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Abstract 
In this paper we investigate snow geophysical and micro- 
wave radiometric sensor characteristics (frequency, inci- 
dence, and polarization) as  they pertain to the development 
of a snow water equivalence (SWE) algorithm for first-year sea 
ice. Physical and electrical snow properties and in situ mi- 
crowave radiometry (1 9, 37, and 85 GHz; v and H polariza- 
tion) data were collected during a 36-day period in early 
1 996 under the Collaborative-Interdisciplinary Cryosph eric 
Experiment (C-ICE). 

Density, liquid water content, and salinity varied signifi- 
cantly over the snow volume vertical dimension. Diurnal 
sampling indicated a difference in liquid water content. Cor- 
responding changes in salinity and density were not de- 
tected. Within the framework of this case study, 37-GHz H 
polarization was the most precise single frequency for SWE 
estimation. Multiple regression techniques show promise as 
an effective avenue to pursue the development of  WE algo- 
rithms. 

Introduction 
The polar environments will likely be the first to indicate 
signs of climatic change because of their sensitivity to subtle 
changes occurring within the global climate through a variety 
of enhanced feedback processes. For instance, the well docu- 
mented sea ice-albedo feedback mechanism is thought to ac- 
count for a considerable amount of projected climatic warm- 
ing at high latitudes (Rind et al., 1995). The basic concept is 
that increasing atmospheric temperatures will cause a reduc- 
tion in the spatial and temporal extent of sea ice at any par- 
ticular location. Significantly lower albedos at the surface 
will result, "feeding b a c k  an amplification of the original at- 
mospheric warming, thereby enhancing the atmospheric tem- 
perature change. 

Confusion remains surrounding the spatial and temporal 
variation of snow cover under changing climatic conditions. 
Snow is an integral component of the ocean-sea ice-atmo- 
sphere interface. Its thermodynamic and geophysical charac- 
teristics significantly affect a host of physical and biological 
processes. Work by Brown and Cote (1992) has shown that 
snow thickness was a significant determining factor in inter- 

annual first-year sea ice thickness. Ledley (1991; 1993) indi- 
cated a thicker snow cover could retard sea ice ablation, 
thereby having a net cooling effect (in fact, resulting in a 
negative feedback). However, recent empirical (Brown and 
Goodison, 1993) and model (Flato and Brown, 1996) results 
show a more complex pattern that may not agree with the 
results of Ledley (1993). 

Uncertainty surrounding the physical processes operat- 
ing across the ocean-sea ice-atmosphere interface, and poor 
climatological information on snow distributions over sea 
ice, has lead to considerable research emphasis focusing on 
determining snow distributions remotely. In particular, ef- 
forts to monitor snow are being expended using frequencies 
spanning the full range of the electromagnetic (EM) spectrum. 
Research to date suggests that microwave frequencies are the 
most likely candidates for estimating the snow water equiva- 
lence (SWE) over sea ice (Goodison, 1995). Gamma radiation 
approaches are used operationally for swE estimation over 
terrestrial surfaces (Carroll, 1990) but are not available on 
satellite platforms. Microwave radiometry is also used opera- 
tionally for estimation of terrestrial swE (Walker and Goodi- 
son, 1993) but not over sea ice surfaces. Researchers have 
also used optical and uv frequencies for estimation of vari- 
ous physical characteristics of snow covers (e.g., grain size, 
density, particulate inclusions, etc.), and optical and active 
microwave sensors are routinely used to map snow pack 
presence and ablation state as inputs to hydrological models 
(Rango, 1988). 

The theoretical framework for microwave scattering over 
snow covered sea ice is a reasonably mature science (Carsey, 
1992). The conceptual underpinnings for SWE estimation 
with microwave radiometry are based on the effect that a 
snow layer has on microwave emission originating within 
the underlying sea ice. Thicker and denser snowpacks in- 
crease the effective complex permittivity of the material, re- 
sulting in an increase in volume scattering and a decrease in 
the apparent microwave brightness temperature (T,). Hori- 
zontal (H) polarization is thought to be more sensitive to 
snow depths if melt-freeze metamorphism has occurred (Fos- 
ter et al., 1984), but practical studies have shown vertical (v) 
polarization to be equally effective as a SWE estimator (e.g., 
Goodison et al., 1990). Empirical results to date substantiate 

S.D. Drobot is with the Department of Geography, University 
of Nebraska-Lincoln, Lincoln, NE 68588-0135 (sdrobot 
@hnlgradl.unl.edu). 

D.G. Barber is with the Centre for Earth Observation Science, 
Department of Geography, University of Manitoba, Winnipeg, 
Manitoba R3T 2N2, Canada (dbarber@ms.umanitoba.ca). 

Photogrammetric Engineering & Remote Sensing, 
Vol. 64, No. 5, May 1998, pp. 415423. 

0099-1112/98/6405-415$3.00/0 
O 1998 American Society for Photogrammetry 

and Remote Sensing 

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING M a y  1998 415 



Figure 1. C-ICE '96 field site. 

theoretical models through correlation analyses between SWE 
values and the T, (Chang et al., 1982; Kunzi et al., 1982; 
Grenfell and Lohanick, 1985; Comiso et al., 1989; Lohanick, 
1993). 

Complications in this relationship occur with the inclu- 
sion of liquid water in the snow volume (Goodison, 1995), or 
with varying grain size (Matzler, 1997). Water in liquid phase 
not only alters the complex permittivity of the snowpack but 
the water also becomes a microwave emitter. This compli- 
cates the TB-SWE relationship derived for dry snow because 
the volume scattering losses are now compounded from 
emission within the snow volume as well as the sea ice. As a 
result, the principle of using volumetric scattering for SWE 
estimation no longer applies. Grain geometry is not as well 
understood, but results indicate that the grain size may also 
be very important in understanding changes in the TB (Chang 
et al., 1976; Hall et al., 1986; Matzler, 1997). 

Our objectives in this paper are to investigate the rela- 
tionship between SWE and microwave emission through an 
evaluation of the in situ physical and electrical properties 
which give rise to this connection. We will specifically focus 
on the co-occurrence of brightness temperatures at 50" (near 
Special Sensor Microwave/Imager incidence angle) and the 
diurnal and seasonal evolution of the snow. Our intention is 
to investigate the statistical relationships between TB and 
SWE and to explain these empirical results by assessing the 
physical and electrical characteristics which drive this rela- 
tionship. We see this as a requisite step in the formulation 
and testing of candidate algorithms which would exploit 
spaceborne passive microwave sensors for SWE estimation 
over snow covered sea ice. 

Methods 
Data were collected as part of the Collaborative Interdiscipli- 
nary Cryosphere Experiment (C-ICE '96) from 11 May to 15 
June 1996. The field site was located approximately 70 km 
northeast of Resolute Bay, Cornwallis Island, Northwest Ter- 
ritory, Canada (Figure 1). 

Snow and Sea Ice Sampling 

Physical Properties 
Snow profiles were collected from an area adjacent to the ra- 
diometer site (Figure 2). Sampling was performed without re- 

placement in a 0.375-m2 "crystal pit." All measurements 
were taken on the diffusely illuminated snow wall (perpen- 
dicular to the solar disk) in order to minimize the effect of 
solar insolation. Data were gathered three times daily, at ap- 
proximately 7:30 AM (am), 1:30 PM (noon), and 6:30 PM (prn) 
CST.  

During each measurement set, snow depth, density, vol- 
umetric liquid water content, ice surface and snow salinity, 
and ice and snow temperatures were recorded. Depth was re- 
corded to the nearest half cm with a metre stick. Density 
samples were removed at 2-cm vertical intervals with a 
66.36-cc density cutter and placed into a sealed plastic bag. 
Each sample was then weighed to the nearest 10th of a gram 
on a digital scale, and subsequently converted to kg.m-3 us- 
ing the gravimetric technique. We estimate the precision of 
this approach to be within -t 40 kgm-3 based on replicate 
sampling and previously published results (Garrity and 
Burns, 1988). The percent water in liquid phase was esti- 
mated with a capacitance plate (dielectric device). Values 
were recorded from the plate at intervals of 1 m above the 
snow surface (relative calibration to air), on the snow sur- 
face, and at the midpoint of each 2-cm snow sample on the 
pit wall. The O- to 6-cm layers above the ice surface contain 
brine, which negates the capacitance approach to estimating 
liquid water content. In these basal layers, we estimated the 
free water content by extrapolation based on the values ob- 
served in the brine-free layers of the upper snow pack. Snow 
salinity was measured by melting the snow density samples 
to room temperature and measuring bulk salinity using an 
optical refractometer. Ice surface salinity was measured by 
scraping the top 2 mm of the ice surface for measurement 
using the optical refractometer. Snow temperature data were 
recorded continuously as 15-minute averages by Campbell 
Scientific Instruments data loggers (model 21~). In this re- 
search, we use snow and ice temperatures measured with 24 
AWG, Cu-Co thermocouple junctions. The junctions were em- 
bedded in brass tubing (9 by 0.5 cm) which, in turn, were 
fastened at predetermined levels to a wooden dowel. Tem- 
peratures were measured at a 3-cm vertical spacing through 
the snow and at depths of 1 cm, 4 cm, 10 cm, and 40 cm 
from the snow-ice interface through the sea ice volumes. The 
sensor arrays (including leads) were painted white to mini- 
mize thermal contamination. The snow was packed evenly 
during backfilling and the sensor leads, which extended to 
the data logger, were buried to further minimize thermal 
contamination. Additional details of these methods are pre- 
sented elsewhere (Barber et al., 1994; Barber et al., 1995). 
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1 Physical properties of the snowpack were subsequently 
divided into six layers for analysis purposes. Layers contain- 
ing brine, at 2 cm, 4 cm, and 6 cm, were unaltered, due to 
the significant effect the salinity has on dielectrics. The re- 
maining snowpack was stratified into three equal segments. 
Layering the snowpack in this manner allowed us to make 
meaningful intercomparisons between days with different 
snow depths. 

Electrical Properties 
Electrical properties of the snowpack were derived using the 
in situ physical and temperature data. In this work, the com- 
plex dielectric constant, expressed as E = E '  - j E", where j = 
d-I, is used to describe the electrical characteristics of the 
snowpack. Permittivity, E ' ,  characterizes the relative permit- 
tivity with respect to free space (&',,, = I), while the dielec- 
tric loss, E", defines the electromagnetic loss of the material. 
Permittivity describes what happens to EM energy when it 
impinges upon a boundary. Loss describes the electromag- 
netic loss once energy has penetrated into the material. The 
total electromagnetic loss (Hallikainen and Winebrenner, 
1992) is a combination of absorption loss (transformation of 
energy into another form) and scattering loss (energy de- 
flected to travel in directions other than incident). 

The dielectric constant of dry snow is governed by the 
electrical properties of ice, the snow density, snow crystal 
geometry, and frequency. From 10 MHz to 1000 GHz, the 
permittivity of dry snow, E',,, is independent of temperature 
between 0 to -18°C (Cumming, 1952). Therefore, E',, is regu- 
lated only by snow density. Although the theoretical limit of 
E ' ~ ,  is 3.17 (the value of pure ice), natural variation in snow- 
pack density is generally within 200 to 500 kg.m-3, resulting 
in E',, values of 1.4 to 2.0. Loss values are largely dependent 
on salinity, which is significant in the basal layer of snow 
covers on first-year sea ice (Barber et al., 1995), and on wet- 
ness. 

Wet snow electrical properties are regulated by volumet- 
ric water content, snow density, the geometry of ice and wa- 
ter inclusions, and frequency. The presence of water substan- 
tially increases both the permittivity and loss of the medium, 
because the effective complex permittivity of water is signifi- 
cantly higher than ice or air. 

Modeled parameters used in these analyses include the 
fractional volumes of air, ice, and brine, and the complex di- 
electric constant of the snow cover. The fractional volumes 
were computed based on the observed density, salinity, and 
temperature of the snow. The dielectric constant was mod- 
eled using various forms of the Debye equations, depending 
on the nature of the partial fractions of ice, air, brine, and 
water in liquid phase. When brine was present in the snow 
cover, a mixture model was used which considered brine as 
the "inclusion dielectric" within a dry snow "host dielec- 
tric." When water in liquid phase was present, the model 
considered the water as the "inclusion dielectric" in a dry 
snow "host dielectric." Brine free saline snow was treated as 
an ice inclusion within an air "host dielectric." Details of 
these models are available elsewhere (Barber et al., 1994; 
Barber et al., 1995). 

Microwave Radiometry 
Brightness temperatures were measured with three dual-po- 
larized Russian ATTEX radiometers at 19, 37, and 85 GHz. All 
measurements were taken on an undisturbed snow surface 
flanked by the snowpit sampling grid (Figure 2). The Surface 
Based Radiometer (SBR) system was operated coincident in 
both time and space with the snow sampling program. 

During each data acquisition set, samples were recorded 
at 5" increments from 20' through 70". A custom designed 

software program automatically controlled radiometer opera- 
tions. The SBR system recorded a voltage, which was then 
converted to a T,. Samples were integrated over a 50-second 
look period, providing an error estimate of less than 1K. 

Calibration of the SBR system is based upon linear re- 
gression between an Ecosorba hot load, and cosmic back- 
ground radiation. Due to the need for clear skies, only ten 
calibrations were performed over the field season. Conse- 
quently, all calibrations (Figure 3a) were averaged into one 
general calibration equation for each frequency. All voltages 
were then re-analyzed using this general calibration. It is felt 
this is the best option to minimize sensor effects which 
could obscure the results. Relative stability (Figure 3b) also 
appears adequate. A nonparametric Kruskal-Wallis test con- 
firms that the five sample runs are statistically equivalent. 

Emissivities 
For a given snow covered sea ice surface, T, is a function of 
ice and snow emission: i.e., 

where f is frequency, 6, is the incidence angle, e is the di- 
mensionless emission coefficient (O<e<l), and T, is the 
physical temperature of the snow-ice combination in Kelvin. 
In defining a relationship between sm and T,, we take ad- 
vantage of the fact that emissivity decreases with an increase 
in the reflectivity, or the permittivity (Haykin et al., 1994). 

1147 
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F~gure 3. (a) Absolute calibration curves for the SBR sys- 
tem. (b) Relative calibration curves for the SBR system. 
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Figure 4. Snow depth. 

Results and Discussion 
Geophysical Properties 
Snow depth was initially 15 cm but quickly rose to near 30 
cm, where it fluctuated for the rest of the field project (Fig- 
ure 4). These fluctuations were mainly a result of the snow 
being redistributed by wind and storms. 

Profile Distributions 
Over the field season, the vertical profile of liquid water (Fig- 
ure 5a) exhibits noticeable increases towards the ice surface. 
This is a result of increased temperatures and drainage as the 
spring season advances. Modeled loss values at 37 GHz (Fig- 
ure 5b) closely correspond to liquid water volumes. This re- 
sult is expected due to the control which water in liquid 
phase has on the complex permittivity of snow (Ulaby ef al., 
1986). A third variable of interest, snow pack density, shows 
some diversity in the profile (Figure 5c). Densities are high- 
est in the middle layers, and decrease towards the snow-ice 
boundary as well as the snow-air boundary. New snowfall, 
with low densities, accounts for the lower values in the up- 
per pack, while the formation of large kinetic growth grains 
explains the lower densities in the basal layers. Interestingly, 
results from previous research (e.g., Barber et al., 1995) indi- 
cate that the basal layers (1 to 3 in our study) should be sig- 
nificantly less dense than the middle and upper snowpack 
layers. However, during C-ICE '97, an abnormal amount of ice 
mass agglomerates were evident in the snowpack, especially 
in the basal layers. Further, ice lenses, with densities ap- 
proaching 900 kg.m-3, were apparent in the lower three snow 
layers. Modeled permittivity at 37  GHz (Figure 5d) closely 
resembles density measurements, due to the influence den- 
sity has on permittivity. Finally, significant variation in sa- 
linity is present in the lower portion of the snowpack, where 
brine is wicked upwards by capillary suction (Figure 5e). 

Seasonal Evolution 
Seasonally, the water content remains relatively constant 
during the first half of the field season and then shows in- 
creased variability in the latter half (Figure 6a). As the sea- 
son progressed towards spring, the incidence of warm storm 
fronts increased, explaining the larger variance in liquid wa- 
ter. The general increase in the late season is a result of ele- 
vated air temperatures corresponding to the spring tempera- 
ture evolution. Modeled 37-GHz loss values (Figure 6b) do 
not increase as substantially as liquid water because of the 
corresponding loss in snow salinity as wetness increases. 
Both density (Figure 6c) and derived 37-GHz permittivity 
(Figure 6d) show a slight increase, especially in the upper 
layers, as the spring progresses. Natural compaction, wind ef- 
fects, and melt-freeze cycles all increase snowpack density, 

especially in the uppermost layers. Salinity values decrease 
slightly as spring advances (Figure 6e), owing to seasonal 
warming. With warmer temperatures, brine drainage begins, 
and correspondingly lower salinity concentrations are ob- 
served. 

Diurnal Variation 
Diurnally, a noticeable difference between the three sample 
sets for liquid water content (Figure 7a) and modeled 37-GHz 
loss (Figure 7b) becomes clear towards the end of the field 
project. Am water contents remain fairly stable, while noon 
and especially pm sets show a rise in liquid water content. 
Little difference in either density (Figure 7c) or modeled 37- 
GHz permittivity (Figure 7d) is noted, as expected. Density 
will change mainly through metamorphism, which is more 
noticeable over seasonal rather than diurnal scales. Finally, 
the small observed decrease in salinity (Figure 7e) implies 
that gravity drainage of water in liquid phase was small over 
the sampling period. 

Microwave Radiometry 

Geophysical Effects on SWE Monitoring 
Comparison between snow density and microwave bright- 
ness temperatures (Table 1) indicates a consistent negative 
correlation. Increasing densities induce more volume scatter- 
ing, thereby reducing the T,. 

Disregarding natural variability in snow properties will 
adversely affect the SWE predictive capabilities of microwave 
radiometry. If we examine the amount of variability which 
can be explained by combinations of frequency and polariza- 
tion, we see that RZ values display poor results with com- 
bined data from am, noon, and pm sets (Figure 8 ) .  At H 

TABLE 1. CORRELATION MATRIX BETWEEN SNOWPACK LAYERS AND BRIGHTNESS 
TEMPERATURES 

Layer 19H 19V 3 7H 37V 85H 85V 

6 -0.23 -0.23 -0.28 -0.32 -0.30 -0.17 
5 -0.08 -0.10 -0.13 -0.09 -0.08 -0.05 
4 -0.23 -0.19 -0.17 -0.13 -0.08 -0.07 
3 -0.25 -0.18 -0.24 -0.21 -0.20 -0.40 
2 -0.25 -0.22 -0.31 -0.30 -0.44 -0.46 
1 -0.13 -0.17 -0.31 -0.36 -0.26 -0.29 
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Figure 5. Profile distribution of (a) liquid water volume, (b) 
modeled 37-GHz loss, (c) density, (d) modeled 37-GHz 
permittivity, and (e) salinity. 
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Figure 6. Seasonal evolution of (a) liquid water volume, (b) modeled 37-GHz 
loss, (c) density, (d) modeled 37-GHz permittivity, and (e) salinity. 

polarization, 85-GHz results are the weakest; 37-GHz are 
strongest. For V polarization, 19 GHz is the poorest estima- 
tor, while 85 GHz is best. Nineteen GHz is the least sensitive 
frequency to changes in the snowpack, and this explains the 
lower R2 values. Inversely, 85 GHz is known to be very re- 
sponsive to slight variations in liquid water content, and this 
likely weakens the relationship between SWE and T, at H po- 
larization. 

Improving microwave radiometric SWE necessitates un- 
derstanding sources of confusion, such as liquid water, den- 
sity, and dielectrics. Recall from Figure 7 that water content 
and modeled 37-GHz loss were higher in the noon and pm 
sets. To further illustrate, the seasonally averaged liquid wa- 
ter volume (Figure 9) clearly displays that the pm set has the 
most free water, followed by noon and then am. 

Subsetting the data into am, noon, and pm sets shows 
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that am data explains a much higher percentage of the ob- ties. The noon set, with a slightly lower water content, ex- 
served variability than either noon or pm results (Table 2). hibits a similar effect on a smaller scale. Once the effects of 
The lower liquid water contents of the am set contribute to liquid water and dielectric loss are analyzed, s w E  prediction 
increasing the SWE predictive capabilities. Note that the low- from microwave radiometry improves dramatically. 
est R2 value (pm) coincides with the highest liquid water 
content and dielectric loss values. Dielectrically, the pm SWE Algorithm Development 
snowpack is emitting noticeable energy which elevates the Practical SWE prediction includes various combinations of 
brightness temperature, thus lowering the predictive capabili- polarization and frequency. Although the initial and subset 
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I analyses use only single frequencies, the majority of SWE re- 
trieval algorithms use a combination of 19 and 37 GHz. Two 1 algorithms, after Chang et a l  (1987) (Equation 2 )  and Goodi- 
son et al. (1990) (Equation 3), are analyzed with am data in 

I this study: i.e., 

SWE = K ~ ( T ~ H  - T~,HI 

SWE = 
Kt(T37V - T19V) 

19 + K, 

where Kt and y are orbital corrections based on geographic 
location and TI,, and T,,, are brightness temperatures at a 
particular frequency and polarization. 

Results indicate that neither Equation 2 nor Equation 3 
estimate SWE as precisely as 37H or 37V for the conditions 
observed in this case study (Table 3). This may result from 
the fact that Equations 2 and 3 were created for terrestrial 
surfaces, and the physical characteristics of the snow cov- 
ered sea ice volume are sufficiently different to make Equa- 
tions 2 and 3 less precise over our case study. Combining v 
and H polarizations from Equations 2 and 3 shows no im- 
provement over 37H (refinement I), or a much worse result 
(refinement 2). Adding 85 GHz to 37 GHz also provides an 
inferior estimator. Similarly, polarization information is of 
little value. We speculate that even the smallest amount of 
liquid water negates the potential of using polarization infor- 
mation or 85 GHz to predict sw. Simple combinations of 
frequency and polarization do not improve the SWE predic- 
tive ability of microwave radiometry. 

Incidence angle effects were examined to see if angular 
differences provide any improvement in SWE prediction. Re- 
sults show that angles from 20" through 60" are fairly uni- 
form as SWE estimators (Figure 10). Sixty degrees is the best 
estimator for three frequencies, while Zoo, 30°, and 40" each 
estimate one frequency the best. However, the differences in 
R2 values are not considered statistically distinguishable. 
Overall, 60" is marginally the best, while 70" is clearly the 

R ~ O  145 ' .' R2=0055 
- 

210 220 230 240 250 260 270 280 290 240 250 260 270 280 290 3W 110 
TB 19H TB 19V 

- - 
Y = 19 428 043(T837V) 

12 

". i 

180 200 220 240 260 280 300 320 200 220 240 260 280 1W 320 
TB ?7H TB 37V 

,. 
Y = 13 11 024(TB85H) 

n 

120 140 160 180 2W 220 240 260 120 160 200 240 280 320 
TB 85H TB 85V 

Figure 8. Initial regression plots which include all three 
diurnal sampling periods lumped over the full duration of 
the f~eld experiment. 
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Figure 9. Water volume by subset. 

TABLE 2. SUBSETS OF SO0 TB vs. SWE 

RZ 

Frequency am noon Pm 

TABLE 3. SINGLE AND MULTI-FREQUENCY/~OLARIZATION R2 

Variables 

19H-37H 
37V-19V 
19V-37H 
19H-37V 
85V-37V 
85H-37H 
19V-19H 
37V-37H 
85V-85H 

Comments 

Chang et al., 1987 
Goodison et a]., 1990 

Refinement 1 
Refinement 2 

85GHz 
85GHz 

Polarization Effect 
Polarization Effect 
Polarization Effect 

worst. Varying the incidence angle also appears to be of lim- 
ited value in SWE prediction. However, the data are too lim- 
ited to provide a definitive answer as to the most appropriate 
SWE estimation angle. 

Multiple regression techniques were also explored to see 
if any improvement in SWE prediction results. Using all six 
channels, we found that 96.8 percent of the observed varia- 
tion could be explained (Table 4). Separating into H polariza- 
tions (92.9 percent) and V polarizations (91.5 percent) across 
all frequencies yields equally good estimators, while 37 GHz 
(90.7 percent) is slightly better than 19 GI-Iz (89.1 percent) 
and 85 GHz (85.7 percent). Clearly, the use of multiple re- 
gression analysis dramatically improves results. Caution 
must be noted because the improvement is, at least in part, 
due to the statistical artifact of increasing the number of in- 
dependent variables. This given, we still recommend contin- 
ued research into multivariable approaches to SWE estimation. 

Conclusions and Further Research 
We have shown that differences in diurnal separation of the 
seasonal evolution of both snow physical and electrical prop- 
erties can be exploited in sWE estimation. Increasing the per- 
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Figure 10. Incidence angle effects on sWE estimation. 

TABLE 4. SINGLE A N 0  MULTI-FREQUENCY/~OLARIZATION R2 

Variables RZ Comments 

All FreqIPol 0.97 Multiple Linear Regression 
V Pol 0.92 Multiple Linear Regression 
H Pol 0.93 Multiple Linear Regression 
1 9GHz 0.89 Multiple Linear Regression 
3 7GHz 0.91 Multiple Linear Regression 
85GHz 0.86 Multiple Linear Regression 

mittivity will lower the apparent brightness temperature. 
Empirical results confirm the link between increasing snow- 
pack density and a decreasing T,. For SWE estimation with 
microwave radiometry, 37 GHz is the most precise frequency 
within the constraints of our case study. Simple frequency or 
polarization combinations are no better than single channels 
in simple linear regression analysis, but combining frequen- 
cies and/or polarizations provides a better estimator when 
using multiple regression techniques. Analysis regarding the 
effect of incidence angle in SWE estimation is shown to be 
inconclusive at present. 

Heterogeneity in the profile observed over the case site 
has implications for candidate algorithms using spaceborne 
satellites. Specifically, this study illustrates the effect a diur- 
nal change in liquid water content exhibits in SWE estimation 
over the case site. Candidate algorithms exploiting space- 
borne passive microwave sensors must take into account the 
overpass time, because the geophysical properties of snow 
strongly influence SWE estimation over snow covered sea ice. 

To pursue the questions analyzed and raised in this pa- 
per, future work involves minimizing liquid water effects 
and assessing the effects of grain size through diurnal sam- 
pling. Our results indicate that sWE estimation is more ef- 
fective when liquid water contents are minimal (cold air 
temperatures). As a result, further in situ research will be un- 
dertaken earlier in the year. As well, we will add grain ge- 
ometry measurements into the diurnal sampling scheme to 
better understand the influence of grain size and shape. Fi- 
nally, we will scale up the study by applying these results to 
SSM/I SWE estimates over sea ice. 
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