de-excitations, and the
higher-frequency cosmic rays that come from outer space.

Of the more than a dozen different ways photons can interact with matter, only three are important
for gamma rays: 1) the photoelectric process, dominant for low-energy photons, 2) the electron—
positron pair production, which theoretically can occur only for energies greater than 1.02 MeV but
which for water and other light elements is negligible until much higher energies, and 3) Compton
scattering, in which the photon loses only part of its energy and survives as a lower-energy photon
traveling in a different direction. The last process, which dominates for the gamma rays measured in
airborne snow surveys, has to be understood to decode the observed gamma-ray spectrum.

The attenuation of a collimated gamma-ray beam is described by Lambert’s law of absorption:

N=Ne+* )

where N _is the gamma flux (number per unit area per unit time) at a reference point and i’ is the linear
absorption coefficient of the material. Since p” depends on the density of the material p, we replace
W by up and x by y/p. Equation 2 then becomes

N=N oe"‘y (2a)

where 1 is the mass-absorption coefficient and is a material constant that depends only on the gamma-
ray energy.The effective path length y equals SWE for snow. The actual path in the equivalent water
column D equals SWE/p,,.

Figure 3 shows the energy dependence of the total absorption coefficient for water from 10keV to
10 MeV (Adams and Gasparini 1970). Note that the Compton contribution dominates above 0.1 MeV
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and that pair production is negligible below 3.5 MeV. Compton scattering L at a given energy
depends on the electron density of the scattering medium r,. But n, is directly proportional to the
average Z/A ratio of the constituent molecules (Z is the atomic member and A is the mass number).
For compounds and mixtures of light elements, this average is 0.5. However, for ordinary water this
average is 0.555 because the total atomic number is 10 and the total mass numberis 18. For materials
like dry soil, air and rock, which are mostly composed of light elements, it is 0.5. In the Compton-
dominated energy range above 0.2 MeV, the mass absorption coeffcient for air M, and the mass
absorption coeffcient for soil p_ are therefore the same. On the other hand, the value for water p,
is given by p_/p_, which equals 0.555/0.5, or 1.11. The energy dependence of the mass absorption
coeffcients is shown in Figure 4. As an exarnple of the usefulness of these relations, we compute the
water equivalent of the mass of air between the detector and the ground at an altitude of 150 m. At
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standard temperature and pressure, the air-mass equivalent is 17.5 g/cm2. The equivalent SWE in
the Compton energy region, therefore, is 17.5/1.11 = 15.3 g/cm?,

SOURCES OF TERRESTRIAL
GAMMA RADIATION

Gamma rays are emitted from the earth’s surface
due to the ubiquitous presence of 1) secondary,
unstable isotopes produced by the naturally occur-
ring radioactive series of elements, such as uranium
and thorium, and 2) primeval radioisotopes with
half-lives long enough to have survived since the
solidification of the earth, such as uranium 235 and
potassium 40. Table 1 lists the components of a
typical terrestrial-radiation field and their fluxes as
measured 1 m above ground. The total terrestrial
flux is 10.4 gamma/cm?-s, which is several times as
large as the cosmic-ray flux at that level. These
fluxes vary in opposite ways with altitude, as shown
inFigure 5, which gives the results from Steamboat
Springs, Colorado. Note that at ground level the
terrestrial flux is six times the flux due to cosmic
rays. Another noteworthy feature in the diagram is
the total flux minimum at 4000 ft. It was the unex-
pected increase in flux with altitudes higher than
that that gave the first indication of the existence of
cosmic rays.

The average terrestrial-radiation intensity var-
ies with geologic formations. It has been tabulated
by country and varies from a low of 4.2 piroentgen/
hr in India to a high of 9.5 in East Germany. The
average for the entire U.S. is 5.4. In U.3. coastal
plains it is half of that, and on the Colorado Plateau
it is about twice the average value. The radiation
observed above ground derives effectively from
only the top 30 cm of soil or rock because the
gamma rays emanating from deeper levels are
dissipated.

Variation of gamma activity with time
The gammaactivity ataparticularlocality varies
with time due to three interrelated causes:
» Soil moisture, especially inthetop 15-20cm,
is highly variable and will absorb some of the
gamma rays beforc they leave the ground.

Gross Count Rate (103/s)

errestrial
Radiation

—

Cosmic Radiation

| 1 1

4000 8000

Aircraft Altitude (ft)

Figure 5. Relative cosmic and terrestrial
components of measured gamma flux as a
Junction of altitude ar Steamboat Springs,
Colorado. (After Bissell 1975.)

Table 1. Typical terrestrial
gamma radiation field (Beck

1972).

Radiation source

Gamma fluxat I m
(counticm?-s)

K40

U238 4 daughters
Th232 4 daughters
Cs'¥7(1972)
Zr%5_Nb

Rn222 daughters in air

2.7
2.2
4.1
0.8
04
0.2

+ The gases radon 222 and radon 220 (also called thoron) are the ancestors of the Bi2!4 and T1208
isotopes, respectively. These gases can diffuse out of unfrozen soil because, if moisture is
abundant, they may be concentrated in the water at higher concentrations than their radioactive
equilibrium values. The radon concentration in the atmosphere is notoriously unpredictable
because it varies with air circulation and other weather conditions.
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Figure 6. Apparent uranium activity on the ground during a snow-
storm. (After Bissell 1975 .)

» Radioactivity at ground level increases during and for a few hours following precipitation, as
shown in Figure 6. This arises from Bi2!4 ions that are carried to the ground attached to the dust
particles in precipitation.

Except for these complications, one can rely rather confidently on the constancy of terrestrial

radiation. It provides the reference spectrum for the radiation observed when the ground is covered by
a layer of snow.

The airborne spectrum

A typical airborne spectrum of the terrestrial radiation is shown in Figure 7. The three photopeaks
or windows with the highest energy are the ones currently utilized in snow surveys. They are produced
by the isotopes of T12°8, Bi2!4 and K40,

The highest energy peak at 2.62 MeV is due to T12%8 produced by the thorium 232 series, which is
found with an abundance of 13 ppmin the earth’s crust. This gamma-ray source accounts forover 50%
of the energy released in this series, and because of its high energy, it is the one least attenuated. Also,
it is not “diluted” with Compton gammas from the other peaks at lower energies.

The rather flat peak at 1.76 MeV resuits from the strongest of the many gamma rays produced by
Bi2!4, Bi2!4 is a short-lived (20-minute half-life) daughter product of Rn?22 3.8-day half-life), and
both are part of the uranium 238 series, which occurs in the crust with an average concentration of about
2.5 ppm. However, the gammas registered in this peak are not constant for a given site because of the
mobility of radon gas. Therefore, the intensity of this peak is not a reliable indicator of SWE unless
an independent measurement of the extraneous radon contribution to the peak is made.

The gamma-ray source at 1.46 MeV is produced by K40 when this isotope, with a half-life of 1.39
x 10° yr, decays by electron capture and positron emission to an excited state of A%, which happens
in 11% of its decays. The crustal concentration of K4 is 2 ppm (i.e. 0.012% of K, which has an
abundance of 2.5%). It is interesting to note that, although K was known to be a beta emitter in 1906,
it was not until 1927 that its gamma emission was first detected (Kohlhorster 1928).
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Figure 7. Airborne spectrum of energy peaks produced by radioactive
elements in the ground. (After Dickson et al. 1981.)

Attenuation measurements
near the ground

Ground measurements of SWE have been made by the gamma technique using artificial radioiso-
tope sources as well as terrestrial radiation. Several years before the use of natural gamma rays were
suggested, an experiment was conducted by the U.S. Army with an artificial gamma-ray source (U.S.
Army Corps of Engineers 1955). Commonly used sources forartificial gamma rays are C%, Cs'37and
even K83 isotopes. Snow density profiles as well as SWE have been measured this way. The results
from one of the early ground experiments using total terrestrial radiation is shown in Figure 8. Note
the precision with which SWE could be determined over different ranges of D (Bissell and Peck 1973).
These measurements were made with a small portable detector mounted on a boom 2 m above the
ground, insulated with 5 cm of Styrofoam, and maintained at a nearly constant temperature throughout
the snow season. The effective “look area” of the detector was several square meters, and its output
pulses w ere accumulated by a scalar for periods of one hour.

o] »
[o) e
|

| —

Avg. Snow Course Water Equivalent (cm)
n
o

10— o —
Figure 8. Snow-water equivalent vs one-hour L L 1 | |
gross gamma counts, measured 2 m above the 0 4 8 12
ground. (After Bissell and Peck 1973.) Avg. Gamma Counts (i0%/ hr)




TECHNICAL ASPECTS OF
AIRBORNE GAMMA-RAY SURVEYS

Airborne ramma-ray surveys differ from the ground-based observations in several important ways.
Due to the different geometric relationships between sources and detectors, illustrated in Figure 9, the
counting rate is proportional to an exponential integral rather than to a pure exponential.

The gammarays canbe collected by a sophisticated spectrometer, which has the capability not only
of meusuring gamma intensities, but also of determining changes in the shape of the gamma-ray
spectra.

By comparing the absorption of gamma rays at two or more energies and knowing the air layer
thickness, it is possible to deduce the SWE without a pre-winter measurement. The gamma rays are
diminished by absorption in the air layer beneath the aircraft. This increases the error in the
measurement due to both the uncertainty in the amount of air and the lower count rate.

Detector

Air
SWE \
Soil

$ Figure 9.Geometricrela-
tionship for aerial gamma
volume measurement (Fritzsche

Element 1982.)

Equation for the transport of
uncollided gamma rays
The flux of uncollided gammarays NV arriving at a detector at an effective altitude // above the ground

is given by

oo R n -
N=@=SJ & J' de[ R(g)e-(uaH+uwSWE)seceeungcc9tan9d¢

Ao 0 0 0 4n

2
=_S_J R (0) e(naH +1y SWE)sect 5ing do 3
g Jo




where CR = unscattered gamma count rate
R(B) = angular detector response

A = effective detector area

S = soil activity
0 and ¢ = angles identified in Figure 9

M = soil-mass absorption coefficient

M, = air-mass absorption coefficient

W, = snow-mass absorption coefficient
Z = effective vertical distance below the surface of the volume element of soil (Fig. 9), or the

actual distance z times the density of the soil

H = effective detector height .

H equals the physical altitude A times the density of air, which is obtained from pressure and
temperature measurements.
If the detector response is independent of 0, then R(6) equals 1, and we can rewrite eq 3 simply as

N == E,(q) S

where gisp H+p SWE and E, is the second value of the exponential integral of the nth kind defined
as the integral

E (q)=J e dx (5)
n , X

If R(8) equals cos 8, then E,(q) results instead of E,(q). The flux N is proportional to the soil activity
and inversely proportional to the attenuation coefficient of the soil.

Equation 4 is based on two idealized assumptions. The first is that the soil radiation is uniformly
distributed in an infinite halfspace below the earth’s surface, although only the top 0.30 m really matter.
The second is that the radiation enters the detector from an infinitely extending plane, equivalent to
a cone angle of 90°. For other source-detector geometries, theoretical values for N are less. (For ex-
ample, when the area “seen” by the detector is confined to a 65° rather than a 90° cone angle, N is only
90% of the value given by eq 4.)

Reduction coefficients and
the “working” equation

In actua! field applications the ¢ dependence is given by a function that lies between E,andE;. It
is customary, therefore, to approximate the E(g) function by a pure exponential expression. Instead of
using the true mass attenuation coefficients (Table 2), one determines for a particular snow course the
coefficients for an exponential best fit of the experimental variation of N with the effective air height
H. These are called reduction coefficients and are designated by o o 10 indicate that they are to be
multiplied by the effective air height AH.

The presence of soil moisture increases the attenuation in two ways. First, the radioactivity of the
soil per unit volume is reduced, and second, the moisture itself attenuates the radioactivity 11% more
effectively than the soil materials. Including the effect of the moisture content of the soil and |4 and
S, the “working” equation is

- So e ~0a(H+ 1.11 SWE) )
2 ugo (1+1.11 M)




Table 2. Mass attenuation coefficients and half thicknesses X 12
for air, water and rock at the photopeak energies of K49, Bi214

and T1208,
Mass attenuation coeff. Half thickness X,
Photon enerpy i (cnlg) Air Water Rock
(MeV) Air Water Rock (m) {cm) {cm)
1.46 (K4 0.0526 0.0585 0.0528 102 11.8 5.25
1.76 (Bi2'%) 0.0479 0.0532 0.482 112 13.0 575

2.62 (T1208) 0.0391 0.0433 0.0396 137 16.0 7.00

where X, , = 0.693/jt and the density (g/cm3) of materials under standard conditions
are 0.001293 for air, 1.0 for water and 2.5 for rock. Airis 75.5% N, 23.2% 0 and 1.3%
Ar by weight.

where M = soil moisture expressed as percentage of dry soil
S, and Hgo= radioactivity and mass absorption coefficients of dry soil, respectively
o, = reduction coefficient to be determined by calibration procedures.

The exponent can also be expressed as —¢t, Table 3. Values for o, (cm™! x 1079),
(0.9 H + SWE).
The measured values f shown i Steamboat Springs, Luverne,
alu or &, ho n Southern Ontario Colorado Minnesota

Table 3 were obtained from the slope of the

(Glynn & Grasty 1980) (Bissell 1975) (Bissell 1975)
log of the uncollided or stripped gamma-

count rates versus ¢. Stripped count rates are K 722 703 704
. . Tl 591 529 571

derived from actual counts by removing the

counts that arise from the Compton-scat-

tered photons of different energies. The pro- (0 . l : I l

cedure for doing this uses stripping ratios—
the ratios of counts detected in window A to
counts detected in window B from a pure
gamma source corresponding to the energy
of window A. These stripping ratios, which
are linearly increasing functions of SWE, are
determined for each detection system by
experiments carried out over calibration pads
containing known concentrations of each of
the three gamma sources. Figure 10 shows
the fit to E,, and exponential curves of ex-

Normalized Potassium Counts

perimental values of N, with the background ) | . { j
corrected and stripped, for the K peak for the 0 100 200 300
altitude range of 50-250 m. Aircroft Altitude {(m)
Techniques for determining SWE Figure 10. Potassium peak variation with aircraft
A number of techniques have been pro- altitude: measured points and fits to an exponen-

posed for obtaining SWE from radiational tial integral and to a pure exponential. (After
spectra. Some of these are listed in Table 4 Grasty 1979.)

together with the appropriate equations for

relating N to SWE. All the methods use ratios of counts because, for a snow survey as opposed to a
uranium survey, one is not interested in S per se. Since j varies with gamma energy, these equations
apply, strictly speaking, only to one particular gamma-ray count at a time. However, by the choice of

10




Table 4. Techniques of SWE measurements.

Name Equation Parameters
to measure
(1) Snow and presnow N, _B(MaHs+ISWE) 1+L11M, H, . H
. — = X
(standard two flights) Np Ez(upr) 1+L11M, ﬁfp M

(2) Two altitudes Ny, 2(%’“ +H, SWE) Ez(l»laHz)

(same snow) = = H ,H,
52 Ex(MaHay +W, SWE) Ey(KaH))
(3) Two different angle N
intervals LT Ex(Ma H + I SWE) - H
(one flight) Ns,2 c0s8 B [% Hy + Ky SWE]
cos 0
(4) Two photopeaks Ns,i _So.ilg2E; (Ma1H +I,1 SWE) B HaoH . SL
(one flight) N2 SoaWg 1B (Ma2H +W 2 SWE) By Wy i H 'S,

suitable average u values, the first three equations have also been used for gross counting techniques.
Techniques 1 and 2 are also known as incremental methods and 3 and 4 as direct methods. The formula
for technique 3 corresponds to two detector angles; detector 1 counts rays that make an angle of less
than © with the vertical direction and detector 2 counts rays outside of this angle.

In evaluating the comparative advantages of each method, the following points should be
considered:

« The number of parameters that must be measured (last column of Table 4).

« Themagnitude of the “counting error.” The accuracy decreases for a smaller detected intensity.
Thus technique 2 would be useful only if enough signal is left at the higher altitude. In practice
this would restrict the method to D values of 10 cm or less. In technique 3 the “counting” errors
increase even in the gross counting mode because only part of the available rays are being
selected for measurement.

*» The difficulty of accurate soil-moisture determinations required for technique 1.

* The cosmic-ray activity variation with altitude required for technique 2.

Further research is needed for the development of the direct techniques 3 and 4. These have
significant advantages over the two-flight method because they do not require pre-snow flights or
separate soil-moisture measurements, and of course, the errors in duplicating flight lines are
eliminated.

Two-flight surveys

In the most common two-flight technique, the background spectrum for a snow-free flight line is
recorded in the fall (at an altitude H_and with soil moisture content Mp). The spectrum over the same
flight line is obtained again (at an altitude H and soil moisture content M o) after the snow has been
deposited inthe winter (technique 1, Table 4. ) Foragiven detector system, N JN CRJCR and then,
if H_ equals H the appropriate equation becomes

CR
SWE=_L |gn —_P_
Oy CR,

1+111M
1+111M

where o is the water reduction coefficient appropriate to the equipment and location.
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The measurements typically take place from aircraft flying 50-300 m above the ground along routes
10-20 km in length. The altitudes flown are lowest in the U.S.S.R., about 50-100 m. In Canada the
standard altitude is 120 m, and in the U.S. it is generally 150 m. The effect of altitude on the curve of
DvsNisshowninFigure 11. These observations were taken at the 7-km research test site at Steamboat
Springs, Colorado.

The choice of a flying altitude is the result of a compromise. Lower altitudes produce a smaller
uncertainty in D for a given uncertainty in NV, 8N, because the bigger N reduces the inherent statistical
error and because the smaller slope of the D vs N curve reduces the uncertainty in D associated with
a given N. However, it is more difficult and dangerous to fly at low altitudes, and regulations in the
U.S. require higher flight altitudes than in some of the other countries.

Instrument package and determination of D

Figure 12 shows an example of an operational snow spectrum obtained by Carroll and Vadnais
(1980) for a 5-cm snow cover. They used a third-generation detection package that consisted of five
downward-looking NAI (T1) scintiliation crystals and two upward-looking crystals. The purpose of
the latter was to measure the Bi2!4 gamma rays coming from atmospheric radon. The detectors plus
the computer weigh about 550 pounds.

The 20-km flight course was 300 m wide and thus covered approximately 6km2 of snow cover. The
average D measured on the ground for this flight line was 5.1 £ 1.5 cm. Three independent D values
were determined for each of two flights. The K peak gave 5.1 and 5.3 cm, the T1 peak gave 5.6 and
5.8 cm, and the gross count (between 0.42 and 3.0 MeV) gave 3.0 and 3.3 cm. The underestimate of
the gross count can be ascribed to the Rn build up in the ground. Grasty® found in a more recent ex-
periment that the count in the uranium window for fine clay soil decreased with the drying of the soil.

* Personal communication.

12




2
8x10 T I T

>
g ol —
4
- . ]
@
foa
g A Before Snow ]
s
c L —
2 With Snow
c —
22—
o

0 2 4

Energy (MeV)

Figure 12. Terrestrial gamma radiation spectra—one-minute counts vs
gamma energy—for no snow (background) and for an average D of 5 cm
of snow. (After Carroll and Vadnais 1980.)

By comparing this observation with sandy soil over the same range, he concluded that the radon was
leaking out faster than its natural equilibrium replenishment rate in the clay soil. This causes the snow
measurement to have alarger radon component than would be expected from pre-snow measurements
and would thus lead to an underestimate of SWE. The gross count recorded at frequent intervals along
the flight path was particularly valuable for determining the variability of the snow cover. In general
it is this mode that gives the best value for the mean areal snow cover when D is greatcr than 15 cm.

The K% gamma peak at 1.461 MeV is the most pronounced one in the spectrum and therefore gives
the mostaccurate value of D for shallow snow covers up to a D value of 10cm. For thicker snow covers,
the Thallium?2%8 peak at 2.615 MeV is more reliable.

The Bi2!4 photopeak at 1.765 MeV is used only for monitoring the radon contribution to the
background counts. The counts in the cosmic window above 3 MeV are used to help separate the
cosmic background flux. The 512 channel spectra were recorded on magnetic tape at the end of each
flight. The background counts were recorded at 20-s intervals, equivalent to 1 km. The over-snow
spectrum was recorded at 5-s intervals, equivalent to 0.25-km stretches of snow. The detection system
is actually capable of recording every 2 s, which is equivalent to a 100-m-long strip of snow.

Background counts

The background counts are determined most readily by flying over a nearby lake, since the water
will attenuate all the gamma rays emitted by the underlying ground. If no such body of water is
available, flights of multiple altitudes are necessary. Calibrating the spectrometer requires the
experimental determination of more than 20 parameters, including stripping coefficients and basic
system sensitivity. This is usually carried out over artificially constructed simulation pads containing
known concentrations of K, Th and U.

Spectral shape methods: single flights

To use the enormous amount of information available in multichannel spectra, it was suggested that
D should be obtained from an analysis of the spectrum shape. For example, a modified version of
technique 4 has been tested by Grasty (1982a). He compared the counts in the low-energy window
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(0.72-1.36 MeV) with the counts in the potassium window (1.36—1.56 MeV). For a pure potassium
source, this countratio varies linearly with D, from 1.30 for nosnow to 1.90 for D= 14 cm. This method
takes advantage of the Compton transformation of potassium gamma rays into lower-energy gamma
rays. The low-energy window minimum is chosen at 0.72, to be above the Cs!37 gamma ray peak at
0.66 MeV. Cs!37, aresidue of atomic weapons testing, is present in almost all airborne measurements
of radioactivity.

Another promising development is the spectral component method suggested by Dickson et al.
(1981). They have shown that the spectra of each of the three radioelements (U, Th and K) are made
up essentially of only two significant spectral components. The proportions of these components vary
directly with the amount of absorbing material between source and detector. Thus, a spectral shape
analysis can yield D if H is known. However, this method has only been tested up to about D equal
to 10 cm.

ACCURACYOFD

For the airborne gamma-ray technique to qualify for operational use for forecasting of snowmelt
runoff, it must be able to deliver values of D to within an rms error of 1 cm. The obtainable accuracy
of D depends on the terrain. For agricultural areas it has been possible to reduce the rms error to 0.8
cm. Over forested environments, however, the rms error is about twice as large due to the presence of
biomass and boggy ground. This result is, nevertheless, better than not knowing whether D is 4 or 40
mm. The accuracy is expected to improve with years of experience for a given snow course.

Bissell (1975) conducted a comprehensive study of the measurement accuracy of the technique
under conditions anticipated in the U.S. He drew these conclusions:

» The working equation could be trusted for accuracy only over the range of D values used in the

calibration.

» The statistical error in the counts is significant and increases with D and H.

+ Errors due to soil moisture variation on different days can be of serious concemn.

» The spatial variability of the snow cover can produce significant D errors due to the nonlinearity

of the N vs D curve. However, in practice these errors will be much reduced because of their
inclusion in the N-D calibration curves.

Possible sources of error
for any snow course

Counting errors due to statistical fluctuations can be reduced by slower flights, longer flight lines,
lower altitudes, and larger detection packages. One would expect that, in consideration of this kind of
error, which is always associated with random event processes, the gross (sometimes called the
integral or total) count method would be the most precise.

Errors in the measurement of calibration constants are the result of the more than 20 such constants
(including the stripping coefficients) that have to be determined. These “constants” are themselves
functions of the magnitude of the attenuation.

Errors arise from the determination of the background radiation from the aircraft, the instruments
themselves and from cosmic rays.

Spurious radiation from daughter products of radon and thoron varies with the conditions of the
ground and the convection of the atmosphere. Because it is the most predictable of all errors, many
methods have been proposed to determine the Rn contribution to the spectrum, including over-lake
flights, dual-altitude flights, dual detectors (up- and down-looking detectors), spectrum shape
analyses, and air filters to catch radioactive-radon daughter products. According to Peck et al. (1980),
over-lake flights and spectrum shape analysis are the most promising ones, but dual detectors are used
in the current operational systems. The 0.352-MeV gamma ray from Pb2! is totally absorbed in 150
m of air, and therefore a separate monitoring of this gamma ray can help keep track of spurious Rn.
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Table 5. Relative standard errors of snow surveying with various degrees of snow cover
nonuniformity and various average snow-water equivalents along theflightline. (After Nikiforov
et al. 1980.)

Coefficient Average snow-water Relative standard error (%)
of variation  equivalent (mm): 200 500 700 1000 1500 2000 3000 4000 6000

0 33 2.6 7.0 34 >100 >100 >100 >100 >100
0.25 36 2.8 49 20 >100 >100 >100  >100 >100
0.50 43 3.1 39 6.5 16.0 45 >100  >100 >100

D is variable along snow courses, especially for distances smaller than those corresponding to the
minimum time for count accumulation. Because attenuation is an exponential function, the average
for a variable snow cover will not be an arithmetic mean. The areas with shallow snow coverings will
dominate, leading to an underestimation of SWE. Errors associated with non-uniform snow covers
depend both on the amount of variation, expressed by a variation coefficient, and on the average depth
of the snow cover (Table 5).

The nonplanar topography of a snow course leads to errors.

Errors are associated with using a fitted exponential function rather than the appropriate exponen-
tial integral function. The ground truth values used in such fittings are themselves subject to errors
because of the inherent spatial variability of SWE, extrapolation of density values, snow tube errors,
depth measurement errors, biases of ground crews in estimating percentage of area covered by snow,
and areas of ground ice.

Errors in the measurement of the air mass between ground and detector are called analog errors.

Additional sources of errors
for the two-flight method

Navigation errors arise in reflying snow courses including altitude errors (also called tracking
errors). Variations of the ground moisture and the radon content of the atmosphere between
measurements on subsequent flights also cause errors. A 5% error in M leads to a 2% error in SWE.

Additional time-dependent errors

Errors are incurred if measurements are made too soon after precipitation has occurred, because the
short-lived, radioactive particles just deposited have not yet decayed. These errors have all been
thoroughly examined during the research and field study phases, and certain qualitative conclusions
are generally known.

Despite all these possible sources of error, airborne forecasts of runoff have been reported that were
closer to the actual runoff than the ground-based forecasts. It is estimated that five years of
accumulated experience is required in a given region for the technique to yield the best value for SWE
for forecasting. Even more years of experience are necessary if a flight-line SWE value is to serve as
a runoff index.

OPERATIONAL USE

The airborne gamma technique was first put into operation in the Soviet Union in 1971 (Vershinian
and Dimaksyan 1971) after years of extensive research on the method at the Soviet Hydrological
Institute. The U.S. National Weather Service (NWS) initiated an operational program over the
northern plains states in 1979 based on a research program that began in 1969 (Peck et al. 1980). One
of the primary aims of this program was to provide near-real-time SWE data as an aid for snowmelt
forecasting. Data are collected over a network of approximately 350 flight lines in North and South
Dakota and Minnesota. These data are used by the NWS River Forecast Centers in Kansas City and
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Minneapolis for regional spring flood outlooks. Ground-based soil-moisture measurements are in-
cluded in the instrument calibration procedures. The data are disseminated to NWS offices in 30-45
minutes after the aircratt lands at noon and in the evening of each day of operation.

The Geological Survey of Canada (GSC) also developed its own airborne rad. . metric system with
a 1-s interval recording capability. In a joint U.S.-Canadian experiment over the prairies of central
Saskatchewan the week of 15 February 1982 (Carroll et al. 1983), the SWE results for the two systems
were compared for snow covers of from 21 to 76 mm over 17 flight lines. The results were computed
by weighting the values for the K, T1 and GC (gross count) windows with weighting factors of 0.35,
0.52 and 0.13, respectively. These weights were derived by minimizing the variance of the weighted
SWE. The ground measurements had an rms error of 10 mm. This poor precision resulted from using
the ground values collected over an area of less than 2 m? to infer a mean areal SWE over an area of
4-8 km?. The airbomne results of NWS and GSC agreed with each other to within an rms error of 4.5
mm, the Canadianresults being about 1.5% lowerthanthe American. They agree with each other more
closely than either does with the ground observations. It was also found that the additional detectors,
carried aloft by the Canadian planes for improving the counting statistics, did not improve the overall
accuracy because the air-mass measurement error is larger than the counting statistics error.

The NWS system operated at first in six states (North and South Dakota, Montana, Iowa, Kansas
and Minnesota) and then planned to expand the service to 10 additional states from Michigan to Maine.

CONCLUSIONS

Airbome surveys provide a rapid and far-ranging measurement capability for determining SWE.
These surveys are relatively free of the problems of small-scale sampling caused by local drifting and
redistribution of snow that plagues ground-based networks. They provide data that effectively
supplement areal snow maps from satellites and ground observations.

Factors that may limit the usefulness of the technique include low radioactivity of the ground, very
thick snow covers, rugged terrain, and insufficient technical and administrative support. The areas of
application may increase with the development of more sensitive detectors and spectrum analyzers and
further progress with the spectral shape-analysis method. The development of the equipment and
technique has now progressed to the point that soil-moisture surveys themselves are being successfully
conducted by the airborne gamma technique. More-accurate values for an entire snow-covered region
could produce major improvements in hydrologic forecasting, snow-hazard evaluation, agricultural
yield assessment and weather forecasting.
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