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Snow depth is an important parameter for avalanche
forecast and hydrological studies. In the Himalaya,
manual snow depth data collection is difficult due to
remote and rugged terrain and the severe weather
conditions. However, microwave-based sensors in vari-
ous satellites have the capability to estimate snow
depth in all weather conditions. In the present study,
experiments were performed to establish an algorithm
for snow depth estimation using ground-based passive
microwave radiometer with 6.9, 18.7 and 37 GHz an-
tenna frequencies at Dhundhi and Patseo, Himachal
Pradesh, India. Different layers in the snowpack were
identified and layer properties, i.e. thickness, density,
moisture content, etc. were measured manually and
using a snow fork. Brightness temperature (7g) of the
entire snowpack and of the individual snow layers was
measured using passive microwave radiometer. It was
observed that Ty of the snow is affected by various
snow properties such as depth, density, physical tempe-
rature and wetness. A decrease in T with increase in
snow depth was observed for all types of snow. Ty of
the snowpack was observed higher at Dhundhi in
comparison to Patseo. Based on the measured radi-
ometer data, snow depth algorithms were developed
for the Greater Himalaya and Pir-Panjal ranges. These
algorithms were validated with ground measurements
for snow depth at different observatory locations and
a good agreement between the two was observed
(absolute error: 7 to 39 cm; correlation: 0.95).

Keywords: Brightness temperature, microwave radio-
meter, snow depth algorithm, snowpack.

THE Indian Himalaya covers an area of ~5 lakh sq. km
and its terrain is highly rugged with limited accessibility'.
In winter, most of the area remains snow-covered and the
variation in deposited snow in terms of its areal extent
and snow depth is very high. The inaccessible terrain poses
great difficulty for monitoring snow cover/snowpack
manually. Researchers have used snow and metrological
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data collected through manned observatories and auto-
matic weather stations (AWS) for snow and avalanche-
related studies in the Himalaya®®. These observatories/
AWS are difficult to install and maintain in the Himalaya
due to harsh weather conditions and complex topography.
Moreover, these observatories provide point-based
information and represent the snow-metrological condi-
tions of the nearby areas.

Satellite-based remote sensing techniques, viz. optical
and microwave, are potential tools for estimation of various
snowpack-related parameters on a large spatial scale.
Moreover, these techniques provide a way for develop-
ment of various algorithms after rigorous ground valida-
tion, which can be used for retrieval of various snow
properties from the larger area. The optical data are
useful to retrieve snow surface properties and are mostly
used for snow cover monitoring4, albedo estimation’, etc.
However, the persistent cloudy conditions in the Indian
Himalaya during winter season severely hamper the use
of optical data for snow cover-related studies on a con-
tinuous basis. Apart from surface properties, snow depth
also plays an important role for various applications such
as snow melt run-off, snow water equivalent estimation
and snow accumulation —an input for avalanche predic-
tion.

Because of high penetrating capability of microwave in
snow, it is being successfully used for estimation of snow
depth and related parameters in all weather conditions®.
The large variation in microwave signal due to the pres-
ence of water makes microwave data suitable for snow
study. Snow remains mostly transparent for EM radia-
tions below 9 GHz; however, at higher frequencies the
response of different snow parameters on the brightness
temperature (73) can be observed. New/dry and wet snow
behave entirely different in microwave region. In wet
snow two geometries are common, i.e. snow with a low
free-water content (<7% by volume) and snow with a
high free-water content (>7% by volume)’. Microwave
emission emanating from a snowpack consists of emis-
sion from the snow volume and from the underlying
ground®. The scattering of microwave radiations is more
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pronounced at the shorter wavelengths for dry snow having
large particle size. Larger snow grains formed possibly
due to ageing or melt—freeze cycles, increase scattering
and reduces the Ty (ref. 9). In order to model the micro-
wave emissions from the snowpack, Wiesmann and
Mitzler'® developed a microwave emission model of
layered snowpack (MEMLS).

In the Indian Himalaya, snow depth and ice thickness
measurements were also carried out using radio echo
sounding techniques'""'>. However, these techniques are
site-specific and measurements cannot be generalized
with the help of any algorithm. Most of the research re-
garding snow depth and snow water equivalent estimation
was carried out at relatively homogeneous flat areas such
as the Canadian high plains and the Russian steppes using
an empirical relationship between snow depth, snow
water equivalent and T at 19 and 37 GHz frequencies'*'*.
Work has also been reported to relate microwave emis-
sion and various other snow parameters, i.e. mean snow
grain size and density, etc.”'>"7. The space-borne passive
microwave radiometer data (SSM/I and AMSR-E) have
been used to estimate snow depth at a few places in the
Indian Himalaya®'®. In these studies estimated snow
depth from satellite-derived 75 was observed in good
correlation with the ground observed snow depth. Ground-
based passive microwave radiometer can provide Ty
measurements which may be used for development of an
algorithm for snow depth estimation with higher accu-
racy, apart from ground validation of the satellite data.

In the present study ground-based passive microwave
radiometer having antenna frequencies 6.9, 18.7 and
37 GHz was used to observe the variation of Ty with
varying snow properties. Various snowpack properties of
different layers such as thickness, density, type, tempera-
ture, etc. were measured manually/derived using snow
fork. The emphasis of the study is to develop a simple
and fast methodology for snow depth estimation using the
data collected from ground-based passive microwave
radiometer, which can be further applied for large areas.
MEMLS was used to simulate the 75 values of the snow-
pack and were also compared with ground-based passive
microwave radiometer data.

Instruments and data used

Ground-based passive microwave radiometers at 6.93,
18.7 and 37 GHz frequencies were used in the study
(Figure 1). Description of 6.93 and 18.7 GHz antennas is
given in Singh et al."’. The 37 GHz radiometer is a Dicke
radiometer similar to 6.93 and 18.7 GHz. The radiometers
receive simultaneously both orthogonal polarizations —
vertical (V) and horizontal (H) and are precise as they
eliminate gain fluctuations. The radiometers were mounted
on a mechanical arrangement. The mechanical mounting
had the facility for setting the azimuth (0-360°) and
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elevation (0—150°). The stand with 2 m adjustable height
had the provision for mounting the radiometers in such a
way that they can observe the zenith and surface of the
ground. The facility of fixing the radiometers at any
desired view angle was also available in the mounting
arrangement. In order to provide the necessary accuracy
and measurement stability, radiometers were placed in a
thermostat and equipped with calibration systems.

The temperature inside the radiometer box was stabilized
at the level of about 50°C to reduce gain variations and to
provide stable noise temperature of the receiver. The out-
put analogue signals corresponding to both V and H
polarizations as well as signals from temperature sensors
installed on the antenna and receiver were sent to the data
acquisition system (DAS).

A snow fork from Toikka, Finland (Figure 2) was used
for the measurement of snowpack parameters. This

Figure 1. Passive microwave radiometer at Dhundhi (Himachal

Pradesh).

Figure 2.

Snowpack dielectric profiling using snow fork.
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instrument uses a steel fork as a microwave resonator and
measures the electrical parameters like resonant fre-
quency, attenuation and 3 dB bandwidth for estimating
both real and complex dielectric parts. Snowpack liquid
water content and snow densities were derived using
empirical relations given by Denoth® and a user/technical
manual®'. For collection of snowpack data, a vertical pit
was dug carefully and measurements were taken by
inserting the snow fork horizontally at 10 cm depth inter-
vals on the shaded wall of pit to avoid direct radiation on
the snow fork. The instrument was calibrated after each
set of measurements and its fork was wiped to remove
water after each reading.

In order to validate the developed snow depth algo-
rithms, satellite data of Advanced Microwave Scanning
Radiometer-Earth (AMSR-E) sensor were used and the
snow depth values at different locations in NW Himalaya
were estimated. AMSR-E is a six-frequency total power
microwave radiometer system with dual polarization
capability for all frequency bands. Details of the AMSR-
E sensor are given in Table 1.

Study area

Radiometer experiments were carried out at two field ob-
servatories situated in different mountain ranges of NW
Himalaya, having different snow climatic conditions
(Figure 3). In Pir-Panjal, radiometer data were collected
at snow-metrological observatory location of the Snow
and Avalanche Study Establishment (SASE) Dhundhi,
Himachal Pradesh (HP) (lat. 32°21'19.5"N and long.
77°07'42"E). The altitude of the location is around 3050 m
and it experiences heavy snowfall with snowpack having
near isothermal conditions. The ambient temperature of
this region remains higher in comparison to that of the
Greater Himalayan region and because of this generally
snow remains moist even in peak winter months. Mean
seasonal air temperature in the Dhundhi sector has varied
between —1.5°C and 2.8°C for the past 19 years and
seasonal snowfall in this sector lies between 255 and
1186 cm with an average of 817 cm (ref. 22).

The second experimental site Patseo (HP, Ilat.
32°45'18"N and long. 77°15'43"E) lies in the Greater

Table 1. Specifications of AMSR-E sensor

Centre frequency Band width Sensitivity IFOV
(GHz) (MHz) (K) (km x km)
6.9 350 0.3 76 x 44
10.7 100 0.6 49 x 28
18.7 200 0.6 28 x 16
23.8 400 0.6 31x18
36.5 3000 0.6 14x8
89.0 1000 0.1 6 x4

IFOV, Instantaneous field-of-view.
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Himalayan range, at an altitude of about 3800 m amsl.
This area experiences high wind, relatively lesser snow-
fall and lower temperature in comparison to that of the
Pir-Panjal range. Slopes are barren/rocky with scanty
trees at the lower altitude level or valley bottom. The
mean seasonal air temperature in this region during the
past 22 years has varied between —5.9°C and —10.7°C and
the seasonal snowfall lies between 134 and 410 cm with a
22 years average of 261 cm (ref. 22).

Methodology

The methodology of the work presented is described in
Figure 4. As the emission characteristics of snowpack
depend on various parameters, it is important to measure
them with high accuracy. In snowpack characterization,
data of various snowpack parameters, i.e. snow layer
thickness, layer density, layer type, layer temperature,
etc. were collected manually. Apart from this, snow fork
was used to collect some of the snowpack parameters, i.e.
dielectric constant and volumetric water content in different
snow layers.

Calibration of the radiometer was carried out with ref-
erence to highly absorbing black body and sky. Radiome-
ter data corresponding to black body and sky were
collected, and based on their respective temperature and
voltage, linear equations were established, which were
used for the measurement of 7.

Ty is equivalent to the intensity of the radiation emitted
from the material and is expressed in Kelvin. The rela-
tionship between 7Ty and its physical temperature is
expressed in eq. (1)

Tg=el, 0<e<l, (D

where e is the emissivity of the target.

The radiometer data of entire snowpack (Figure 5 a)
and of different layers were collected by removing snow
layers one by one from the top (Figure 5 b) and the corre-
sponding Ty values were measured. The variation of Ty
with different snowpack parameters was analysed and
algorithms for snow depth estimation were formulated.

The wvalidation of algorithms was done using the
AMSR-E sensor data. The T values at different frequen-
cies and polarizations were extracted for various loca-
tions of SASE in the Indian Himalaya by processing
AMSR-E data in ENVI and ArcGIS software. Preprocess-
ing and importing of the raw AMSR-E data were done
using ENVI data import tools. A model in ArcGIS modeler
was written to extract the 75 values from AMSR-E satel-
lite data at different point locations. In this model feature
location and attribute-based data extraction tools were
used. These satellite estimated 7 values were further
used to find the snow depth using the developed snow
depth algorithm. The results were validated with the
manually measured snow depth data.
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Figure 4. Flow chart of the methodology.

MEMLS was used to simulate emissions from the
snowpack. This model uses correlation function approach
and takes into account multiple scattering of radiation
caused by stratification and snow grains, refraction and
trapping of radiation, total internal reflection, and coherent
and incoherent superposition of radiation by layer inter-
faces. The results of MEMLS were further compared with
the ground-based passive microwave radiometer data.

Results and discussion
Field experiment at Dhundhi (Pir-Panjal range)

To study the response of 7Ty to different snow properties,
an experiment was conducted at Dhundhi on 13 March
2009. The startigraphy of the snowpack with snow para-
meters of each snow layer is given in Table 2.
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Dhundhi

Study area for passive microwave radiometer experiments.

6.9 & 18.7
GHz

@ 37 GHz

Figure 5. Field experiments for snow depth estimation. a, Data col-
lection using radiometer; b, removal of snow layer.

The experiment was conducted in late winter and the
thickness of the snowpack was observed to be only 58 cm;
however, seven layers were identified in the snowpack.
These layers were marked as L7 to L1 from the top. All
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Table 2.

Snowpack parameters (Dhundhi, Himachal Pradesh)

Manually measured snowpack parameters

Snow fork-measured snowpack parameters

Layer thickness Layer Layer Layer Grain  Grain size Layer volumetric Layer density Layer dielectric
(cm) from top hardness wetness  temperature (°C)  type (mm) water content (g/cm®) constant
L7 58-51 Hard Very wet 0 MF 4-5 8.5 0.41 2.90
L6 51-47 Hard Wet -1.0 MF 4-5 4.4 0.40 2.24
L5 4740 Hard Wet -1.0 MF 4-5 6.0 0.31 2.35
L4 40-36 Hard Wet -1.0 MF 4-5 6.3 0.44 2.58
L3 36-25 Medium Wet -1.0 MF 4-5 5.9 0.45 2.55
L2 25-20 Hard Wet -1.0 MF 4-5 7.1 0.47 2.77
L1 20-0 Very hard ~ Very wet 0 MF 2-3 8.1 0.43 2.85
MEF, Melt freeze grains.
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Figure 6. Variation of 7y with different snow properties.

the layers were of high density varying from 0.4 to
0.49 g/cm’ and having high water content. The ambient
temperature during the experiment was 10°C and snow
surface temperature (SST) was 0°C. Because of high am-
bient temperature, the top surface of snow had very high
moisture content in comparison to other snow layers in
the snowpack. To analyse the variation of 7Ty with differ-
ent snow layers properties, the layers were removed one
by one from the top and the corresponding 7y values
were measured using the radiometer.

From the graph in Figure 6, high values of T were
observed corresponding to the entire snowpack (when the
deposited snow was 58 cm) at all used microwave fre-
quencies, i.e. 6.9, 18.7 and 37 GHz. These higher values
of Ty may be due to the high ambient temperature which
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has introduced high moisture in the snowpack, mainly in
the top snow layer. Because of this high amount of mois-
ture, water coats the snow grains and causes a significant
increase in internal absorption of the microwave radia-
tion. This absorption further decreases the volume scat-
tering of the microwave radiations and as a result causes
an increase in the snow emissivity and simultaneously the
T values.

Once the highly wet top (L7) layer was removed, for
all the frequencies a sharp decrease in 7 was observed.
This decrease is due to lower wetness of the remaining
snowpack. However, the polarization difference at
18.7 GHz was observed to be significantly increased and
the gradient in decrease of Ty at 18.7 GHz was also high
in comparison to 6.9 and 37 GHz with the removal of top

CURRENT SCIENCE, VOL. 108, NO. 5, 10 MARCH 2015
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Table 3.

Snowpack parameters (Patseo, Himachal Pradesh)

Manually measured snowpack parameters

Snow fork-measured snowpack parameters

Layer thickness Layer Layer Layer Grain  Grain size Layer volumetric Layer density Layer dielectric
(cm) from top hardness wetness  temperature (°C)  type (mm) water content (g/cm®) constant
L7 181-179 Soft Moist -4.8 PP 4-5 0.4 0.07 1.17
L6 179-138 Soft Moist -7.6 PP 4-5 0.26 0.11 1.23
L5 138-118 Soft Moist -4.5 DF 4-5 0.55 0.16 1.34
L4 118-107 Medium Moist -4.3 DF 4-5 1.06 0.21 1.49
L3 107-57 Medium Moist —4.2 DF 4-5 0.91 0.30 1.64
L2 57-31 Soft Moist -2.8 FC 4-5 0.91 0.29 1.62
L1 31-0 Very soft Moist -1.7 DH 2-3 1.32 0.20 1.49

PP, Precipitation particle; DF, Decomposed fragmented; FC, Faceted and DH, Depth hoar.

layer. The water vapour absorption band near 22 GHz (H)
frequency may be the possible reason for the above-
mentioned observations and because of this 18.7 GHz
was observed to be highly sensitive to the change in
moisture content.

Further, the snow layers were removed one by one and
an increase in Tp was observed till the removal of layer
L2. With the removal of snow layers the snowpack thick-
ness was reduced, which resulted in lesser number of ice
particles which are responsible for scattering the micro-
wave signals. Thus, because of this reduction in the num-
ber of scatters, increase in Tz was observed. The removal
of the last layer above the ground (L;) resulted in some
reduction in 7y values at all frequencies, which may be
due to lower emissivity of the wet ground in comparison
to that of wet snow. Results show good contrast in V and
H polarization for the wet land at 6.9 and 37 GHz fre-
quencies; however, very low contrast in both the polari-
zations was observed at 18.7 GHz frequency. From
Figure 6, higher values of 7 were observed at 37 GHz
frequency in comparison to 6.9 and 18.7 GHz. However,
in the case of dry snow, generally the lower frequencies
have higher T values because of low losses in the micro-
wave range, while at higher frequencies the losses were
high, as scattering becomes most prevalent at higher fre-
quencies®™. As the experiment was conducted in wet/
very wet snow conditions, the higher values of 73 at
37 GHz frequency may be due to higher emissivity value
at 37 GHz frequency for wet/very wet snow in compari-
son to the other frequencies, i.e. 6.9 or 18.7 GHz. Thus
the higher values of 7p in 37 GHz frequency in compari-
son to 6.9 and 18.7 GHz can be used as an indicator to
identify the wet snow zones.

Field experiment at Patseo (Greater Himalaya
range)

An experiment was conducted at Patseo on 18 February
2011 (Greater Himalaya), to observe the variation of Ty
with different snow parameters. Details of the snowpack
are discussed in Table 3. As the experiment was carried
out during peak winter, the snowpack depth was observed
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to be 181 cm. A total of seven layers marked as L7 to L1
from the top of the snowpack were observed. All the lay-
ers were dry/moist with volumetric water content varying
between 0.26 and 1.32. The average density of the snow-
pack varied between 0.07 and 0.30 g/cm’. The complete
experiment took around 4 h and in this duration the ambient
temperature varied between —7°C and —12°C; however
the SST varied between —4°C and —11°C. Thus, because of
negative ambient temperature and SST, very less amount
of moisture content was observed in the snowpack.

Snowpack of dimension 2 m x 2.5 m x 1.81 m was iso-
lated from the snow cover to study the response of varying
snow properties with 7p at 18 and 37 GHz frequencies.
Figure 7 a shows the variation of 73 with change in snow
depth, which is due to the removal of snow layers one by
one from the top of the snowpack. From the figure higher
Tg values were observed for the ground, which may be
due to its high temperature. Decrease in Tz was observed
with increase in snow depth up to 118 cm or L4 level. As
with increase in snow depth, the ice particles responsible
for scattering the microwave radiations also increased
and this resulted in a decrease in Tg values with snow
depth. However, from layer 5 onwards an increase in Ty
values with snow depth was observed and this may be
due to the lower values of snow density in snow layers
L5-L7 as given in Table 3. Higher values of Tz were
observed at 18.7 GHz (H) frequency in comparison to the
37 GHz (H), as the scattering high in 37 GHz in compari-
son to the 18 GHz frequency for dry/moist snow. The
37 GHz (V) frequency channel did not show the variation
of Tg with varying snow properties; this may be due to
some problem in the channel during the field experiment.
Figure 7 b shows the variation of snowpack parameters,
i.e. snow density, snow wetness and dielectric constant
with snowpack depth.

Comparison of measured Ty values of snowpack at
Patseo and Dhundhi

Comparison of Ty data of the snowpack collected using
radiometer at Patseo and Dhundhi is shown in Figure 8. A
total of seven layers were observed in the snowpack at both
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the locations; however, the snowpack depth was found
different. From the graph higher T at 37 GHz frequency
was observed for the snowpack at Dhundhi in comparison
to that at Patseo. This may be due to the difference in
moisture content, density and physical temperature of
snow as given in Tables 1 and 2. A difference in 7y of
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approximately 20 K has been observed between the
snowpacks at both the places. A significant reduction in
Tg values of the snowpack was observed after removal of
the top two layers, both at Dhundhi and Patseo.

Simulation of emissions from the snowpack using
MEMLS

To understand the influence of snowpack properties on
the microwave emissions, simulation has been carried out
using MEMLS model. This is a multiple-scattering model
allowing many layers to simulate snow cover emission.
The input file of snowpack parameters used in MEMLS
consists of layer thickness, temperature, density, volu-
metric liquid—water content, correlation length (P.) and
exponential correlation length (Pe,). For the present study
values of P, and P, were directly taken from Mitzler®,
where these values are given with respect to varying
density, snow type and snow grain size.

The results of the simulation are presented in Figure
9 a and b, which shows the variation of 7y with change in
frequency for vertical and horizontal polarization respec-
tively. The simulation of the emission was carried out for
the complete snowpack and after removing snow layers
one by one from the top. From Figure 9 a and b, it can be
observed that Ty decreases with frequency at both polari-
zations. Very low variation was observed between the
simulations of the snowpack before and after removal of
the top snow layer. Variation in 7p between intact snow-
pack and after removal of layers was observed to be high
at higher frequencies. From these simulations, 7 was

CURRENT SCIENCE, VOL. 108, NO. 5, 10 MARCH 2015



RESEARCH ARTICLES

+ Bnowpack
Snowpack g ayar

@ 280 ” ‘.-.'n-

245 Snowpack tog 7 layers
| Snowpack-tog 1 layees
. !nmpl:l:-tm‘ A laywen
240} ]
o S|
3 23
@
= 20|
225
2201
215" v .
15 0 26 30 38 40
Frequency (GHz)
Figure 9.
260
@ 18,7 GHz (H) © EXPERIMENTAL EMEMLS
250 -
3
S 2404 - -
-
) |—I
220 .
SP SP-top layer  SP-top 2 SP-top 3 SP-top 4
layers layers layers
240
@ 37 GHz(H) © EXPERIMENTAL mMEMLS
230 -
3
2 220 -
-
210 -
200 +— - — — —— |
SP SP-top layer  SP-top 2 SP-top 3 SP-top 4
layers layers layers
Figure 10.

estimated at 18.7 and 37 GHz frequencies and further
compared with the experimental values.

Comparison of simulated and experimental results is
shown in Figure 10. Ty of the snowpack depends mainly
on the average grain size and temperature profile of the
snowpack. From the graphs it can be observed that the
simulated and experimental (observed) Ty values differ
significantly. The simulated 7p values were underesti-
mated for all the frequencies and polarizations. The
possible reason of this may be the contribution of emis-
sions from the ground in the experimental values, which
are not considered in the simulation. In the simulation,
the average temperature of the snowpack was estimated
using the near ground temperature as —1.7°C, as men-
tioned in Table 3. However, as the penetration of 18.7
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and 37 GHz frequencies is more than 2 m in dry snow,
thus the emissions are actually coming from deep inside
the ground, where the temperatures are much higher.
These soil emissions are an integral part of the radiometer
collected data, hence the experimental 73 was observed to
be higher in comparison to the MEMLS values.

The root mean square error (RMSE) values between
the simulated and observed Tz were 9.6 K at 18.7H, 16.6 K
at 18.7 V, 15.1 K at 37 H and 26.6 K at 37 V (Table 4).

The estimated mean absolute error values were further
used as the correction values in simulation. These values
at different frequencies and polarizations were added to
the simulations to make them closer to the experimental
(observed) values. Passive microwave radiometer data of
dates 21 and 27 February 2011, collected at Patseo, were
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Table 4. Error in simulations
Frequency Mean absolute Root mean square
(GHz) error (K) error (K)
18.7 (H) 9.5 9.6
18.7 (V) 16.5 16.6
37 (H) 14.5 15.1
37(V) 26.3 26.6

used to observe the change in simulation after applying
the corrections in the simulated 7y data. Figure 11 shows
the comparison between experimental, simulated and cor-
rection-applied simulated values. It was observed that
after applying the corrections, the simulated values
becomes closer to the experimental (observed) 7y values
and the RMSE values between the correction-applied
simulated and observed T were 8.7 K at 18.7 H, 7.3 K at
18.7V,4.6 Kat37Hand 12 K at 37 V.

The MEMLS output was further used to identify the
prominent snowpack parameters affecting 75. The data
presented in Table 5 were used to relate the T variation
with frequency with various other snowpack parameters,
i.e. weighted average density, weighted average wetness,
depth and weighted average snowpack temperature. The
change in 7 with frequency for the snowpack before and
after removal of snow layers one by one from the top was
calculated by estimating the slope of the simulated 7Ty at
horizontal and vertical polarization, as given in Figure 9.
This estimated slope was further related with other snow-
pack parameters. The weighted average density of the
snowpack was estimated to be 0.16 g/cm’, wetness 0.80
and temperature 268 K. A change in these parameters was
observed with the removal of snow layers, as given in
Table 5. The weighted average density of the snowpack
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Comparison of experimental, simulated and corrected simulated 7p values: @, 18.7 H; b, 18.7 V; ¢,37 H; d, 37 V.

after removing the top five snow layers was 0.24 g/cm’,
wetness 1.13 and temperature 270 K.

In order to avoid the redundancy of snow pack parame-
ters in the regression analysis between 7Ty and density,
temperature, depth and wetness of the snow pack, corre-
lation coefficients of different parameters with each other
were estimated (Table 6). After analysis, it was observed
that snowpack depth had high correlation with snowpack
wetness (0.98) and snowpack temperature (0.99), while
snowpack temperature had high correlation with snow-
pack wetness (0.98) and depth (0.99). Thus among these
three parameters, i.e. wetness, temperature and depth,
snow wetness was chosen for this study to estimate how
along with snow density it affects the snowpack T5.

Linear regression analysis was applied on the data to
develop a relationship between rate of change of T with
density and wetness of the snow pack. The developed
relation (eq. (2)) can be further used for estimation of rate
of change of Ty within frequency range 18—38 GHz at
vertical and horizontal polarization respectively.

Syv=1.12-11.01 x p—0.70 x w,

Su=1.3-10.20 x p—0.59 x w, (2)
where Sy and Sy are the slope of lines showing Ty varia-
tion with frequency at vertical and horizontal polarization
respectively, pis the density and w is the snowpack wetness.

Snow depth estimation using passive microwave
radiometer data

Data collected during field experiments at both Dhundhi
and Patseo were further used to develop algorithms for
snow depth estimation. For Patseo as the snow condition

CURRENT SCIENCE, VOL. 108, NO. 5, 10 MARCH 2015



RESEARCH ARTICLES

Table 5. Snowpack and simulated data used in the study
Weighted average =~ Weighted average Weighted average

Slope of line Slope of line snowpack density  snowpack wetness Snowpack snowpack temperature

(k/Hz; H-Pol) (k/Hz; V-Pol) (g/cm®) (vol. %) depth (cm) (K)
Snowpack —0.80 -1.20 0.16 0.80 180 268
Snowpack—top layer —-0.79 -1.19 0.16 0.80 179 268
Snowpack—top two layers -1.10 —-1.51 0.17 0.96 138 269
Snowpack—top three layers —-1.05 —1.48 0.17 1.03 118 269
Snowpack—top four layers —-1.06 -1.49 0.17 1.03 107 269
Snowpack—top five layers —-1.83 -2.33 0.24 1.13 57 270

Table 6. Correlation coefficient between different snowpack parameters

Slope of line

(k/Hz; H-Pol)/ Weighted average Weighted average Weighted average

slope of line snowpack snowpack Snowpack snowpack

(k/Hz; V-Pol) density (g/cm®) temperature (K) depth (cm) wetness (vol. %)
Slope of line (k/Hz; H-Pol) 1.00/1.00 —0.99/~0.99 -0.92/-0.92 0.92/0.92 —0.84/-0.85
Slope of line (k/Hz; V-Pol)
Weighted average snowpack —-0.99/-0.99 1.00 0.86 -0.87 0.77

density (g/cm?)
Weighted average snowpack -0.92/-0.92 0.86 1.00 -0.99 0.98
temperature (K)

Snowpack depth (cm) 0.92/0.92 —-0.87 -0.99 1.00 -0.98
Weighted average snowpack —0.84/-0.85 0.77 0.98 -0.98 1.00

wetness (% vol.)

was dry/moist, the frequencies 18.7 and 37 GHz were
used for snow depth estimation. However, for Dhundhi
37 GHz channels were used as the snowpack was observed
thin in that region and use of low frequencies 6.9 and
18.7 GHz can introduce errors in the result because of
their higher penetration.

The measured Ty values corresponding to the snow-
pack before and after removal of different snow layers
were used to develop the snow depth algorithms. The dif-
ference in T values at 18.7 and 37 GHz (H) for Patseo
and at 37 GHz (H) for Dhundhi was considered in the
equations. Figure 12 a shows the variation in difference
in Tp at 18.7 and 37 GHz frequency with varying snow
depth values, whereas Figure 12 b shows the variation in
Tg with snow depth at 37 GHz frequency. From Tables 2
and 3, it can be observed that with snow depth variation
the snow properties also changed at both Dhundhi and Pat-
seo. However, this change in snow properties, i.e. den-
sity, hardness and moisture content in different snow
layers was observed to be high in Dhundhi in comparison
to Patseo (Tables 2 and 3). Due to high variation in snow
layer properties at Dhundhi, it was observed that with the
removal of each snow layer, the T variation was signifi-
cant and the same can be observed from Figure 12 b as
well. However, at Patseo the 7y variation was not very
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significant until the removal of five snow layers from the
top of snowpack. However, high variation in Tz was
observed by removing the snow layers near the ground,
i.e. when the snowpack was comparatively thin. The
empirical relations between 7 and snow depth were
obtained from these experiments and correlation coeffi-
cient between these two factors was observed to be 0.9
for Patseo and 0.8 for Dhundhi.

These empirical relations were further applied on satel-
lite data to estimate the snow depth from the other areas
in the Greater Himalaya range. The estimated snow depth
values for certain locations in the Greater Himalaya range
using the above-mentioned empirical relation were com-
pared with measured values, as shown in Figure 13. Both
the values were found to be comparable (absolute error
varied between 7 and 39 cm). This proves that although
the equation for snow depth estimation was formulated
from the results of field experiment conducted at Patseo,
it can be applied to estimate snow depth from larger
areas. This equation can also be used for estimation of
snow depth from Karakoram and Pir-Panjal range but the
error in estimated snow depth values will be higher.

The developed snow depth equation from field experi-
ment conducted at Dhundhi was also used to estimate the
snow depth using satellite data. From the developed
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Figure 13. Comparison of satellite data-estimated snow depth (SD)
with ground-measured values at some locations in the Greater Himalaya.

equation the satellite-estimated snow depth at Dhundhi
on 13 March 2009 was 74 cm; however, ground measured
value was 60 cm. Further, this equation was used to esti-
mate the snow depth from other locations of the Pir-
Panjal range, but was not found suitable. High spatial
variability of snow cover and high ambient temperature
in the Pir-Panjal range along with the presence of trees
and vegetation may be some of the factors affecting the
result of the equation. In the Pir-Panjal range, the fraction
of tree and vegetation is high in comparison to the
Greater Himalaya and this factor significantly affects the
microwave radiation captured at the satellite level.

Conclusion

Experimental results reported in this article show the use
of passive microwave radiometer for estimation of snow
depth for the Himalayan terrain. The qualitative and
quantitative snowpack parameters were measured manu-
ally and using snow fork. The 73 values were estimated at
6.9, 18.7 and 37 GHz frequencies, at different polariza-
tions and their variation with varying snowpack parame-

952

y=-157x+443.05
R?=078

40

30

Snow depth (cm)

20 .

10

255 260 265

T2 (K; 37H)

245 250 270

Snow depth algorithm developed from field experiments at (a) Patseo and (b) Dhundhi.

ters was also analysed. The late winter wet/very wet
snowpack at Dhundhi showed different characteristics at
microwave frequencies in comparison to the peak winter
dry/moist snowpack at Patseo. The 7y of snow was
observed to be much higher at Dhundhi (Pir-Panjal) in
comparison to Patseo (Greater Himalaya). Due to highly
varying snow layer properties, the variation of 7y with
snow depth was much higher at Dhundhi in comparison
to Patseo. Decrease in Tz was observed with increase in
snow depth, except for few snow layers where due to the
lower values of snow density, an increase in T was
observed. High values of T at 37 GHz in comparison to
6.9 and 18.7 GHz can be used as an indicator for the
presence of wet/very wet snow. MEMLS was used to
simulate the microwave emissions from the snowpack at
varying frequencies. The offset applied MEMLS output
Ty values were found to be closer to the experimental Ty
values. The advantage of using this model is that the
snow characteristics are studied at individual layers and
this has provided an understanding of the penetration and
attenuation of microwave radiations.

The radiometer data with respect to the snowpack
before and after the removal of snow layers one by one
from the top were further used to develop the snow depth
algorithm. The algorithm was developed based on the
field experiments conducted at Patseo and Dhundhi,
which are the representative of the Greater Himalaya and
Pir-Panjal range respectively. The snow depth algorithm
was further applied on satellite data to estimate snow
depth from larger areas. The satellite-estimated snow
depth values were found to be closer to ground measured
values at various locations in the Himalaya. The results
were better for the Greater Himalaya in comparison to the
Pir-Panjal range, as the vegetation and high spatial vari-
ability of snow cover in the latter affect the performance
of the algorithm. Overall this passive microwave radio-
meter-based methodology can provide useful information
of snow depth from the large area, which is otherwise
difficult to collect. Conducting such experiments is impor-
tant to improve understanding of the complex influence
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of different snow characteristics (grain size, density,
moisture, snow temperature) on the microwave emission
and on snow retrievals from microwave measurements. In
the near future with more field experiments conducted at
good spatially varying locations, the snow depth can be
estimated with greater accuracy using a combination of
field and satellite data.
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