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Abstract—In this paper we present experimental results relative to the vertical structure of snow covered lake ice and sea
ice, sensed with X-band radar system operated in a tomographic
configuration. The available data are from a Ground-Based SAR
campaign carried out over Prestvannet frozen lake and Kattfjord,
both in Tromsø, Norway. Direct imaging of the vertical structures
of the snow and ice layers is achieved by focusing the signal from
a 2D synthetic array in the 3D space. By making use of a priori
information about the depth of snow and ice, the refractive index
of snow and sea ice/lake ice is estimated from a single polarization
tomographic measurement, and the results are in good agreement
with previous experimental results. We have also shown that air
bubbles in low salinity ice are the main contributors for the
backscatter signal from ice.

I.

I NTRODUCTION

Physical characterisation of sea ice and lake ice, and the
corresponding snow cover play a pivotal role in understanding
and monitoring changes in the global climate and ecosystem.
The physical and electrical properties of the ice and its snow
cover control the amount of solar radiation reflected to the
atmosphere, absorbed within snow and ice, and transmitted
into the ocean or lakes beneath the ice [1]. Synthetic Aperture
Radar (SAR) is a very important measurement technique for
snow and sea ice characterisation, due to its low sensitivity to
weather conditions, to its high resolution imaging capabilities
as well as to its sensitivity to volumetric scattering effects,
linked to the penetrating capability of microwave frequencies
deep into semi-transparent volumetric media [2], [3]. In [4] we
demonstrated the use of a very high resolution ground based
SAR measurement system in a tomographic configuration for
3-D characterisation of of snow covered fjord ice. A fundamental advantage of this approach compared to the classical
2D SAR imaging is its capability of direct imaging of the
vertical structure of the scene.
In this paper, we will investigate and compare the vertical
structure of a snow covered lake ice medium with a sea ice
medium using a ground based tomographic SAR system. The
datasets considered here are acquired by a very high resolution
ground-based SAR system [4] , over two different sites. The
first is a low salinity sea ice measurement collected over
Kattfjord, Tromsø, Norway. The second one is fresh lake ice
measurement acquired over Prestvanett frozen lake, Tromsø,
Norway. One of the main objectives is to extend the techniques
used in [4] for analyzing, and estimating the refractive index
of a snow covered sea ice medium to the analysis of a snow
covered lake ice medium. This will give us the opportunity
to compare the estimated parameters for sea ice and lake ice.
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The datasets acquired at the two test sites consist of X-band
measurements at VV polarization from 18 acquisitions taken
at different elevation positions separated by a baseline.

II.

T EST SITES AND DATA ACQUISITION

A ground-based tomographic SAR system which is described in [4] is used to collect sea ice and lake ice data. The
sea ice data was collected over kattfjord, Tromsø Norway. The
sea ice formed at Kattfjord is seasonal ice that can have a life
of up to three to four months depending on the season. The
depth of the snow at the fjord was 24 cm and the depth of
the ice was 28 cm. On the other hand, the lake ice data was
collected over Prestvannet frozen lake, in Tromsø Norway. The
lake is shallow and usually no deeper than four meters. Only
in the center, where measurements were taken, greater depths
are reached. The ice formed at the lake is also seasonal and
can have a life of up to four months. The depth of the snow at
Prestvannet frozen lake was 20 cm and the depth of the ice was
90 cm. In this paper, we will consider measurements from both
sites acquired at X-band and VV polarization. Even though
most of our ground truth information is rather qualitative,
we have made the following observations about some of the
properties of the scene. The sea water at the fjord was fresh
and therefore the ice formed can be seen under the framework
of low salinity sea ice. This is mainly attributed to the fresh
water coming from the surrounding mountains during the early
periods of the winter. The ice at both sites contain significant
amounts of air bubbles of size in the order of few millimetres
(ranging from 0.5 mm to 7 mm) (see Fig. 1(c) and 1(d)). Both
the snow surface and the top surface of the ice layer were not
rough at both sites. The snow cover on top of the ice was
dry at both sites. Figure 1 contains some of the ground truth
information from the two test sites.

III.

R ESULTS AND DISCUSSIONS

Three dimensional signal focusing was achieved by jointly
processing multiple SAR acquisitions through Time Domain
Back Projection [4], [5]. This technique, which mainly involves
formation of three dimensional focusing grid, inverse discrete
Fourier transform and interpolation, enables direct imaging
of the vertical structures of the snow and sea ice layers by
focusing the signal from a 2D synthetic array in the 3D
space. After focusing, the signal is presented in the form of
tomograms (2-D sectional images) by vertically sectioning the
3-D image of the considered medium.
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interface, is the lake ice medium. From the tomograms, it can
be noted that this lake ice layer contains multiple sub-layers.
The vertical stratification within the lake ice medium is a clear
indication of the existence of multiple homogeneous sub-layers
of different geophysical property within the medium. This is
clearly observed from the lake ice core of Fig. 1(c). Going
from the top part of the core to the bottom, one can easily
see a decrease in the density of the air-bubbles. However, this
decrement in density is not in a homogeneously continuous
manner. It is rather in discrete steps of homogeneous rings of
some thickness. Such structures can for example be formed as
a result of the ice formation process.

Snow
24 cm
Sea
ice

28 cm
Sea water

(a) Lake ice: Depth of snow (b) Sea ice: Depth of snow
and ice
and ice

Comparing the backscatter response from the snow layer
versus the ice layer, it can be clearly seen that the response
from the ice is superior. This is directly linked to the physical
properties of the two media. Dry snow at X-band is transparent
[7]. On the other hand, inhomogeneities in ice (mainly the
air bubbles in the case of lake ice) contribute most for the
backscatter signal from the ice layer. Referring to the lake ice
tomograms once more, it can be observed that the response
from the bottom part of the lake ice medium (starting from an
apparent depth of around 0.6 m until the bottom) is weaker
compared to the top part. This is due to the fact that the bottom
part of the ice layer is relatively bubble-free than the top part.
This can easily be noted from the lake ice core of Fig. 1(c).

(c) Lake ice cores
Irrigularly shaped randomly oriented Air bubbles

(d) Sea ice cores

Fig. 1: Ground truth information from the two test sites

A. Lake ice and fjord ice tomograms
In this section, the tomograms from both test sites will be
presented. As it is briefly discussed in [4] and [6], two types
of information can be produced from the 3-D focussed image.
The first one is the intensity information, and the second one
is the coherence ratio (CR) information.
Tomograms from the lake ice dataset are presented in Fig.
2(a). The top panel shows an X-band intensity tomogram
displayed as height-ground range section, from 18 acquisitions
at VV polarization, and the bottom panel shows the corresponding Coherence ratio tomogram. The tomograms are obtained by averaging 37 azimuth looks. From these tomograms,
especially from the CR tomogram, it can be clearly seen that
the reconstructed volumetric medium is characterized by a
complex multi-layered vertical structure. As it is discussed
in [4] and [6] in detail, structures having higher CR values
correspond to the interfaces between the layers. Therefore, the
top horizontal structure (see the bottom panel of Fig. 2(a)),
located at zero elevation position, corresponds to the air-snow
interface. One general observation that can be made from the
tomograms is that the different interfaces and layers are tilted
from near range to far range and this distortion increases as a
function of depth. As a result of this distortion, the interfaces
and the layers are not located at their correct positions. As it is
discussed in [4] in detail, the tilt of the different layers from
near range to far range is a result of different propagation
velocity of the transmitted wave in the considered medium
than in air, and this issue will be discussed in more detail later
in section III-B. The second structure from the top, which
is slightly tilted from near range to far range corresponds
to the snow-ice interface. From this second interface until
the very bottom structure, which corresponds to the ice-water
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Fig. 2(b) shows the sea ice tomograms from the Kattfjord
test site. As in the lake ice case above, the top panel is
the intensity tomogram, whereas the bottom panel is the CR
tomogram. From these two tomograms, it can be clearly seen
that the reconstructed volume contains three distinct structures
having strong backscatter power. These structures correspond
to the three interfaces of the imaged scene, where the top
corresponds to air-snow, the middle to the snow-ice and the
very bottom to the ice-sea interfaces. The distortion of the
different layers can easily be noted in this case too. From
the tomograms, it can also be noted that the ice layer is
characterized by relatively higher intensity values than the
snow layer. In general, for snow covered ice medium similar
to the one under investigation, there are a number of sources
for the backscattering signal [8]. These are surface scattering
from air-snow, snow-ice and ice-water interfaces, and volume
scattering contributions from inhomogeneities within the snow
and the ice layers. Examples of inhomogeneities in sea ice
include brine pockets, air bubbles and drainage structures. The
relative strength of the backscatter power at the interfaces is
dependent on the roughness of the surfaces with respect to the
wavelength used, and the level of dielectric mismatch between
the two media forming the interface. On the other hand,
the relative strength of the backscatter power from volume
inhomogeneities is a function of the size (with respect to the
wavelength), shape, orientation and correlations in positions of
the inhomogeneities with in the volume. It is stated in many sea
ice literature that first year sea ice contain significant amount
of brine pockets but fewer air bubbles [8], [7] and [9]. As
a result, in such types of sea ice, the brine pockets are the
main inhomogeneities that have significant contribution to the
backscatter signal. On the contrary, multiyear sea ice contain
significant amount of air bubbles but fewer brine pockets, specially in the upper part. Therefore, the air-bubbles are the main
sources of backscatter in such types of sea ice. The physical
description of both first and multiyear sea ice is discussed in

Intensity

the slightly deeper snow cover of the fjord than that of the lake.
On the other hand, the ice from the lake is much more thicker
than that of the fjord. As a result, we were able to identify
sub-layers within the lake ice. This is mainly associated to
the local inhomogeneity of the bubbles in the lake ice and the
vertical resolution of the radar system. Visually comparing the
ice cores from the two test sites in Fig 1, the bubbles in the
fjord ice are more homogeneous through out the whole depth
of the core than that of the lake ice. Even under the assumption
of identical ice conditions, using a radar system with vertical
resolution of 15 - 40 cm, it is much more easier to detect sublayers in a 90 cm thick ice than that of 28 cm thick ice. In
both test sites, the signal strength from the ice was superior
than the that of the snow cover. Finally, from the discussions
above, we can draw the following key points. In low salinity
ice, the main sources of backscatter are the air bubbles. This
was depicted in the tomograms of both sites. Particularly, from
the lake ice tomograms, the relatively bubble-free bottom part
of the ice was characterized by a weaker response compared to
the the top part which contains enormous amount of bubbles.
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Looking at the tomograms of Fig. 2, the different layers are
tilted from near range to far range. As it is pointed out above,
this distortion is a result of different propagation velocity of
the wave in the considered medium than in air. In [6], we
have used the process of accounting this difference in wave
propagation velocity to estimate the refractive indices of snow
and sea ice from the Kattfjord test site. In this section, we will
apply the same procedure to the lake ice dataset to estimate
the refractive indices of snow and lake ice.
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(b) Sea ice tomograms from Kattfjord

Fig. 2: Very high resolution tomograms from the two test sites:
kattfjord and Prestvanet frozen lake from 18 acquisitions at Xband, VV polarization.

detail in [8] and [10]. Coming back to our scene, as it is pointed
out in section II, the ice at kattfjord is seasonal ice having only
a few months of life time, with low salinity characteristics and
containing significant amounts of air bubbles (see Fig. 1(d)).
Here, with respect to the air bubbles and salinity, the two most
geophysical parameters relevant to microwave scattering from
sea ice, the resemblance of the ice at kattfjord and multi-year
sea ice can be noted. Therefore the strong backscatter power
from the ice layer (between the snow-ice interface and the
sea surface) can reasonably be associated to volume scattering
contributions from the observed air bubbles. In [9], the effect
of air bubbles on the radar backscatter of multiyear sea ice is
discussed. Due to the presence of large number of air bubbles
and the low salinity nature of multiyear sea ice, it has been
discussed that the dominant scattering mechanism is volume
scattering from the bubbles. Their discussion is in support of
our explanation above.
Comparing tomograms from these two test sites, the snow
layer can be easily identified from the intensity tomogram in
the sea ice case than that of the lake ice. This is attributed to
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Our estimation technique is based on a priori information
about the position of the interfaces between the different
media. In both test sites, the depths of the three interfaces (airsnow, snow-ice and ice-water) are known from ground truth
measurements (see Fig. 1). In addition, the snow and the ice
layers are assumed to be horizontal. The main idea of the
estimation technique is to iteratively find a match between
the slope of an interface in the tomograms and the slope
of an interface represented by a horizontal line, where its
depth is known a priori, deformed under the use of vacuum
propagation velocity. The left column of Fig. 3 shows how
horizontal interfaces (red) undergo deformation (white) when
vacuum propagation velocity is used for focusing. Therefore,
the idea is to find a white line for the corresponding red line
which matches the interfaces in the tomogram. Mathematical
derivations and details of the the estimation procedure can be
found in [4] and [6]. Applying the procedure, it is found that
the refractive index of the snow is 1.3 and that of the lake ice
is 1.7.
The estimated refractive index values are then used to correct the distorted tomograms. The right column of Fig. 3 shows
the corrected tomograms. For the fjord ice scene, after the
correction, the different layers and interfaces are approximately
horizontal and at their correct elevation positions (see Fig.
3(b)). However, the correction of the lake ice tomograms is
not as perfect as the fjord ice ones (see Fig. 3(d)). From the
figure, it can be noted that the ice-water interface is at a slightly
bigger depth than the actual one. One explanation for this is
the presence of sub-layers with in the lake ice medium. Such
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C ONCLUSION

In this work we presented preliminary results involving
the vertical structure of snow covered lake ice and sea ice. In
the two test sites considered, we have investigated the vertical
structure of a multilayer complex medium consisting of three
media: snow, lake ice/sea ice and water underneath. The
interfaces were easily identified from the tomograms which
were displayed as a height-ground range sections. For both test
sites, we have shown that the air bubbles are the main agents
for the strongest ice backscatter. In the relatively thicker lake
ice, we were able to identify sub-layers within the medium.
We have also estimated the refractive indices of snow and lake
ice. The estimated values are in good agreement with previous
experimental results. Owning to the homogeneity of the fjord
ice, our estimation and correction algorithm worked well for
the kattfjord scene. However, as it was illustrated using the
lake ice dataset, the approach has limitations when the ice is
locally inhomogeneous.
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In [6], we have found that the the refractive index of the
snow and the ice at the Kattfjord test site was 1.4 and 1.7
respectively. We have also showen that these estimated values
are in a good agreement with previous experimental results.
Here, an estimated value of 1.3 for the snow cover of the lake
ice is also a reasonable estimate compared to the value of
1.4 for the snow cover of the fjord ice with similar physical
characteristics. Refractive index values of lake ice can be seen
under the category of refractive index of pure ice. Few reported
values from previous studies for the real part of the refractive
index of pure ice at X-band are 1.781 and 1.7872, in [11] and
[12] respectively. Our estimated value of 1.7 is only slightly
smaller than the values reported in the various literature. As
it is just pointed out above, this can be associated to the
performance of our estimation algorithm when it comes to
locally inhomogeneous ice layers. In comparing the estimated
values for lake ice and fjord ice, we found identical values
of 1.7. The combined effect of the low salinity nature of the
fjord ice, the availability of enormous amounts of air bubbles
and the limitation of our estimation approach for locally
inhomogeneous ice layers could contribute to the similarity
of the estimated values for these two types of ice.
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layers may have different refractive index values, and assigning
a single refractive index value for the whole ice medium might
not be appropriate. The lake ice cores of Fig. 1(c) support this
argument. The density of the bubbles decrease as a function
of depth, and the less bubbles the ice contain, the higher
the refractive index will be. Therefore assigning a common
refractive index value for the whole ice will overestimate the
refractive indices of the top sub-layers. As a result, as it can
be seen from the bottom panel of Fig. 3(d), the slope of
the top sub-layers started becoming negative. This takes us
to a conclusion that the method works best when we have
a homogeneous medium where we can assume an effective
refractive index.
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