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A B S T R A C T   

Surface crevasses covered by snow bridges can be mapped remotely on ice sheets and glaciers using active 
microwave synthetic aperture radar. They are highlighted against the surrounding snow due to increased scat-
tering from the side-walls and base of snow bridges and usually appear as linear features. The contrast between 
crevasses and crevasse-free regions depends on the design of the sensor, the image acquisition parameters and 
the properties of the snow. Here we quantify how crevassed regions are represented at X-band for different 
polarizations, look directions and incidence angles, and discuss whether additional information about their 
physical properties can be gained from their radar signature. Snow bridge thicknesses and crevasse widths are 
measured on the ground in the McMurdo Shear Zone and Brunt Ice Shelf by ground-penetrating radar and 
excavation. TerraSAR-X is shown to reliably distinguish crevasse location, balancing penetration into the snow 
and horizontal resolution. We provide recommendations for radar imaging parameters that optimize the iden-
tification of individual crevasses and crevassed regions.   

1. Introduction 

Surface crevasses are widespread in Antarctica. They form in regions 
of high strain rate where extensional stress exceeds the fracture tough-
ness of the ice. This occurs in shear zones at the margins of fast flowing 
outlet glaciers and ice streams, close to ice shelf fronts where ice is 
unconfined, or where there is a local change in basal topography causing 
along-flow changes in velocity (Colgan et al., 2016). Crevasses and rifts 
on ice shelves advect with ice flow and so can also occur well away from 
where they originally formed. Many crevasses do not show a surface 
expression (Nath and Vaughan, 2003) as they are masked by drifting 
snow which can form snow bridges several metres wide and of variable 
strength and thickness. The hidden nature of bridged crevasses makes 
them particularly hazardous for operations in Antarctica. 

Ground-penetrating radar (GPR) is a valuable tool to image the 
subsurface for glaciological applications (Taurisano et al., 2006; Cook, 
1956). It is used as a standard procedure by the US, UK and NZ Antarctic 
programs (amongst others) for identifying upcoming hazards during 
snowmobile and heavy vehicle traverses through glaciated terrain. The 
use of vehicle-mounted GPR requires constant monitoring during tra-
verses and it is not possible to identify crevasses in this way without 

physically approaching them, with an associated risk to personnel. 
Aircraft-mounted GPR can cover large regions in a safe way, but is 
costly. There is ongoing research into the use of unmanned vehicles for 
crevasse mapping (Lever et al., 2013; Arcone et al., 2016; Kaluzienski 
et al., 2019) but all these GPR-based techniques lack the ability to map 
large regions at high spatial density. In 2006, airborne investigations 
over snow covered crevasses were carried out close to McMurdo Station 
with MiniSAR at X-band (Sander and Bickel, 2007). These data showed 
the potential to detect crevasses in the presence of snow bridges and the 
influence of look direction on appearance. Further theoretical work 
shows that X-band should provide a suitable balance between spatial 
resolution and penetration depth (Brock, 2010), and crucially can 
operate from satellite. 

Here we investigate the value of satellite-based radar systems for 
crevasse identification, with the benefit that bridged crevasses can be 
identified remotely prior to deployment into the field, and that surveys 
can be repeated as needed. Unlike visible wavelength sensors, micro-
wave radar penetrates into the upper layers of the snow. This is a 
valuable tool for identifying hidden hazards on planned traverse routes 
as well as for mapping the orientation and extent of crevasse fields for 
glaciological research. Several suitable high-resolution radar satellites 
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are currently in operation at microwave frequencies. The value of the 
imagery as a method to mark out rifts and crevasses depends on a range 
of factors including the satellite orbital characteristics; the sensor fre-
quency and imaging mode; the properties of the crevasse or crevasse 
field; and the properties of the surrounding snow. All are discussed 
hereafter, with recommendations made for radar satellite surveys of 
crevassed regions. 

2. Theoretical basis 

Active microwave satellite radar systems emit pulsed radiation to-
wards the Earth’s surface and detect the proportion that is backscattered 
to the sensor. This value normalized over unit area is known as the 
backscatter coefficient (σ0). It is a function of the overall reflectance of 
the material and the bidirectional distribution of that reflected radia-
tion. The reflectance is determined by the dielectric properties of the 
snow, while the distribution is related to the interface roughness. 

At a randomly rough air/snow boundary a small part of the incident 
wave is reflected back into the air and one part is transmitted through 
the interface and propagates through the snow. The fraction of the 
incident radiation reflected at the air/snow interface can be approxi-
mated by the Fresnel power reflection coefficient Γh, v (1), although 
slightly reduced by diffuse scattering. The remaining radiation is 
transmitted into the snowpack Γh, v + ϒh, v = 1, where h and v are the 
horizontal and vertical polarization of the electromagnetic wave. 

Γh, v is a function of the electric permittivity of the medium (ε = ε′ +
ε′ ′i), the polarization of the incident radiation (horizontal (h) or vertical 
(v)) and its incidence angle (θ): 
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At microwave frequencies, the relative permittivity of pure ice (εi
′) is 

independent of temperature and wavelength (Ulaby, 1982). The 
permittivity of dry snow, a homogenous mixture of air and ice (εds

′) is 
therefore only proportional to its density and is roughly in the range 
1.4–2.0. In consequence, significant transmission takes place across the 
air/snow boundary for a wide range of incidence angles at both linear 
polarisations. 

The imaginary part of the permittivity (ε′ ′) which defines absorption 
is several degrees of magnitude smaller than the real part for dry snow 
but absorption losses increase significantly when liquid water content 
increases above a fraction of 1% volume. In order to approximate the 
penetration depth of the SAR signal in the snow pack we use a volume 
absorption coefficient of a homogeneous medium (γa) and a volume 
scattering coefficient based on the classical radiative transfer theory 
assuming independently randomly distributed scatterers and no corre-
lation between the fields scattered by the different particles (γs): 
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where r is the radius of snow grains, f is frequency, c is the speed of light 
and ρi and ρs are the densities of ice and snow, respectively (Davis and 
Moore, 1993). The two way penetration depth of a wave travelling off- 
nadir (dp) at the refraction angle (θ′) is inversely proportional to the 
total extinction (γa + γs): 

dp =
cosθ

′

2(γa + γs)
(4) 

For dry fine grained snow the scattering coefficient is significantly 
lower than the absorption coefficient. While this approach makes as-
sumptions of homogeneity within the medium, no multiple scattering 
and does not account for depth changes in crystal properties, density or 
water content, it illustrates how incidence angle, surface properties and 
water content influence overall backscatter (Rees, 2012): 

σ0
θ = Γ2

h,v(θ)γsdp + σ0
surface(θ) (5) 

The two way penetration depth (dp) in eq. 4, approximates the phase 
centre of the backscattered return (Dall, 2007). It is an important 
property in understanding the surface being imaged in radar altimetry 
and the accuracy of synthetic aperture radar systems for DEM creation 
and velocity mapping (Rignot et al., 2001). For our application, the 
penetration depth corresponds to the approximate thickness of snow 
bridges after which crevasses may become invisible in a radar image. A 
penetration depth of several metres or higher is desirable to image 
shallow subsurface crevasses. Rott et al. (1993) estimated a two-way 

Fig. 1. Schematic representing the varia-
tion in imaged backscatter under different 
geometries and crevasse types. The three 
columns indicate differences in incidence 
angle and look direction. The top row is the 
satellite and crevasse geometry, the middle 
row is a diagrammatic representation of 
how incident radiation scatters due to cre-
vasses of different width, and the bottom 
row an indication of the resulting back-
scatter intensity of the SAR image, where 
lighter shading indicates higher backscatter.   
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penetration depth of 4.05 m for dry snow at 10 GHz which is in agree-
ment with data collected in the interior of Greenland (Rizzoli et al., 
2017). Independently, the average penetration depth of X-band radar 
from TerraSAR-X has been calculated as part of TanDEM-X validation 
and uncertainty estimation as between 3 and 7 m over dry snow (Zhao 
and Floricioiu, 2017). Lower frequencies (C-band and L-band) would be 
expected to penetrate further but with some loss of resolution. 

In addition to the volume scattering and surface scattering from the 
air/snow interface, if a snow bridge exists but its thickness is less than 
the penetration depth there is a second snow-air interface at the base of 
the snow bridge. The additional material transition provides an addi-
tional surface that can enhance the backscatter. The structure of crystals 
within the snow bridge itself, modified by the cool microclimate below, 
for example through the formation of hoar (Colgan et al., 2016), may 
also provide additional scattering. Where there is no snow bridge, there 
is no horizontal surface from which to scatter and so a large open 
crevasse may appear as a comparatively dark region in a radar image. 
Both bridged and unbridged crevasses have a vertical surface at the 

crevasse side wall providing an additional scattering surface. In the case 
of a bridged crevasse, the side wall and base of the snow bridge may 
interact further to a limited extent through double bounce scattering 
(Fig. 1). As crevasses and rifts generally form in a single direction 
relative to the stress field, they often appear as linear features with 
higher backscatter but may be cross-cutting in multiple directions where 
the fracture history is complex. 

3. Study regions 

We identify two areas for detailed study and field validation: the 
Brunt Ice Shelf where a heavily monitored rift is repeatedly surveyed (De 
Rydt et al., 2019) and the McMurdo Shear Zone which forms part of the 
South Pole Traverse Route and where crevasse bridges are opened with 
explosives, presenting a unique opportunity for visual inspection 
(Kaluzienski et al., 2019) (Fig. 2). The rift known as Chasm-1 on the 
Brunt Ice Shelf tapers from several hundred metres wide to a narrow tip 
and passes through ice of varying properties. It extended by several 

Fig. 2. Location of field validation sites.  

Fig. 3. Crevasse visibility is influenced by orientation relative to look direction as shown over the McDonald Ice Rumples. The crevasses in the blue boxes are largely 
perpendicular to the look direction, while the crevasses in the orange boxes are largely parallel to look direction. Images were acquired a few days apart during 
January 2019 with the same incidence angle (42.9◦) and polarization (HH). 
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kilometres during 2019 and widened significantly in situ. The rift walls 
are flat and smooth at the centimetre-scale. It is sometimes bridged by 
snow. Nearby, a series of radial rifts in a region known as the McDonald 
Ice Rumples occupy a full 90◦ in orientation, allowing us to study the 
influence of look direction on crevasse visibility. The McMurdo Shear 
Zone is a narrow band of complex and sometimes cross cutting crevasses 
formed from the movement of the fast-flowing Ross Ice Shelf past the 
more slowly flowing McMurdo Ice Shelf. Snow bridges vary in width and 
thickness but are well-studied due to the logistical requirement of 
frequent traverses through this region. This shear zone is fairly repre-
sentative of the type of non-uniform crevasse field that would be found 
in shear zones near outlet glaciers and fast flowing regions elsewhere in 
Antarctica. 

4. Optimal imaging characteristics 

Here we describe how crevasses appear under a range of different 
imaging geometries. Most of this work is conducted with TerraSAR-X 
HH polarized stripmap imagery, although other satellites and other 
polarizations are also discussed. TerraSAR-X spotlight mode is also used, 
which applies phased array beam steering in azimuth direction to in-
crease the illumination time of a small region, also increasing the spatial 
resolution. HH is the default polarization for TerraSAR-X and in the 
particular case of crevasses where a double bounce scattering mecha-
nism may occur, it appears to have the advantage of higher backscat-
tering than VV polarization, reducing the effect of random noise and 
leading to better coherence between images. 

4.1. Crevasse orientation and look direction 

The backscatter signal from a crevasse depends very strongly on its 
orientation (Brock, 2010). Crevasses which are orientated perpendicular 
to the satellite look direction produce a high backscatter contrast rela-
tive to the surrounding snow, while crevasses that are parallel result in 
more forward scattering and are difficult to distinguish. As the radar 
signal reflects from the side walls of the crevasse, a parallel crevasse 
does not necessarily provide a strong reflecting surface. Fig. 3 shows a 
series of radial crevasses around an ice rise orientated between 45◦ in 
the north and 135◦ in the south. Bridged crevasses that are orientated at 

±45◦ oblique to look direction are still visible, although the contrast 
decreases as this increases towards parallel. In general two perpendic-
ular directions should be able to highlight all crevasses. Larger un-
bridged crevasses and rifts appear as dark, low-backscatter features. 
There is no backscatter from the air gap within the crevasse. In these 
larger features, a high backscatter line can still be seen at the farthest 
edge, representing radar foreshortening due to the vertical face. When 
the crevasse width exceeds the image ground resolution, features 
become more easily distinguishable in images at sub-optimal look di-
rections (Fig. 3). 

4.2. Incidence angle 

Incidence angle (θ) determines both the penetration depth and the 
extent of foreshortening and shadowing at the crevasse walls. To 
compare the variation in rift visibility in a more quantitative way, we 
have statistically analyzed two regions of the McMurdo Shear Zone. The 
blue outlined region in Fig. 4 contains no crevasses, while the orange 
region is heavily crevassed. These two regions should produce different 
backscatter histograms. In the crevasse-free zone, there is a strong 
variation in overall backscatter with incidence angle (Fig. 5 and 
Table 1). The steeper the incidence angle, the higher the backscatter. 
Look direction has little influence in the crevasse-free region. Crevasse 
visibility is dependent on a high contrast between crevasses and 
crevasse-free regions, so a large difference in mean backscatter from the 
two regions is desirable and indicates that the crevasses are ‘more 
visible’. It can be seen that the lower the incidence angle the higher the 
contrast between the crevassed and crevasse-free regions. 

4.3. Polarization 

Layering occurs in the snowpack due to density differences associ-
ated with individual accumulation or wind events. Vertically polarized 
microwave radiation is preferentially transmitted due to its lower 
reflection coefficent, while horizontally polarized radiation is reflected 
(West et al., 1996). The difference in penetration into the snowpack 
between vertically polarized and horizontally polarized incident radia-
tion also depends strongly on the incidence angle (Leinss et al., 2014). 
Our investigations into polarization are spread over different time 

Fig. 4. Regions used for backscatter analysis in the McMurdo Shear Zone. Insets (black box) show how linear features bridged by several metres of snow are 
represented for selected imaging geometries. Image numbers and properties are listed in Table 1. 
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periods but it is clear that overall backscatter is reduced in cross- 
polarized imagery. While the largest difference in contrast between 
crevasses and crevasse-free areas is in the HV polarized image (Fig. 5), 
the overall reduction in power of 3 to 8 dB (and resulting increase in 
noise) outweighs the benefits. 

4.4. Snow properties 

Wet snow has a significantly higher absorption than dry snow. We 
see this effect during warm periods on the Brunt Ice Shelf. The presence 
of open rifts and crevasses themselves can impact the turbulent heat flux 
and lead to increased melt (Pfeffer and Bretherton, 1987). On the Brunt 
Ice Shelf ablation is increased on the down-wind side of rifts and 
backscatter is significantly reduced in these regions when temperature 
exceeds the melting point (Fig. 6). Alternating between melting and 
refreezing produces horizontally oriented crusts at the surface and 
vertically-oriented clusters of grains due to percolation. The large snow 
grains formed during the metamorphism are effective scatterers and the 
overall backscattering increases. This has the side effect of increasing 

density and grain size contrasts in the upper layers and also increases the 
extinction rate, reducing the overall penetration depth and masking 
more deeply buried features. A sequence of images from one orbit at a 
constant incidence angle was acquired over the Brunt Ice Shelf between 
September 2018 and April 2020. A short warm period in December 2018 
led to an immediate drop in backscatter followed by a sustained in-
crease, while two more prolonged warm periods in December 2019 and 
January 2020 led to a more substantial increase in backscatter and 
reduction in the visibility of subsurface features (Fig. 7). This seasonal 
variation in backscatter and the influence on crevasse visibility is also 
seen in the McMurdo Shear Zone by comparing acquistion numbers 5 
and 11 from Table 1 which have the same imaging characteristics in 
October 2019 and April 2020. Overall backscatter is higher in April but 
the contrast between crevassed areas and non-crevassed areas is 
reduced. 

The fact that a large portion of the microwave radiation penetrates 
into the snowpack means the backscatter can be strongly affected by 
grain size, ice lenses and snow properties. Wind compaction and the 
formation of depth hoar change these properties spatially and over time. 

Fig. 5. a. Backscatter probability distributions in crevassed and non-crevassed regions of the McMurdo Shear Zone for different TerraSAR-X incidence angles and 
look directions. The extent of the blue and orange regions are shown in Fig. 4. Images were acquired between 12th and 22nd October 2019. b: Backscatter probability 
distributions under different polarizations for the same region as Fig. 2. Images were acquired between 10th and 21st April 2020. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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An accurate quantification of the relationship between snow properties 
and backscatter has useful applications for accumulation mapping 
(Dierking et al., 2012), but further discussion of the interaction of mi-
crowaves at the granular scales is beyond the scope of this study. While 
the absolute penetration depth, and therefore thickness of snow bridges 
that can be resolved, will change from area to area and over time, the 
most critical factor in the identification of crevasses appears to be the 
presence or absence of significant surface melting. Using satellite radar 
for crevasse detection will therefore fail in regions of Antarctica where 
temperatures regularly exceed 0 ◦ C, particularly when images are ac-
quired in mid-late summer. It is recommended that radar acquisitions 
for crevasse identification are scheduled outside the warmest months, 
when water content is low and higher penetration should lead to most 
clearly resolved sub-surface features. 

4.5. Frequency and spatial resolution 

When considering the optimal frequency for imaging subsurface 
crevasses, there is a balance between penetration into the snow, hori-
zontal resolution and the size of the coverage required. L-band radar can 
penetrate up to 100 m (Rignot et al., 2001), which is excessive for 
studying near surface features, while Ka and Ku band are likely to 
penetrate only between a few metres and a few centimetres (Slater et al., 

2019). There are several C-band (Sentinel-1 or Radarsat-2) and X-band 
(TerraSAR-X and CosmoSkyMed) systems currently in operation, which 
have a theoretical ability to observe sub-surface crevasses. Comparisons 
with C-band Radarsat-2 and Sentinel-1 suggest some finer detail is lost 
relative to TerraSAR-X due to lower resolution, particularly in com-
parison to the TerraSAR-X Spotlight mode. Modelling of radar in-
teractions with crevasses also suggests that X-band is the optimal 
wavelength to images features at a depth of 4 m (Brock, 2010). 

5. Ground validation 

While being able to map crevasse location is a vital first step in un-
derstanding ground conditions, other characteristics such as width and 
snow bridge thickness determine the safety of travel in an area. Here we 
compare the observed patterns of crevasses seen with satellite radar 
imagery with ground observations and ground penetrating radar. We 
use the optimum imaging characteristics described above for mapping 
the features and determine whether additional characteristics of the 
crevasses (on top of just their location) can be determined by satellite 
alone. 

5.1. Snow bridge thickness 

In the McMurdo Shear Zone, snow bridge thicknesses vary from 

Table 1 
σ0 values for the McMurdo Shear Zone under different TerraSAR-X imaging 
geometries. Images 1–10, were acquired between 12th and 22nd October 2019, 
while images 11–14 were acquired in between 10th and 21st April 2020. Bold 
values of Δ indicate the rows with the highest backscatter contrast caused by 
crevassing.  

No. Name Heading θ(◦) Pol σ0(dB) 

No 
Crevasse 

Crevasse Δ 

1 High θ 
(shallow) 

284◦ A 44.6 HH − 9.69 − 8.56 1.13 

2  259◦ D 44.6 HH − 9.72 − 9.05 0.67 
3 Mod θ 299◦ A 34.9 HH − 7.43 − 5.94 1.49 
4  242◦ D 35.9 HH − 7.29 − 6.70 0.59 
5 Low θ (steep) 310◦ A 21.4 HH − 3.70 − 1.67 2.03 
6  230◦ D 21.4 HH − 1.07 − 0.45 0.62 
7 Cross 

Polarized 
299◦ A 34.9 HV − 12.98 − 10.21 2.77 

8  242◦ D 35.9 HV − 13.39 − 11.84 1.55 
9 Spotlight 300◦ A 32.5 HH − 7.26 − 5.86 1.40 
10  244◦ D 37.5 HH − 7.89 − 7.27 0.62 
11 Low θ, 

MultiPol 
310◦ A 21.4 HH − 2.46 − 1.03 1.43 

12  310◦ A 21.4 HV − 5.75 − 3.81 1.94 
13  310◦ A 21.4 VV − 2.52 − 1.02 1.50 
14  310◦ A 21.4 VH − 5.53 − 3.57 1.96  

Fig. 6. Change in backscatter downwind of a rift on the Brunt Ice Shelf caused by turbulent heat flux associated with positive air temperatures.  

Fig. 7. Seasonal variability in average backscatter on the Brunt Ice Shelf shows 
a drop during melt events followed by an overall increase once new ice layers 
form, decreasing penetration and reducing crevasse visibility. All images in HH 
polarization with θ = 42.9◦. 
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Fig. 8. Ground-penetrating radar data and ground observations in the McMurdo Shear Zone show that narrow, shallow crevasses have a similar brightness to wider 
crevasses at depth. All TerraSAR-X imagery is from image number 9 in Table 1 (Spotlight Ascending). 

Fig. 9. Observations on the Brunt Ice Shelf of variable rift width for a constant imaging geometry. The photos show the surface impression of the rift at the same 
location, separated by one year of widening, while the aerial images show how crevasse geometry can modify the satellite representation of the reflection. 
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several metres to over 10 m. On the Brunt Ice Shelf some snow bridges 
are partially collapsed or sag in the middle, while other rifts are open at 
the surface. The difference in reflection for an open crevasse compared 
to a lightly bridged crevasse (e.g. 2 m thick) is significant and is evident 
where the same feature is bridged in some places and unbridged in 
others. Increasing the thickness of the snow bridge is expected to reduce 
the reflection from the crevasse as a lower proportion of incident radi-
ation is received at the crevasse side-walls. Other factors including 
dipping layers and localized modification of the snow properties on the 
snow bridge may balance this out by enhancing the contrast in volume 
scattering (for instance due to circulation of cold air below the snow 
bridge and the formation of hoar). An approximately 6 m thick snow 
bridge covering a crevasse 8 m wide in the McMurdo Shear Zone appears 
brightly in the perpendicular (ascending) TSX imagery, despite being 
close to the theoretical limit of what should be visible with X-band radar 
(Fig. 8). As the character of the reflection does not change consistently 
with observed variations in snow bridge thickness it is not currently 
possible to provide useful quantitative data on bridge thickness. This is 
unlikely to become possible using this technique without additional 
information on snow properties. 

5.2. Crevasse width 

Ground penetrating radar and excavations show that width is 
particularly difficult to estimate from satellite radar data. Even using the 
high-resolution spotlight imagery, here multi-looked onto a 2 m grid, the 
relative brightness or width in pixels does not reflect the actual width of 
the crevasses. A rift only a few centimetres wide and open at the surface, 
shows a strikingly similar brightness profile to a rift 10 m wide or more 
(Fig. 9). TerraSAR-X stripmap mode with 4 × 4 multi-looking, leads to a 
ground resolution of around 8 m but this resolution does not correlate 
with the horizontal scale of the features that can be seen. This is 
corroborated elsewhere in Antarctica where we have observed tide- 
cracks only a few centimetres wide that appear quite clearly in 
TerraSAR-X imagery. Only when a crevasse or rift exceeds several tens of 
metres and is open at the surface does the signature change as the air gap 
causes a decrease in backscatter parallel to the strong reflection from the 
crevasse wall. 

While it is difficult to accurately estimate width, the identification of 
features significantly narrower than the spatial resolution is very valu-
able, and an additional benefit over low-resolution visible wavelength 
satellite imagery. 

6. Conclusion 

Crevasses can be detected in radar imagery even when they are 
significantly narrower than the horizontal resolution of the image, or are 
buried beneath several metres of snow. In several cases, features 
observed at depths of 10 m or more with ground penetrating radar could 
be identified from their satellite radar backscatter signature. This is a 
tool that can change how crevasse risk is managed and reduced in 
Antarctic field operations. It also provides a scientific method for map-
ping crevassed regions to infer information about fracture and ice 
properties. Here we have shown that while the value of this imagery is 
high, optimizing the imaging parameters is vital for correctly identifying 
features. The results are backed up by modelling electromagnetic wave 
interaction with snow (Brock, 2010). 

Here we show that the most important factor which impacts our 
ability to observe sub-surface features is water fraction in the snowpack. 
This has a large impact on total absorption, dramatically reducing the 
backscatter and penetration through the snow. The development of ice 
layers following melt events also leads to inhomogeneities close to the 
surface which reduce the penetration and our ability to observe deeper 
features. The best time to acquire radar imagery for this application is 
therefore in the second half of austral winter (September / October). 

Of most importance with regard to sensor characteristics is the look 

direction, which needs to be as close to perpendicular to the features as 
possible. Two complimentary look directions at 90◦ from each other (e. 
g. from ascending and descending orbits) should be sufficient to capture 
all features where their orientation is unknown a priori. Images acquired 
with a low incidence angle are more likely to highlight sub-surface 
crevasses due to the steeper angle of penetration and less surface scat-
tering. Our data also suggests that crevasses induce relatively higher 
scattering in cross-polarized images, although overall reduction in 
power in dual-polarized images means that this is generally at the 
expense of increased noise in crevasse-free areas. TerraSAR-X does not 
acquire cross-polarized imagery in its high-resolution Spotlight mode 
and the benefits from using cross-polarized StripMap imagery do not 
outweigh the benefits of the higher-resolution Spotlight data. More work 
can be done to quantify the influence of grain size and covariance of 
polarization and incidence angle, but we recommend high-resolution X- 
band satellite radar as a standard tool to identify crevasse locations in 
polar regions. 

The linear nature of crevasses means that falsely identifying cre-
vasses where there are none due to random noise is unlikely, although 
the satellite identification of a crevasse does not always indicate a 
danger for travel given that a feature only centimetres in width can show 
up in the imagery. There does remain a danger of false negatives (i.e. not 
identifying a present crevasse) due to high water content in the snow or 
recent melting in the area modifying the near-surface crystal structure. 
On the McMurdo Ice Shelf and Brunt Ice Shelf however, where crevasses 
are identified within a scene, we have not observed additional crevasses 
on the ground within that same scene which weren’t also visible in the 
satellite imagery. While this is a positive outcome, additional ground 
observations from other areas would be needed before this technique 
could be relied on by itself for safety applications. 
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