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Snow depth and snow layer interface
estimation using Ground Penetrating Radar
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Ground Penetrating Radar (GPR) of antenna frequency 1000 MHz was used for snow depth estimation
and snow stratigraphic studies in the Pir Panjal and
Greater Himalayan range of NW Himalayas. GPR
profiles were acquired at a selected site near Solang
observatory (Himachal Pradesh (HP), India) for snow
depth estimation. It was observed that the estimated
snow depth correlates well with ground measurements
taken using snow stakes. Based on these snow depth
measurements with GPR and manual density measurement at different locations within the sampling
area, the snow water equivalent was also estimated.
Experiments were also conducted at Patseo (HP) for
snow depth estimation and snowpack layer identification. By analysing the profiles we were able to capture
the prominent snow layers present within the snowpack at Patseo. Manual stratigraphy was also performed along with the GPR profiles, and it was found
that layer positions in the radargram correspond
fairly well with the stratigraphic layer positions.
Dielectric constant of snow, which is an important
parameter for acquisition/interpretation of GPR profiles was also measured using snow fork.
Keywords: Ground Penetrating Radar, snow depth,
snow water equivalent, snow stratigraphy.
SNOW depth and snowpack stratigraphy along with its
temporal and spatial evolution are important input
parameters for operational avalanche forecasting and
snow water equivalent (SWE) assessment for hydrological applications. Apart from this, the snowpack information is required for validation of various physical models
being developed/used for snowpack simulation. Conventional snow depth measurement is carried out by placing
a snow pole at a fixed position in the observatory and
stakes are used for measuring snow depth distribution in
the measurement area1. However, these methods are
destructive, time-consuming and cannot be applied to a
large area for fast snowpack sampling. Heilig et al.2 suggested that the non-destructive techniques for snow depth
and snowpack information are of interest for development
of fast and automated measurement.
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The impulse radar system such as Ground Penetrating
Radar (GPR) can be a potential tool for snowpack studies, viz. snow depth, specific layer feature and their
location. This is an active method based on the principle
of dielectric contrast within the medium being studied.
The electromagnetic waves transmitted from the antenna
placed over the medium are reflected from different
levels due to a sudden change in dielectric constant
between the two media.
GPR has been used successfully in Antarctica for snow
accumulation studies and the results found were better
than the measurements obtained using snow stakes3–5.
Gruber and Ludwig6 have used GPR for evaluating the
location and depth of buried objects, and to study the
presence and continuity of natural subsurface conditions
and features.
In the Indian Himalaya, work has been done for seasonal snowpack and avalanche debris depth estimation
using GPR antenna frequencies of 250 and 500 MHz, and
also for collection of the signature of soil strata using
50 MHz frequency by Negi et al.7. Singh et al.8 used GPR
for the estimation of glacier ice thickness and debris
cover depth of Patseo and Samudratapu glaciers in
Himachal Pradesh (HP, Northwest Himalaya). Gergan et
al.9 surveyed the Dokriani bamak glacier of Garhwal
Himalaya for glacier ice depth estimation using GPR of
12.5 MHz frequency.
Researchers are also using GPR integrated with helicopters to collect faster and a large number of measurements from inaccessible areas for glacier and snow
studies. Machguth et al.10 used airborne GPR to observe
the spatial variability of snow accumulated over the
Alpine glaciers. Negi et al.11 explored airborne GPR for
snow depth estimation and for buried object detection in
seasonal snowpack of the Indian Himalayas.
The use of impulse radars with high frequencies (2–
7 GHz) to measure snow stratigraphy in a mountain
snowpack was described by Vickers and Rose12. In the
Alpine regions, impulse radar systems were used to
measure SWE13,14. Frequency modulated continuous
wave (FMCW) radars are also used to determine snow
depth and snowpack stratigraphy15,16. Marshall et al.17
found that radar frequencies ranging from 4.0 to 8.0 GHz
would be able to penetrate the snowpack to greater depth
than frequencies in the range 12.5–18.0 GHz. However,
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Figure 1.

Study area for Ground Penetrating Radar profiling.

they also observed that higher frequencies were able to
better resolve finely structured layers within the snowpack.
Heilig et al.2 compared results from upward-looking GPR
measurements with vertical profiles of snow hardness and
density obtained in the snow pit and proposed that GPR
with high frequencies (> 1 GHz) can detect internal layering in the dry snowpack.
In the present study, GPR with antenna frequency
1000 MHz was used for snowpack characterization in Pir
Panjal and the Greater Himalayan region. Snow depth
was estimated at certain locations in both the ranges and
further validated with the ground measurements. Experiments were also conducted for the identification of stratigraphic layers present within the snowpack. Along with
GPR, a snow fork was also used which gives dielectric
constant, volumetric water content and density of the
snowpack.

Study area
The GPR study was conducted near Patseo and Solang
field research stations of Snow and Avalanche Study
Establishment (SASE). Patseo (77°15′43″E long. and
32°45′18″N lat.) is located in the Greater Himalayan
range, at an altitude of about 3800 m amsl (Figure 1). The
area experiences high wind, relatively lesser snowfall 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. Gusain et al.18
reported that the mean seasonal air temperature in this
region (past 22 years) varied between –5.9°C and
–10.7°C, and seasonal snowfall varied between 134 and
410 cm.
Solang (77°09′29.16″E long. and 32°19′32.42″N lat.)
lies in the Dhundhi sector of the Pir Panjal range at an
altitude of 2480 m amsl (Figure 1). The site experiences
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medium snowfall with relatively warm temperature and
vegetation (trees, shrubs and grass) cover in the surrounding area. Mean seasonal air temperature in the Dhundhi
sector is found to vary between –1.5°C and 2.8°C for the
past 19 years. Seasonal snowfall in this sector18 varies
between 255 and 1186 cm, with an average of 817 cm.

Methodology
Experiments were carried out in late February and midMarch in Solang and Patseo regions respectively. The
snowpack was wet in Solang and dry/moist at Patseo during the measurement period. Figure 2 shows the variation
of ambient temperature conditions of the two measurement sites.
Snowpack properties, i.e. density, layer thickness, layer
type, etc. were measured near the experimental site during the snow pit analysis. A snow fork from Toikka,
Finland (Figure 3) was used for the measurement of
dielectric constant of the snowpack. This instrument uses
a steel fork as a microwave resonator and measures the
electrical parameters like resonant frequency, attenuation
and 3 dB bandwidth for estimating both real and complex
dielectric parts. Snowpack liquid water content and snow
densities are derived using empirical relations given by
Denoth et al.19 and a User/Technical Manual20. A vertical
pit was dug carefully and measurements were taken by
inserting the snow fork horizontally at 10 cm depth intervals 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.
Snow depth profiling was done near Solang observatory using GPR. The site was of nearly rectangular
in shape having dimensions 60 × 60 m2. GPR from
Radarteam Sweden, having antenna frequency 1000 MHz
1533
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was used for depth profiling in distance mode. This
antenna is bow-tie shielded, dielectrically loaded having
the transmitter and receiver around 100 mm apart. The
antenna (Figure 4) was tied to a survey trolley using
clamps. One of the wheels of this trolley acts as a trigging device instructing the antenna to collect traces at
preset intervals and is also used for distance measurement. Data acquisition was performed with a GSSI SIR3000 unit. The whole set-up runs with 10.8 V lithium-ion
rechargeable battery. Survey time with a fully charged
battery is approximately 3 h.
A total of six profiles (longitudinal and transverse)
were taken with GPR (Figure 5). The profiles were captured in the time window of 20 ns and the samples per
scan were kept at 256 because of shallow snowpack. In
order to acquire a sufficient number of datasets per unit
travelled distance, we kept the value of scan per metre as
40. The GPR profiling was carried out on the outer
boundary of the study site (A–B–C–D–A). Longitudinal
(K–L, M–N) and transverse (E–F, G–H, I–J) profiles

were collected to estimate snow depth at a higher spatial
resolution and also to observe the spatial variability of
the snowpack in the region. Snow stratigraphy was
carried out at four different point locations (1–4) and
these points lie in the path passing through the middle of
the study area. The values of dielectric constant (Table 1)
from these locations have been further used for the estimation of velocity of propagation of the electromagnetic
wave within the snowpack. Average values of dielectric
constant from all these observations points (1–4) were
used for snow depth estimation in the outer boundary as
well as for the longitudinal profiles of the study site. Subsequently, for the transverse profiles (E–F, G–H, I–J), the
average values of dielectric constant from the locations
(1–2, 2–3, 3–4) were used respectively.

Figure 4.
Figure 2.

Variation of ambient temperature at Solang and Patseo.

Figure 3.
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Use of shielded GPR antenna (1000 MHz) for snow study.

Snowpack dielectric profiling using snow fork.

Figure 5.

Profiling scheme for GPR trials at Solang.
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Table 1.

Snowpack characterization at Solang

Snow depth (cm)

Permittivity (ε )

Wetness (%vol.)

Snow density (g/cc)

Point location 1
40
30
20
10

2.79
2.82
3.25
2.35

8.75
7.73
11.28
7.39

0.341
0.444
0.308
0.243

0.179
0.178
0.166
0.195
Avg. = 0.179

Point location 2
40
30
20
10

3.01
2.92
3.69
2.8

9.63
8.02
12.64
10.08

0.363
0.467
0.368
0.208

0.172
0.175
0.156
0.179
Avg. = 0.170

Point location 3
40
30
20
10

2.18
1.86
2.44
3.05

5.35
2.94
6.27
9.88

0.321
0.31
0.375
0.358

0.203
0.219
0.192
0.171
Avg. = 0.196

Point location 4
50
40
30
20
10

2.44
2.28
2.08
2.11
2.08

5.47
5.34
4.48
5.48
4.78

0.432
0.368
0.326
0.28
0.309

0.192
0.198
0.208
0.206
0.208
Avg. = 0.202

The velocity of the electromagnetic wave in the medium
is estimated using its permittivity as shown in eq. (1).

ν = c/√εr,

(1)

where ν is the wave propagation speed (m/ns), c the
speed of light in vacuum (0.3 m/ns) and εr the relative
dielectric permittivity.
Velocity information along with two-way travel time
(TWT) of reflection is used to calculate the depth of the
reflecting surface (d) as given by
d = (TWT*ν)/2,

(2)

where d is in metres.
Snow depth was also measured manually at every 5 m
distance and further used for validation of the GPR estimated snow depth. Similar experiments for snow depth
estimation and snow stratigraphic delineation were conducted at Patseo in the Greater Himalayan region using
1000 MHz GPR antenna in time and distance mode.

Results and discussions
Snow depth measurement
Snow depth was estimated at Solang (Pir Panjal) and at
Patseo (Greater Himalaya) using GPR. Dielectric conCURRENT SCIENCE, VOL. 100, NO. 10, 25 MAY 2011

Velocity (m/ns)

stant, which plays an important role in depth estimation
using GPR, differs significantly for the two abovementioned study areas. Values of the average dielectric
constant and the estimated velocities of the electromagnetic wave are given in Table 1 for Solang and Table 2
for Patseo.
In Solang, the experiments were conducted in distance
mode by moving the GPR manually. From the radargram
given in Figure 6, sharp reflections were observed from
the snow–ground interface. These reflections are due to
the sudden change in the dielectric properties when the
electromagnetic wave travels from snow media to ground.
The offset values are also used to remove the vertical distance between the antenna and snow surface. The postprocessing of radar profiles was done using Reflex 2D
Quick software. Bandpass filter was used for the removal
of noise from the raw data.
In Figure 7, a comparison of the GPR estimated and
manually observed snow depth has been shown. These
manual observations were taken at more than 90 points.
The result shows that both these values are comparable
and a reasonably good correlation (approx. 0.86) was observed between estimated and manually measured snow
depth values (Figure 8). Two-dimensional snow depth
map (Figure 9) of the surveyed area was generated using
ERDAS IMAGINE software, where GPR-derived depth
information of study area is plotted with latitude and longitude. The result shows that snow depth value varies
1535
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Table 2.

Snow depth (cm)
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Snowpack characterization at Patseo

Permittivity (ε )

Wetness (%vol.)

1.58
1.47
1.5
1.76
1.69
1.78
1.78
1.53
1.37
1.43
1.38
1.41
1.44
1.42

1.54
0.24
0.74
1.36
1.46
1.36
1.64
0.62
0.35
0.84
0.94
0.35
0.97
1.8

Snow density (g/cc)
0.243
0.238
0.235
0.335
0.299
0.343
0.334
0.253
0.19
0.199
0.167
0.206
0.2
0.147

Velocity (m/ns)
0.24
0.25
0.24
0.23
0.23
0.22
0.22
0.24
0.26
0.25
0.26
0.25
0.25
0.25
Avg. = 0.24

Figure 6. Radargram showing snow depth profile using 1000 MHz
GPR antenna.

Figure 8. Correlation coefficient between measured and estimated
(GPR) snow depth.

Figure 7.

Comparison of measured and estimated (GPR) snow depth.

between 30 and 70 cm, which represents high variability
in snow depth for such a small study area. Similarly, a 2D
map of SWE has been generated for the study site (Figure
10) by using the snow density from manual observations.
It was observed that SWE varies between 5 and 20 cm for
majority of the portion.
1536

Figure 9. Contour map (2D) of the study area using depth information from GPR.
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Snow depth experiments were carried out in the
Greater Himalayan range near Patseo observatory using
1000 MHz antenna in time mode. Snow fork was also
used to determine the snowpack properties at Patseo
(Figure 11). The average dielectric constant of the snowpack observed at Patseo observatory area was around
1.538, and the estimated velocity of the electromagnetic
wave was approx. 0.241 m/ns. On the other hand, the
average dielectric constant at Solang was 2.716 and estimated velocity of the electromagnetic wave was 0.182
m/ns. Thus it can be observed that snowpack conditions
are significantly different at these two places (Patseo and
Solang). Figure 12 shows GPR signature of 1000 MHz
antenna in time mode near Patseo observatory. Sharp
reflections were observed at approx. 1.6 m depth in the
radargram and trace window. These reflections are from
the interface between snow and ground. For snow depth
estimation, the velocity of the electromagnetic wave used
is 0.241 m/ns. From the radargram, the estimated snow
depth at the study area was around 1.6 m. Further

Figure 10. Contour map (2D) of the study area using snow water
equivalent (SWE) information estimated from GPR.

Figure 11.

Snowpack characteristics using snow fork (Patseo).
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offset value 0.12 m was subtracted and final snow depth
estimated was found to be approx. 1.48 m. Manually
observed snow depth value of the same location was
1.45 m. It was observed that the snow depth information
can be retrieved with higher accuracy at Patseo (dry
snowpack) in comparison to Solang (moist snowpack).
Similar observations were also reported by Heilig et al.2
for Austrian and Swiss Alps with varying snow moisture
conditions.

Snow stratigraphy delineation
GPR in time mode was used and efforts were made to
delineate snowpack layer interfaces at the Patseo observatory. Figure 13 shows the radargram and its comparison
with the snow-pit data. Efforts were also made for the
identification of different layers of the snowpack. The
1000 MHz GPR antenna was used in time mode by keeping the antenna fixed at one particular point. GPR data
were acquired by keeping sample per scan as 512, range
as 20 ns and 60 scans/s. In order to compensate for damping or geometric spreading losses, a gain function filter
was used, having default value 1 for the linear gain and
5 for exponential damping respectively. Bandpass
Butterworth filter was also used in which the lower cutoff frequency was kept at 250 MHz and upper cut-off was
2500 MHz. The frequency spectrum below the low cut
and above the high cut was set to zero. We have used the
calculated mean wave speed in dry snow (Table 2) and
based on measured TWT and wave speed, the depth of
different layers have been estimated.
Vertical resolution which depends on the wavelength
of the antenna and the dielectric properties of the material
under study, plays an important role in the identification
of different layers of the snowpack. In order to calculate
the vertical resolution of the antenna, the average dielectric constant (1.538) measured with the snow fork was
used to calculate the average velocity of electromagnetic

Figure 12. Trace window and radargram showing estimated snow
depth (Patseo).
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Figure 13.

GPR (1000 MHz) signatures for snow layer identification and comparison with stratigraphy data.

wave in the snowpack. The wavelength of the antenna in
this particular medium is ~ 0.24 m for the 1000 MHz
antenna. Hence for this snowpack the antenna cannot
differentiate the layers having thickness less than the vertical resolution of the antenna, which is about 6 cm.
From the radargram and the trace window (Figure 12),
it can be observed that the snowpack depth is around
1.48 m. Sharp reflections were observed in the radargram
and in the trace window due to air/snow interface and
also due to snow/ground interface. Between these two
interfaces some other high reflections were also observed
from different depth levels of the snowpack. These signals were further enhanced using gain function and bandpass Butterworth filter. It was observed from stratigraphy
that there exist three prominent layers in the snowpack.
The total snowpack height was around 1.45 m at flat
ground, where GPR and stratigraphy measurements were
made. During pit observation, different snow-layer positions were measured from the top surface of the snowpack. The first snow layer was from 1.45 to 1.06 m and it
had melt–freeze and equi-temperature type of snow
grains. Also, one ice layer was observed at 1.25 m, having
a thickness of 0.001 m. The second layer was from 1.06
to 0.72 m, which was again composed of melt–freeze
type of snow grains. Third layer was from 0.72 to 0 m
and had depth hoar type of snow grains.
The high reflection levels in the radargram were
observed at 0.66, 0.98 and 1.60 m. In order to remove
the vertical distance between the antenna and the top
surface of the snow from the radargram, 0.12 m was subtracted and thus these adjusted high reflection levels were
1538

at 0.54, 0.86 and 1.48 m. It was observed that the adjusted layer positions in the radargram correspond fairly
well with the stratigraphic layer positions. However,
1000 MHz frequency antenna could not detect the ice
layer having thickness of 1 cm due to limitation of its
vertical resolution.

Conclusion
GPR profiles were collected using 1000 MHz antenna for
snow depth estimation at Solang and Patseo. The estimated snow depth using GPR at Solang had a good correlation with the manually observed values (correlation
coefficient 0.86). Although we could collect only a few
data points at Patseo, here the snow depth was estimated
with higher accuracy in comparison to Solang. This can
be attributed to the relatively dry nature of the snowpack
at Patseo. The study indicates that 1000 MHz frequency
is suitable for shallow snowpack in case of moist/wet
snow and for medium height snowpack in case of dry
snow conditions.
Experiments were also conducted to delineate the
snowpack layer interfaces at Patseo observatory. The
1000 MHz frequency was found appropriate for identification of the interface between different layers at Patseo.
In GPR profiles, these interfaces match well with the
observed layers in stratigraphy data.
We have presented here some preliminary work carried
out using GPR for fast sampling of snow depth distribution and delineation of stratigraphic layers of snowpack
CURRENT SCIENCE, VOL. 100, NO. 10, 25 MAY 2011
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in our snow conditions. More detailed experiments need
to be carried out in future.
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