NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



NNASA

Technical Memarandum 82074

(NASA-TM~820T74) SNOW WATEK LQUIVALENT NB1=20490
DETEKMINALION BY MICKOWAVE KACIOMELRY (NASA)
22 p HU AUZ/HE AO1 CSCL 08L
nclas
G3/43 14349

SNOW WATER EQUIVALENT
DETERMINATION BY MICROWAVE
RADIOMETRY

A.T.C. Chang, J. L. Foster
D. K. Hall, A. Rango and B. K. Hartline

Hydrological Sciences Branch

JANUARY 1981

Nationa, Aeronautics and
Space Administration

Goddard Space Flight Conter
Greenbelt, Maryland 20771



SNOW WATER EQUIVALENT DETEFRMINATION
BY MICROWAVE RADIOMETRY

AT C Chang, )Y Foster, DKL Hall,
A Rango and B, K, Hartline

Hydrologicn) Sciences Branch

GODDARD SPACE FLIGHT CENTER
GREENBEL T, MARYLAND 20771



SNOW WATER EQUIVALEN{ DETERMINATION
BY MICROWAVE RADIOMETRY

ABSTRACT

Snow Water Equivalent (SWE) is one of the most important parameters for accurate snowmelt
runoff prediction, Conventionally, SWE is monitored using observations made ut widely scattered
points in or around specific watersheds, Remote sensors, which provide data with better spatial
and temposal coverags, can be used to improve the SWE estimates, Microwave radiation, which
san penet sate through a snowpack, may be used to infer the SWE,

Caleulations made from a microscopic scattering model are used to simulate the effect of
varying SWE on the microwave brightness temperature, Data obtained from truck mounted, air-
borne and space-borne systems from various test sites have been studied. The simulated SWE com-
pares fuvorable with the measured SWE, In addition, whether the underlying soil is frozen or

thawed can be discriminated successfully on the basis of the poiarization of the microwave radiation.
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SNOW WATER FQUIVALENT DETERMINATION
BY MICROWAVE RADIOMETRY

L INTRODUCTION

Snaw accumulation and depletion is a highly critical parameter in the western United States,
Meltwater from mountan snowpacks provides much needed water for hydropower generation and
irtigation, As much as 70 percent of the water supply tor the wesiern United States is directly
derived from the spring runotf of the snowpack, Knowledge of the available water volume in ad-
vitnee of the runnoft period will peemit better mansgement of the expected runoft in the spring,
The spring meltwaier 2lso provides recharge to the upper soil mantle for spring wheat and other
grains in ageicultural regioms, Information on the water equivalent of these non-mourdainous snow-
packs could indicate areas of potential moisture deficiencies or surplus,

I order to monitor the snow water equivalent accurately for these hydrological applications,
measturements of snow covered areq, snow depth, density and liquid water content are essential,
In addition (o these show properties, the condition of the underlying soil is important for estimat-
ing the amount of snowmelt water that will be retained in the soil mantle, Conventionally, these
observations are collected manually by snow surveyors using skis or snowmobiles, and automatically
from a tew unattended, isolated stations which are instrumented with pressure pillows and other
in-situ sensors, ‘These data collection methods are time consuming and measuremoents are tiken
at only a limited number of points along selected snow survey courses, Consequently, the snow
water equivalent estimates may differ significantly from the actual water equivalent of a snowpack
begsiuse of the sparsity of the observations made in space and time, The use of remote sensing
techniques may offer 2 way to augment or complement the conventional obseivations by providing
high spatial density and repetitive observations aver entire watersheds.,

Sensors on board present operational satelites scan the carth in the visible, near infrared and

thermal infrared portions of the electromagnetic spectrum. Snow covered area estimates from



primarily visib’y images tor several test watersheds have been found to be well correlated with
the actual snowinelt runoft (Rango and Peterson, 1980). However none of these short wavelength
sensors can provide the information on the depth and water equivalent of the snowpack that could
Foether inprove water resources management, Microwaves have the capability of penetrating the
snow pack, thus that portion of the electromagnetic spectrum has considerable potential for moni-
toring snowpack witer equivalent and wetness (Rango, et al,, 1979), In addition, microwave
radigtion of about 3 cm wavelepgth or longer may penctrate through a typical snowpack (~1 m
depth) to previde information on =oil conditions (frozen or thawed) bencath the snowpack, These
conditions greatly influence the prediction of snowmelt runoft yiclds,

order o gquantitatively determine the water equivalent of the snowpack by microwaye
radiometey it is necessary to understand the behavior of microwave radiation within the snowpack,
This paperdescribes a model of The microwave emission characteristios of snowpacks for various
snow conditions, Microwave radiometric data measured by truck-mounted, airborne and space-
botne sensor systems have been compared with the caleulated results of i microscopic scattering
modeleChang, et al, 1976), The snow depth and water equivalent estimates derived from the model

videnlations compare favorably with the limited ground trath information,

I THEORY

Fhe intensity of microwave radiation emitted from a snowpack depends on the physical
temperature, grain size, density and the underlying surface conditions of the snowpack, By know-
ing these parameters, the tadiation emerging from a snowpack can be derived by solving the
radiative transter equation. The radiative transfer equation for an axially symmetric inhomogeneous

meditm can be written in the form of wn integro-difterential equation
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where the radintion inteasity 10y, @) is af depth X traveling in the direction making an angle whose

voste i gowith the normal toward the direction of inereasing x (Figure 1), The functions o(x),
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WA, BOX) and POn g ) are prescribed functions of their arguments, They are reterred to as the
extinction per unit fength, the singly scattering atbedo, the source and the phase tunctions, respece
tively. Fhe snow grains scatter the electromagnetic radiation incoherently and are assumed to be
spherical in shape and randomdy spaved withii the snowpack, Further discussions of the micro-
seapie model can be tound in Chang et al,, (1976). Equation (1) is solved numerically by
the invariant imbedding teehnique (Chiang and Choudhury, 1978), This technigue is based on the
principle that the radiation emerging trom a semi-infinite, plaoe pagalicl medinm is imzariant with
respeet toddition (or subtraction) ¢f layers of arbitrary thickness to (or trom) the medium.
Expressed numerically, this technique solves the raditive transter equation via recurrence relations,

By this method, the emerging brightness temperatures are caleulated for snowpacks with
difterent parameters, The snow depth varies from 10 iy to 250 om while the wiater equivalent
varies from 3 em to 100 e Phe mean snowpack grain size varies from 25 mm to .5 mm in radius,
bw o difterent types of underlying sirface conditions are considered, They are (1) frozen soi and
(O unfrozen soib with 2000 moisture content, Figures 2 and 3 show the caleulated brightness tem-
perature as o function of snow water equivalent (SWE)Y tor 37 GHz radiation with a ook angle of
SO degtees, I this paper we address only the dey snow condition; the wc(‘snow vondition will be
addressed inw subseguent paper,

Bascd on these caleulations we may conelude that the brightness temperature at 37 GHz teds
to deerease rapidly with increasing SWE, Also, the caleulated rate of change of brightness depends
strongly on the grain size, vet it is almost independent of the snow density, "Uhis characteristic may
Lie used as the basis to determine the SWE, However, the emerging 37 GHz brightness from a snow-
pack depends on the underdying soil coiditions, In order te resolve this ambigaity, measurements
from another frequency preferably longer wavelength are required, The measurcments at 10.7 GHy

provide sufticient information needed tor this purpose,



Water is a polar molecule and it has a very large dielectric constant at miccowave frequencies.
This results in o large reflectivity difference from a frozen and an untrozen soil surtface. For inci-
dence angles not equal to zero, the polarization factor

Ty =Ty

P =~

Ty +Ty

)

is commonly used to reflect the different surface conditions, The ¢aculated polarization factor
for 10.7 GHyz ranges trom Q.08 to 0.1¢5 for unfrozen soil with 2077 soil meisture and from 0.0 12 to
00481 tor frozen soil. Thus by a simple disceiminant amalyyiy, these two categories can be separated

by using the polarization factor:

P >0.07  atrozen soil (R)

P 007 froren soil Rl

L COMPARISONS

Fhere have been several ditferent experiments designed to measiire the microwave brightness
temperiture as s funetion of spow Jepth or water equivalent. The fiest truck-mounted radiometer
experiment was conducted ancsite e the northern part of the Seera Nevada Range near Truckee,
CA by bdgerton, et al,, 1973, They reported a smooth and pronounced reduction ot 37 GH» bright-
ness temperature during the snow accumulation period, These results indicate that microwave
brightness temperatures may be used to neasire the water equivalent of a snowpack. Recently,
several groups have been involved in microwave snowpack characterization experiments using
ground based systems (Stiles and Ulaby, 1980, Hofer and Matzier, 1980, and Chang, et al,, 1979},

The results reported by various investigators are consistent, Due o ditferent snow conditions
in difterent geographical locations, however, some dissimilarities have alus been reported,
Typical brightness temperatures at 37 GHz and the related snow information from d ifferent experi-
ments are tabulated w Fable T For comparison purposes, the predicted SWE is obtained by

converting the measured brightness using the curves in Figures 2 and 3 Due to the lack

4



of adequate measurements of the mean snow crystal radius i each experiment, only one mean
radius value (0,35 mm) was assumed for this initial simu’ation of the SWE in nll test sites,

From Table 1 i% is quite encouraging that the predicted SWE values are compareble with the
measured results for all the snowpacks, except in the deep SWE in Switzerland, Generally predic-
tions are successfud for snowpacks shallower than one meter. At Frazer, CO the percent polariza-
tion factor ranges from 0,02 to 0,04, These values correspond to the frozen soil condition as
obsepyved at this particular valiey site.

Snow crystal size usually increases as measurements are made deeper in the snowpack (Gow,
1969), The radius for nevw dary powder snow on top of a snowpack normally ranges trom 6.05 to
0.1 mm. Whereas depth hoar, located at thie bottom of a snowpack, may have a radius (rom 1 mm
to several mm. Since at present, the mean crystal size is assumed to be a fixed value (0.35 mm) in
this study . 1t is possible to adjust the mean snow crystal radius as a parameter 10 obtain a better fit
of the present data, For example, it we choose the radius fo be 0.3 num, then the brightness tem-
perature observed at Fraser indicates a SWE of 2§ em instead of 16 cm as obtained using 0.35 mm
for mean radius. Therefore, in order to obtain reliabl? estimates of SWE by this technique, it is
necessary to carefuiiy characterize the physical size of the crystals within the snowpack,

Use of the 37 GH2 brightness to predict the SWE is limited, because the 37 GHe radiation can
only penetrate the top 50 to 100 em of thie snowpack (Stiles and Ulaby, 1980, and Hofer and
Matzler, 1979), Thus in case of a snowpack several meters in depth, the mean erystal radius should
only be caleulated by using the crystal size from the uppermost portion that the microwaves sample,
This top layer probably has a much smaller mean radius than the entire snowpack, Recent measure-
ments by Matzler et al. (1980) in Switzerland showed that the mean radius of the 1979 snowcover
is about 0.25 mm, M this value is taken as the crystal radius, then the SWE predicted using Figure 2

closely approximates to the measured SWE of 50 em,

n



During the winters of 19760, 1977 and 1980 several aircraft missions took place in the Colorado
Rockies for snowpack studies  Steamboat Springs Rabbit Ears Pass and Wakden, CO were the major
study sites. The radiometers o board the aircraft mclude @ four channel Mulii-Frequency Micro-
wave Radiometer (MEMR) and a Passive Micrewave Imaging System (PMIS), Coordinated vith
thess Mights, extersive ground truth information was gathered. Snow densdy, water equivalent,
depth, wetness, appronimate grain size, liyer classification and soil condition were measuied by the
ground truth teams (Jones, 1976, 1977, 1979 1980a and 1980b). For the purpose of this study
the data were averaged over the enfire flight line tor better comparison with the large microwave
radiometer tootprint obtained from airkorne sensors. The 37 GHy brightness is used to predict the
SWE while the 10.7 Gz brightness is used to determine the underlying soil conditions, Table [
shows the results of mcasured SWE as compared with SWE derived from microwave brightness. The
comparison between the predicted and measired SWE 5 good everywhere except al Rabbit Fars
Pass. Again, the discrepancy probably s due 1o the arbitrary choice of .35 mm tor the assumed
grain size used i the model. At Rabbat Fars Pass the snow was about 1.5 muan depth, Fvea with
such deep snow | the percent polanzation factor devived trom the 10.7 GHy measurement does
reflect the underlying soil conditions when using 0.07 as the divider between the unfrozen and
tfrozen soil,

Microwave measurements from spaceborne systems have been available sinee the liunch of the
Nunbus-5 satelhite in December, 19720 Rango, et al, (1979 and Foster, et al, (19800 used the
Nimbus 5 and o Flectrically Scanned wicrowave Radiometer (ESMR) data inan attempt to deter-
mane i a correlation existed between snow depth and brightness temperature in relatively homo=
geneous regions of the United States, Canada and Russin, - Statistically significant regression
refationships and reasonably high coefficients of determination (R2 ~0.8) were obtained in these
studies. These results demonstrate a potential tor estimating snow depth by pussiv;‘ microswaye

data trom spaceborne sensors,

O



In thig study we will report som s preliminary results derived from the Nimbus-7 Scanning
Multichannel Microwave Radiometer (SMMP1, SMMR is a five frequency, dua! polarized micro-
wave radiometer which measures the upwelling microwave radiation at 6.6, 10,7, 18,0, 21,0, and
37.0 GHz while scanning 25° to either side of the spacecraft with a constant incidence angle of
approximately 50° with respect to the Eaith's surface. The spatial resolution varies from 25 km
for the 37 GHz to 150 km for the 6.6 GH~. "72tailed descriptions of this instrument can be found
in the Nimbus-7 User's Guide (Gloersen and Hardis, 1978).

The study areas chosen were (1) central Russiy and (2) the high plains of Canada (Foster et al.,
1980). The vegetation, topography, climate and latitude of these two areas are similar. The gen-
erally flat terrains of these areas, which is sometimes broken by hills is covered with varicus grasses.
Both of these two areas experience very cold “vinters with snow possibly covering the ground from
December to Mareh,

Due to limited available snow course data, it is rather difficult to compile SWE data in a timely
tashion for comparison with the satellite measurements, In this study SWE 15 calesiated by multi-
plying the snow depth and the snow density, Snow depth information was obiained from meteoro-
logical stations, whereas the snow density was assumed to be 0.3 g/ em3 for all the calculations
(variations from this assumed density coukd account for some of the scatter observed in the data).
Figure 4 shows the 37 GHz vertical polarization brightness iemperature versus the snow depth tor
the Canadian and Russian test sites as compared with the calculated results, The figure shows that
most of the data points fall in the range of mean radius of 0.3 to 0.5 mm. These results provide us
more confidence in the assumed mean radius (0.35 mm) used in this study, The time period of the
SMMR data used is February 15 to 21,1979, During this time period the snow depth variation
across the study areas is quite limited (from 1 to 30 cm). Although the fooi-print of cach bright-
ness measurement represents a rather large area (25 km X 25 km), the effect of snow cover can still
be observed. Figure § shows the scattering of SMMR 37 GHz brightness temperature versus snow

depth for the Russian test site, The linear regression technique gives a R2 of 0,75 for the Ty and



snow depth. The data display considerable scatter, which is probably due to the inhomogencity
within cach footprint and the assumptions used in this study. The theoretically calculated bright-
ness curve fits well with observations and can be utilized to infer the snow depth or SWE from
microwa brightness temperature measured by spaceborne sensors, No attempt has been made in
this study to relate the polarization factor to the freeze/thaw soil condition determination, because

there is no relinble *“*ground truth inforfation" for comparison,

V. CONCLUSIONS

The microwave radiometer observations can be utilized to infer the snow water equivalent
under dry snow conditions, The results from a scattering model match well with the experimental
results. The capability of the 37 GHy radiometer hias been demonstrated by using data collectes by
ground experiments, aircratt and spacesraft measurements, For deeper snowpacks, a wavelength
longer than C.8 cm s required Yo infer the snowpack information, The polarization factor derived
from the 10,7 GH/ brighthess temperature provides an adequate index of the underlying soil
condition,

Due to the strong dependence of the emerging brightness temperature on the mean crystal
radius, it is necessary to carcfully characterize the crystal sizes within the snowpack, In addition,
crystal size distribution should be momtored and documented in order to account for the different
type of snow metamorphism tound in differeat snow sites,

At present, the poor sensor resolution from satellite observations limits the dse of the satellite
1o karge homogeneous regions such as the high pliins, Even this coarsely derived information could
be viluable for runoff prediction purposes for the tune period right before the rapid spring melt in
these test sites, In these arcas, snow also provides the necessary insulation tor the underlying vege-
tation such as winter wheat, Satellite derived information on snow depth could be the key to carly
detection of winter kill. This information will greatly enhance the accuracy of overall crop yickd
predivtion, As satellite spatial resolution improves with future generations of microwave radion-
eters, applications should be found in other areas sucit as intermountain valleys and large mountain
plateaus. Then the capabilities of microwave radiometry will become more directly applicable to

scasonal and short term runoff forecasting,
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Table 1. Comparison of Truck Mounted Experimental Data

Snow Water Equivalent

Test Site Tp lnxl:e‘t:ce Polarizution
6 Measured Predicted

Trickee, CA 233K 45° \'4 10em 9 cm
(Edgerton, ¢! al,, 1973) 210K 4s° v 20 cm 16 cm
Steamboat Spring, CO 205K 57° H 10 ¢cm 9 cm
(Stiles and Ulaby, 1980) ) 88K 57° H 20 cm 15 cm
Fraser, CO 210K 50° \' 2l cm 16 cm
(Chang, et g¢l,, 1979) '

Lavus, Switzerland 210K 55" v $0 cm 16 em

(Hofer and Matzler, 1980)
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Table 2, Comparison of Arcraft Experimental Data
§

Polar- Snow Water Equivalent

- - . . Ground
Test Site ] B H r|]'07 izution 2‘0vcr
G7H) ' Factor Measured Predicted
Steambout Springs, CO 1S 45V 0.10 Yo' t Tem 17em  Wet
March 1970 199 H
Walden, CO 235 208V 0.02 281t 1.5 em Jem Frozen
March 1976 258 H
Steamboat Springs, CO 200 104: 3.7 ¢m 11 em Frosen
March 1977
Wilden, CO 254 0.12 em 0cm Frozen
Marcl 1977
Steanthoat Sprags, (O ALY 0.0 1 0.6 ¢m 2em Frozen
')l‘&‘g‘ll!hi‘» 1979
Rabbit Fars Pass, (%) 234 NXAY 04 493+ 13 ¢m 4 om i"rozen
February 1980 245 N
Steamboat Springs, €O 147 9.8 4 2 em 1Y em Frozen
Febroary 1980
Steamboat Springs, CO 16 25V 010 30914 5.6em 29 ¢m Wei
March 1980 210 4
Walden, CO 194 D9 ¢ 4.8 ¢m 12 em Wt

Mareh 1980




FIGURE CAPTIONS
Figure 1. Radiation Intensity of I(x, p),

Figure 2. Calculated 37 GHz Brightness Temperature vs. Snow Water Equivalent Over Frozen

Grovnd (Incidence Angle = 50°),

Figure 3. Calculated 37 GHz Brightness Temperature vs, Snow Water Equivalent Over Unfrozen

Soil (Incidence Angle = $0%),

Figure 4, Comparisons of Calculated Brightness vs, Measured Brightness for Difterent Snow Depths

(37 Gidz Vertical Polarization, 0 = §0°),

Figure S, NIMBUS-7 SMMR 37 GHz Vertically Poladized Microwave Brightaess Tempirature (1)

vi. Snow Depth (Russin) R = 0.75.
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