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Crevasses detection in Himalayan
glaciers using ground-penetrating
radar
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Identification and mapping of crevasses in glaciated
regions is important for safe movement. However, the
remote and rugged glacial terrain in the Himalaya
poses greater challenges for field data collection. In
the present study crevasse signatures were collected
from Siachen and Samudra Tapu glaciers in the
Indian Himalaya using ground-penetrating radar
(GPR). The surveys were conducted using the antennas of 250 MHz frequency in ground mode and
350 MHz in airborne mode. The identified signatures
of open and hidden crevasses in GPR profiles collected
in ground mode were validated by ground truthing.
The crevasse zones and buried boulder areas in a glacier were identified using a combination of airborne
GPR profiles and SAR data, and the same have been
validated with the high-resolution optical satellite
imagery (Cartosat-1) and Survey of India mapsheet.
Using multi-sensor data, a crevasse map for Samudra
Tapu glacier was prepared. The present methodology
can also be used for mapping the crevasse zones in
other glaciers in the Himalaya.
*For correspondence. (e-mail: kamal.kant@sase.drdo.in)
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A CREVASSE is usually perceived as a large crack in the
ice, which may either be open or hidden by snow. Crevasses of different dimensions are formed by tensional
stress acting upon the brittle ice1. Crevasses are mostly
formed when the glacier mass at its middle and sides
move at different rates or curves around a bend. The
abrupt change in terrain slope and increase in the rate of
movement of glacier ice are factors responsible for crevasse formation. They can be deep and dangerous for
human activity in glaciated areas, especially when they
are buried under snow and are not visible. The orientation
of crevasses can be correlated with the surface strain rate
and thus can be used to understand the ice dynamics2–5.
The crevasses buried by the accumulation of seasonal
snow are called the hidden crevasses. Detection of hidden
crevasses in glaciers is important, as they are not visible
and a person might easily get trapped in it while moving
through the region. These buried crevasses were detected
using radio echo sounding techniques, i.e. groundpenetrating radar (GPR)6,7. Urbini et al.8 have used vehicle-mounted and heli-borne GPR in Antarctica to detect
buried crevasses. Delaney et al.9 and Nath et al.10 have
used this technology successfully for crevasse detection
in Antarctica on a cold and dry snow pack. Eder et al.11
have attempted crevasse detection using GPR in Alpine
region. Taurisano et al.12 have used GPR successfully
between Norwegian Antarctic research station Troll and
shelf ice region, to mitigate the crevasse hazard all along
the route. According to Zamora et al.13, the buried crevasses detected using GPR show apexes of diffraction
hyperbolae and this can go up to 15 m depth. Luckman et
al.14 have successfully distinguished surface and basal
crevasses using GPR and satellite imagery signatures.
Motivation for the study was to investigate techniques
for crevasse detection in the Indian Himalayan glaciers
(Figure 1) in order to delineate a safe route for mountain
travellers. Radio echo sounding is a useful technique for
detection of crevasses, as the conversion of snow into ice
can be easily detected due to the change in density, water
content and the dielectric constant. The feasibility and
reliability of GPR for crevasse detection was investigated
using a field study both in ground and airborne mode
(Figure 2).
The GPR survey was carried out at Siachen (Karakoram Range) and Samudra Tapu (Great Himalayan
Range) glaciers (Figure 1). The Siachen glacier in Karakoram Range with extensive development of crevasses is
one of the largest glaciers in the Himalayan region. The
length of the Siachen glacier is approximately 72 km and
its width varies between 2 and 8 km. The glacier extends
between altitudes 5400 and 3600 m. The seasonal snowfall in Siachen glacier area varies from 38 to 420 cm with
a 22 years average of 197 cm. The mean seasonal air
CURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013

temperature varies from –14.3°C to –23.7°C with an average of –20°C (ref. 15).
The Samudra Tapu glacier (lat. 32°29.86′–32°26.9′N
and long. 77°24.68′–77°36.43′E) lies in Chandra basin of
the Great Himalayan Ranges. The approximate length of
the glacier is 19 km and its width is 1 km. It has two
flanks and both are of nearly equal length. The glacier
extends between 4100 and 5400 m in elevation. It is
largely moraine-free and ingested with a large number of
crevasses. The mean seasonal temperature of this region
varies between –5.9°C and –10.7°C with 22 years average of –8.7°C. Seasonal snowfall varies between 134 and
410 cm with 22 years average of 261.5 cm (ref. 15).

Figure 1. Location of glaciers surveyed for crevasse detection in the
Indian Himalaya.

Figure 2. Field photograph showing various features of Samudra
Tapu glacier. a, Hidden crevasse; b, Open crevasse; c, Buried boulder.
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In the present study, Ramac GPR from Mala Geoscience (www.malagas.com) and Radarteam antenna
(www.radarteam.se) were used for ground and airborne
surveys respectively. The Ramac GPR with 250 MHz
center frequency antenna was used to obtain GPR profiles
in ground mode from the Siachen glacier. The survey was
conducted between 12 and 20 February 2003 in approximate 10 sq. km area near snout. The dimension of the
250 MHz antenna is 780 mm × 440 mm × 160 mm, with
approximate weight of 8 kg. The antenna is a bow-tie
type, shielded (monostatic) and having the transmitter
and receiver at around 0.31 m distance. One wheel is
attached at the rear of the antenna, which acts as a trigging device instructing the antenna to collect traces at
preset intervals and is also used for length measurement.
The data are collected by dragging the antenna over the
surface. The time windows (159 and 198 ns) with sampling frequencies of 2395–2695 MHz and trace interval
0.018–0.040 m were the survey parameters used for collection of crevasse signatures. Data are stored in 16-bit
integer raw data format and are further transferred from
control unit to a laptop using standard parallel port. Each
electronic component, except the laptop, is powered by
rechargeable Ni–Cd and Pb batteries.
The 350 MHz centre frequency hemispherical butterfly
dipole antenna (M/S Radarteam, Sweden) was used
in airborne mode. The antenna was top-shielded and
designed to take measurements from the airborne platform. The overall dimension of the antenna mounted at
the base of the helicopter is 740 mm × 405 mm × 225 mm,
with approximate weight of 6 kg. A GSSI data acquisition system, i.e. Subsurface Interface Radar 3000 (SIR
3000) was used for acquiring the survey data. To run the
entire GPR system a 10.8 V lithium-ion rechargeable
battery pack was used for the power supply. The helicopter height was maintained nearly at a constant level of
40 m from ground with an average speed of 18 m/s during the survey, so that the reflected signatures can be captured within the available fixed time window of SIR 3000
unit. For the 350 MHz GPR antenna, the optimum timewindow size was fixed at 120 ns. In order to remove the
air medium from radar profiles, an offset value was subtracted from the raw data. In air, the two-way-travel
(TWT) time is 7 ns corresponding to an offset of 1 m air
thickness. Therefore, the offset value against 40 m thick
air medium (height of helicopter from ground) was kept
constant at 280 ns during the survey. The survey parameters for GPR data acquisition were selected as 512 samples/scan with a scan rate of 64 scan/s. To synchronize
the SIR 3000 unit with GPS system a triggering device
(TRG-817) was used. The marker software (GeoPointer
X) supported by Toughbook (TB), controls the trigger
pulses through TRG-817 and it was connected via an
USB cable to the TB. The spatial data were recorded in
the TB via RS 232 interface according to the geographic
positions measured by GPS.
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Table 1.

Electromagnetic wave properties in different media20

Medium

ε (rel)

σ (ms/m)

V (m/ns)

α (db/m)

Air
Freshwater
Seawater
Snow
Ice
Clay

1
80
80
2–3.5
3–4
5–40

0
0.5
30000
0.00001
0.01
2–1000

0.3
0.033
0.01
0.20
0.16
0.06

0
0.1
1000
0.01–0.1
0.01
0.01

ε = dielectric constant, σ = electrical conductivity, V = wave velocity
and α = attenuation coefficient.

The velocity of the radar wave which is required for
estimation of depth of the medium, varies with the dielectric permittivity of the medium. The velocity (v) at which
the electromagnetic (EM) wave travels through medium
is given by
v = c/(εr)1/2,

(1)

where c is the speed of light (3 × 108 m/s).
EM wave velocity is greatest in vacuum and decreases
with increasing dielectric constant. In order to analyse the
results of radio-echo sounding, velocity of propagation of
radio waves in ice is used (Table 1). A technique was
proposed by Robin et al.16 to relate different ice parameters (density, ice fabric and temperature) to the velocity
of radio waves in ice. Estimated velocity reported was
~ 0.167 ± 0.3 m/ns at –20°C. The same range of velocity
of radio waves in ice was also observed by Jiracek and
Bentley17. In the present work the GPR profiles were
processed assuming velocity of EM wave in ice as
0.168 m/ns. Velocity information is further used to calculate expected TWT of reflection using the relationship
TWT = 2d / v,

(2)

where d is the distance to the reflector.
The used antenna frequencies of 250 and 350 MHz are
well suited for crevasse detection because of their penetration depth, spatial resolution, vertical resolution and
size of antennas. The penetration depth of EM wave in a
medium is the inverse of extinction coefficient18. The
extinction coefficient consists of an absorption coefficient
and a scattering coefficient. In the microwave region for
snow/ice, the scattering coefficient is negligible in comparison to the absorption coefficient.
The penetration depth (δp) can be estimated by the relation

δp = 1/Xa,

(3)

where Xa is the absorption coefficient, which can be defined as
Xa = (2π /λ)(ε″/√ε′),

(4)

where λ is the wavelength of the EM wave in ice, ε ″ is
the imaginary and ε ′ the real part of the complex dielecCURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013
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tric constant of ice. The values of ε ″ and ε ′ used in the
study are 0.007 and 3.17 respectively. Using a 250 MHz
frequency the depth of penetration within ice media is
found to be ~ 27 m; however, for 350 MHz it becomes
19 m approximately. The vertical resolution for 250 and
350 MHz antennas is 0.34 m and 0.24 m respectively.
Thus due to sufficient penetration power in ice medium,
good vertical resolution and suitable size of antennas, the
frequencies 250 and 350 MHz were selected for the study.
The locations of all collected GPR profiles from
Samudra Tapu glacier are shown in Figure 3. The airborne
GPR survey on Samudra Tapu glacier was conducted
between 15 and 25 March 2010. The survey profiling was
carried out along and across the glacier, and 50–55 profiles along and 20–30 profiles across the glacier were collected. A distance of approximately 10 m between
different profiles was kept during the survey. However,
due to limitation of the helicopter flying in such a rugged
terrain, this distance sometimes varied between 5 and
20 m. In the radar profiles hyperbolic signatures were obtained, which may be from buried point objects, void and
from any discontinuity in the glacier. These hyperbolic
signatures in the GPR profiles are because of the fact that
in the GPR data acquisition it is generally assumed that a
reflected signal comes from directly beneath the antenna;
however, radar antennas always operate with more or less
conical beams. Thus, the GPR observes the target from
different angles while traversing and record the returned
signal assuming the object directly underneath the antenna. Thus GPR produces hyperbolic signature for buried object.
The methodology for crevasse detection is given in
Figure 4. The observed hyperbolic signatures in GPR profiles collected in Siachen glacier were validated on
ground. During the ground mode GPR survey we were
able to collect the signatures of open and hidden crevasses but also observed some limitations of the equipment while using on glacier surface. To avoid one such
problem of skidding antenna wheel on the glacier ice, the
survey was conducted at very low speed. Hence, only a
small area of the glacier could be surveyed. To collect
crevasse signatures from larger area of a glacier, airborne
GPR survey was conducted over Samudra Tapu glacier.
The hyperbolic signatures (discontinuities) in airborne
GPR profiles from Samudra Tapu glacier were validated
with high-resolution optical satellite image (Cartosat-1)
and Survey of India (SOI) map. The satellite images have
been used for identification of surface features on ice
media since the earliest satellite missions19. Radarsat-2
SAR data were used to discriminate between hidden crevasses and buried boulder signatures. On the basis of
airborne GPR and SAR data, a criterion for crevasse
detection was developed. Validation of the identified crevasse zones and buried boulder area was done using Cartosat-1 image and SOI map. After validation the crevasse
map of the Samudra Tapu glacier was prepared.
CURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013

The criteria for crevasse detection are as follows: (a)
Hyperbola in radargram at the top corresponds to open
crevasse. (b) Hyperbola in radargram at depth and backscattering value (SAR) less than – 12 db corresponds to
hidden crevasse. (c) Hyperbola in radargram at depth and
backscattering value (SAR) greater than – 12 db corresponds to boulder.
The GPR data collected in ground mode at Siachen
glacier were processed using the Ground vision software
and wave velocity of 0.168 m/ns in the medium was used.
In post-processing, to amplify the dynamical range of the
data display, a top mute of first arrivals corresponding to
the direct wave was performed. To remove the dark current, which is the constant offset in the amplitude of the
registered trace the DC filter was used and finally background filter was used to eliminate temporally consistent
noise from the complete profile.
Post-processing of the airborne profiles was carried out
using Reflex 2D Quick software. In order to enhance the
weak signals, a gain function was used in both pre- and
post-processing radar profiles. Filters such as subtract DC
shift, bandpass butterworth (lower cut-off 100 MHz and
upper cut-off 1000 MHz), fk migration (Stolt) and background removal were applied on the airborne GPR data
during post-processing. The geographic positions were
imported in a tabular format with the help of Reflex 2D
Quick software and the data were superimposed on radar
profiles (*.DZT format).
The SAR works independent of the solar illumination
and unlike the optical sensor, provides the volume information of the targetted surface. Radarsat-2 (C-band)
level-1 data of path image (SAR Georeferenced) in standard acquisition mode of 24 February 2011 was used in
the present study. Table 2 provides a brief description of
Radarsat-2 data used in the study. Data were processed
using software provided by the European Space Agency

Figure 3. GPS points overlaid over Samudra Tapu glacier showing
the positions corresponding to the airborne GPR profiles.
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Figure 4.

Flow chart of methodology for crevasse detection.

Figure 5. Radargram showing signature of open crevasse (a) and hidden crevasse (b) collected in
ground mode from Siachen glacier.

Table 2.

Specification of Radarsat-2 data product

Parameter
Sensor and frequency
Nominal swath width (km)
Nominal spatial resolution
(ground range × azimuth; m)
Pixel spacing (azimuth × range; m)
Incidence angle (near and far range)
Polarization
1292

Value
Radarsat-2 and 5.35 GHz
100
25 × 28
12.5 × 12.5
30° and 37°
HH, HV

(ESA; Next ESA SAR Toolbox-NEST v4B). The digital
number (DN) values of intensity image are converted to
corresponding radar backscattering coefficient (σ 0). The
parameters which influence the radar backscatter, i.e.
inherent speckled appearance, satellite ground-track,
incidence angle, radar polarization and surface roughness
are considered in the analysis.
Inherent speckle appearance was removed through
multilooking process; the number of looks in azimuth and
CURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013
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Figure 6. Radargram of airborne GPR profile collected from Samudra Tapu glacier a, Hidden crevasse,
b, Open crevasse.

range of scene being 4 and 1 respectively. The radar scattering noise was removed by applying a mean 3 × 3 kernel filter. For the retrieval of σ 0 values geometric and
radiometric terrain corrections were applied on data.
Geometric terrain correction was performed using
Range Doppler Terrain Correction operator, which uses
orbit state vector information in the metadata, the radar
timing annotations, the slant to ground range conversion
parameters together with the reference DEM data to derive
the precise geolocation information. Radiometric normalization was implemented to get the corrected σ 0 values by considering scattering area, antenna gain pattern
and range spread loss.
Ground-mode GPR experiments for crevasse detection
are important as onsite validation of the collected GPR
profiles can be done. Figure 5 shows the Radargram of
GPR profiles collected in ground mode from crevasseprone areas of Siachen glacier. The discontinuities in the
form of hyperbolic signatures as observed in Figure 5 a
are found overlapped with the first reflected wave, i.e. the
reflected wave from the ice surface. These hyperbolic
signatures (02 numbers) in the Radargram are due to the
open crevasse as no snow accumulation is observed over
the void. In the radargram the horizontal axis is the calibrated horizontal distance travelled across the crevassed
area. The vertical axis on the left is TWT (in ns), whereas
on the right a depth scale (in m) is indicated considering
an airwave velocity in ice of 0.168 m/ns. The sets of diffraction hyperbola centred at approx. 3 and 6 m correspond to the prominent crevasses detected on the surface
and the width of these crevasses is approximately 0.70
and 0.20 m respectively. In the radargram the air-filled
cavity having no reflection can also be seen. The crevasse
CURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013

walls as observed in the radargram are smooth and show
no visible distortion.
In Figure 5 b, a hyperbolic discontinuity in the radargram is observed at 3.8 m depth. This hyperbolic signature is due to the hidden crevasse which was covered by a
snow bridge of 3.8 m. The apex of diffraction hyperbola
is observed at around 4.2 m in the radargram. Feeble reflections due to rising snow layers were observed near the
crevasse location and high-amplitude reflections were
observed from the snow–ice interface. Further the airfilled void signatures were observed in the radargram as
in the open crevasse. The crevasses dipping snow layer
reflections and strong diffractions from depth were also
observed. The width of the hidden crevasse was found to
be approximately 0.75 m. In order to estimate the exact
snow thickness deposited over the crevasse the wave velocity for dry snow, i.e. 0.237 m/ns (ref. 20) was used as the
snow deposited on the glacier was dry. This wave velocity result indicates snow bridge thickness as 4.3 m. Thus
the possible error in estimation of snow thickness over
the crevasse is 11%. However, such thickness of the snow
bridge, 3.8–4.3 m can be considered as safe to travel.
An unsmooth glacier surface (fractured ice zone) was
visually observed at few points during collection of airborne GPR data, which may probably be due to the presence of open crevasses. Figure 6 shows the radargram of
one of the airborne GPR profile data collected among the
various longitudinal and transverse profiles as marked in
Figure 3. In Figure 6 two interfaces are clearly visible,
i.e. air–snow and snow–ice. The total penetration of the
signal was observed ~ 16 m corresponding to the 200 ns
time window for the 350 MHz antenna. Various hyperbolic signatures can be observed at the air–snow interface
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and from deep inside the glacier ice. The hyperbolic signatures observed near the air–snow interface are marked
with square B and these may correspond to the open crevasses present over the glacier surface. Diffraction hyperbolae associated with prominent open crevasses are
clearly observed while traversing between 3910 and
4050 m in the radargram (Figure 6). Due to the large
number of hyperbolas in this region, it is marked as the
open crevasse zone. However, the hyperbolic signatures
or the discontinuity originating from within the glacier
ice as marked in square A in the radargram may be due to
the hidden crevasse. This detected discontinuity in radargram is buried inside 1.5 m snow and 8 m of ice mass.
Radarsat-2 SAR satellite data of dated 24 February
2011 were used to discriminate between the hidden crevasses and boulders. Figure 7 shows the backscattering
values corresponding to the observed discontinuity locations in the radargram. After analysing the backscattering
values it was observed that the threshold value of backscattering that can differentiate between boulder and hidden crevasse is approximately –12 db. On the basis of the
backscattering values from SAR data and air-borne profiles, the probable zones of buried boulders and hidden
crevasses were identified over the glacier.
A crevasse map of the Samudra Tapu glacier has been
prepared after analysing airborne GPR profiles and SAR
data. The signatures corresponding to hidden crevasses,
open crevasses and buried boulders according to their
geographic locations were marked on the map (Figure 8).
Both hidden and open-type crevasses were identified in
the accumulation and ablation zones. In addition, close to
the snout of the glacier various hyperbolic signaures were
observed corresponding to certain unknown objects. In
field validation at few places near the glacier snout, it
was found that these unknown objects were big boulders.
The same has been further verified by the high-resolution
Cartosat-1 imagery and SOI mapsheet surveyed in 1979.
In order to validate the open crevasse zones as identified from the airborne GPR profiles, Cartosat-1 imagery
having spatial resolution of 2.5 m dated 28 September
2009 was used. Figure 9 shows the image of various media observed on the Samudra Tapu glacier. As the open
crevasses are linear feature on the glacier surface thus can
be clearly identified in Cartosat-1 imagery by considering
the shape, size and pattern as shown in Figure 9 a. In
satellite image the hidden crevasses (Figure 9 b) were
marked by identifying the depression zones in the snow
that is covering the glacier ice, because in the glacier
generally depression zones are created during the conversion of open crevasse into the hidden crevasse. In the satellite image rough and irregular surfaces were also
observed and these surfaces according to their texture and
contrast to glacier ice/snow were marked as boulders
(Figure 9 c).
This hybrid technique consisting of radar in ground and
air, high-resolution satellite imageries along with SOI
1294

maps and active microwave satellite data was found to be
useful and successful for detection of crevasse-prone
areas in a Himalayan glacier. The data collected and analysed from the ground-based survey at Siachen glacier for
crevasse detection, were further used in the interpretation
of airborne GPR results. The crevasse zones and other
features identified using the combination of airborne GPR
profiles and SAR data, were validated using Cartosat-1
images and SOI maps, and they were found to be in good
agreement. The thickness of the snow bridge over the
glacier ice is the critical parameter for safety of persons
moving on the glaciers, and this thickness is measured by
GPR within an accuracy of 11%. The width of the crevasses identified in ground mode looks more realistic in
comparison to airborne results. As the spatial resolution
of 350 MHz antenna from 40 m height is > 3 m; it is difficult to identify the crevasses individually when they are
closely spaced, say less than 3 m. There are chances that
hyperbolic signatures due to various crevasses present in

Figure 7. Backscattering values estimated using Radarsat-2 data to
discriminate between hidden crevasse and buried boulders.

Figure 8. Identified crevasse zones and buried boulder areas in
Samudra Tapu glacier.
CURRENT SCIENCE, VOL. 105, NO. 9, 10 NOVEMBER 2013
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Figure 9. Identified glacier features in Cartosat-1 imagery. a, Open
crevasse; b, Hidden crevasse; c, Buried boulders.

a small area may have combined and produced bigger
hyperbola. The bigger hyperbola in the radargram may
correspond to a number of crevasses in spite of single
crevasse, which may introduce error in estimation of crevasse size. Overall this multi-sensor based methodology
can provide useful information of crevasse zone in glaciers, which is difficult to obtain using a single sensor or
conducting a field survey. In the near future highresolution DEM using lidar and areal photogrammetry in
conjunction with high-resolution SAR data will be helpful to generate more detailed crevasse maps.
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