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Abstract
In this paper we present experimental results relative to the vertical structure of snow covered sea ice, sensed with Xband microwaves in a tomographic configuration at two different polarizations. The available data are from a GroundBased SAR campaign carried out by a team from the IETR, University of Rennes 1 in March 2013, over Kattfjord,
Tromsø, Norway, in collaboration with members of the EO lab at University of Tromsø. 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. The
effect of propagation velocity in the focusing process is investigated. Tomograms at two different polarizations, VV
and HV, are considered and compared. The results in both cases reveal a strong response from sea ice.
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Introduction

The study of sea ice is of great interest for climatologists
and navigators since sea ice plays an important role in
predicting global warming trends and determining navigation routes in polar regions [1]. Snow and sea ice characteristics have been studied using electromagnetic (EM)
remote sensing techniques. Synthetic Aperture Radar
(SAR) is among the most widely used measurement techniques, due to its low sensitivity to weather conditions, to
its high resolution imaging capabilities as well as its sensitivity to volumetric scattering effects, linked to the penetrating capability of microwave frequencies deep into
semi-transparent volumetric media. For all these reasons
a considerable number of works have appeared in literature addressing the interaction of Radar waves with snow
and ice and the exploitation of SAR data for sea ice remote sensing applications [2], [3].
SAR tomography is the extension of conventional 2-D
SAR imaging to three dimensions and is achieved by the
formation of an additional synthetic aperture in elevation
[4]. The coherent combination of images acquired from
several parallel flight tracks using multi-baseline SAR interferometric techniques allows direct imaging of the volume and, therefore, it is a promising technique for the
study of volumetric properties and improved estimation
of geophysical parameters [5], [6].
In this paper we present experimental results from 3-D
imaging of snow covered sea ice and investigate the vertical distribution of scatterers in the volume. The datasets
considered are acquired by a Ground-Based SAR (GBSAR) system, which is developed at the IETR, over Kattfjord, Tromsø, Norway. It consists of X-band measurements at VV and HV polarizations.
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Data Acquisition

The system used for our study is a Ground-Based SAR
(GB-SAR) system, named Pocket SAR (PoSAR), developed at the IETR. The set up of the GB-SAR system is
shown in Figure 1. A vector network analyzer (VNA)
(A), which accurately controls the transmission and reception of the radar signals, and a set of four horn antennae (B) are contained in a metallic box, which in turn is
mounted on a long linear rail (effective aperture length is
3m) (C). A stepped motor is used to displace the metallic box parallel to the observed scene to acquire multiple images of the same scene exploiting the SAR technique. The rail is fixed on two vertical supports (D). The
four horn antennae are displaced in the azimuth and elevation. The PoSAR system can operate at four different
frequency bands, C, X, Ku and Ka, and at different polarization combinations. The radar system is controlled by
a computer, and the whole system is powered by a generator.
A
B

C

D

Figure 1: Set up of the GB-SAR system.
A high resolution 3-D map of the imaged scene can be
obtained by using many parallel tracks and synthesizing
a second aperture in the elevation direction. The GB-SAR
system is capable of acquiring up to 36 images at different elevation positions separated by a baseline.

1325

© VDE VERLAG GMBH ∙ Berlin ∙ Offenbach, Germany

EUSAR 2014

Figure 2: Measuring of sea ice; Kattfjord, Tromsø, Norway. Left: Preparation for setting up the system. Right:
Measuring the thickness of the snow cover on top of the
ice.
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Using the system described above, a GB-SAR data collection campaign was carried out by a team from the
IETR, University of Rennes 1, in collaboration with
members of the EO lab at University of Tromsø, in March
2013 in Tromsø, Norway. Figure 2 shows pictures during data acquisition. The campaign was carried out at
two different cites, fresh lake ice measurement at Prestvanett frozen lake and sea ice measurement at Kattfjord.
Only part of results from the sea ice measurements are
presented here. The illuminated scene is limited to a few
square meters. Yet spatial resolution is on the order of
few centimeters in the three directions, which allowed to
image snow plus ice layers of thickness about 52 centimeters to a sufficiently fine resolution so as to reveal its
vertical structure. The measurements considered in this
paper are acquired at X-band (10 GHz) with VV and HV
polarizations. Snow depth on top of the sea ice at the location of the test cite was about 24 cm (see Figure 3), and
the depth of the sea ice as it was measured by drilling a
hole into the ice using a hand drill, was about 28 cm.

The top panel of Figure 4 shows an X-band intensity
tomogram (computed using equation (1)), displayed as
height-ground range section, from 18 acquisitions at VV
polarization, and the bottom panel is the Coherence ratio
tomogram (using equation (2)) from the the same number
of acquisitions at the same polarization. All the tomograms in this paper are obtained by averaging 37 azimuth
looks. From these two tomograms, it can be clearly seen
that it is possible to identify the three different interfaces
of the imaged scene, where the top layer corresponds to
air-snow, the middle to the snow-ice and the bottom to the
ice-sea interfaces. In addition, it can also be noted that it
is convenient to observe the interfaces from CR tomogram than the intensity tomogram. Here it is worth mentioning that the CR values will be close to 1 if the scattering mechanism is quasi-deterministic. On the other
hand, lower values are associated to either lower global
return or low correlation. Therefore, higher CR values
are associated to either the interfaces or higher global returns whereas lower values are associated to the volume.
Moreover, it can be noted that the ice layer is characterized by relatively higher intensity values compared to the
snow. This could be associated to several factors: sea ice
is a mixture of water, salt, brine (dissolved salt) and air.
Therefore, scattering by air bubbles and brine inclusions
could be one potential source for this higher return. Another possible source could be irregular structures of the
bottom surface of the ice layer or disturbed sea surface.
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Figure 3: The depth of snow and sea ice at the test cite
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Results and Interpretation

Three dimensional signal focusing was achieved by
jointly processing multiple SAR acquisitions through
Time Domain Back Projection (TDBP). Using this 3-D
SAR processing algorithm, two kinds of information can
be produced:
I(r) = |

N
im
X

Si (r)ejφi (r) |2

(1)

I(r)
PNim
| i=1 |Si (r)||2

(2)

i=1

and

s
CR(r) =

with r = (x, y, z) is the 3-D location, Nim the number of acquisitions, Si (r) the ith dataset sampled at location r and φi (r) the phase compensation term used
in the TDBP algorithm. I(r) represents the 3-D intensity whereas CR(r), the Coherence ratio, represents the
amount of correlated information contained within the
Nim echoes at location r.
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Figure 4: Multi-looked very high resolution (VHR) tomograms based on 18 acquisitions.

3.1

The effect of Propagation velocity

Another interesting observation that can made from the
tomograms is that the different layers appear tilted with a
positive slope from near range to far range, and this tilting effect is more pronounced at the bottom layers. This
phenomenon can be explained by considering the effect
of propagation velocity within the medium. In the focusing process, we have used vacuum propagation velocity
despite the fact that the radar wave is propagating in a
dense medium. For a simple demonstration, we have considered homogeneous snow and ice layers. Let the propagation velocity (and refractive index) of the snow and
ice layers be vsnow (nsnow ) and vice (nice ) respectively.
First we have considered the air and the snow interface,
and apply the principle of wave propagation across this
interface. The following derivation is an extension of
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the derivation given in [7] for one interface to two interfaces. For a certain pair of angle and delay (θ1 , τ ) (see
Figure 5), the apparent height of a target inside the snow
(zsnowapp ), assuming propagation in air is given by
−c(τ − τ0 )
cτ
cosθ1 =
cosθ1 (3)
2
2
where H = 2.25m is the equivalent antenna height, τ0 is
the delay corresponding to a target at z = 0, and c is vacuum propagation velocity. Accounting wave propagation
inside the snow equation (3) will be modified to
zsnowapp = H −

zsnow =

−vsnow (τ − τ0 )
cosθ2
2

(4)

z
H

Figure 5: Apparent target height resulting from a change
in propagation velocity into the snow and ice. B is the
apparent position of target A when c is used for focusing
From Snell’s low, we have
sin(θ1 )
c
nsnow
=
=
sin(θ2 )
vsnow
nair

(5)

3.2

One can note that equation (6) and (7) can be used to
estimate the refractive indices of the medium. Since we
know the true location of the interfaces (see Figure 3),
and we can also identify them from the tomograms, the
refractive index (propagation velocity ) of the snow can
be estimated by searching a value for nsnow (vsnow ) in
equation (6) that makes the slope of zsnowapp match with
the slope of the snow-ice interface in the tomogram. Referring to Figure 6, the approximate fit for the second
line from the top (for the snow-ice interface) is found for
a value of vsnow = c/1.4, i.e., nsnow = 1.4. Similarly,
equation (7) can be used to estimate the refractive index
and the propagation velocity inside the ice. An approximate fit for the third line (for the ice-sea interface) was
found for a value of vice = c/1.7, i.e., nice = 1.7. Estimation of refractive indices of sea ice and snow has been
studied by different authors. According to [9], depending
on the temperature and salinity, refractive index of low
salinity sea ice at 10 GHz is reported to have a range of
values between 1.6733 and 1.8166. Another study in [10]
shows this value to vary between 1.7029 and 1.8439, depending on temperature and salinity and density. Therefore, our estimated value, 1.7, for fjord ice is a good estimate. Moreover, depending on the density, refractive
index of dry snow at microwave frequencies is reported
g
g
to vary between 1.265 (0.3 cm
3 ) and 1.6775 (0.8 cm3 )
[8]. In this case also, our estimated value, 1.4, for the refractive index of snow agrees with previous experimental
studies.

,where nair , the refractive index of air, is taken as 1. θ2
and θ3 are the angle of refraction at the respective interfaces. Taking the ratio of equation (3) and (4), and using
equation (5), gives
zsnowapp
zsnow

=

cos(θ1 )
vsnow . cos(θ2 )
c

=

Height [m]

CRVV

nsnow cos(θ1 )
nair . cos(θ2 ) (6)

nice
nair [zice

+ zsnow ( nnsnow
ice

cos(θ3 )
cos(θ2 )

cos(θ1 )
− 1)] cos(θ
(7)
3)

,where zsnow and zice are the actual scatter height locations. Closely investigating equations (6) and (7) tells
us that targets at near range appear to have bigger depth
whereas targets at far range appear to have smaller depth
than their actual depth. The white lines of Figure 6 are
the apparent position of all targets in the tomogram at
a given height (in a medium of propagation velocity v)
when vacuum propagation velocity is used for focusing.
They show how horizontal lines at 0, 24 and 52 cm depth
appear deformed when vacuum propagation velocity is
used. Therefore, if the effect of propagation velocity in
the medium is not correctly accounted for, it will make
the task of interpreting the tomograms very difficult. For
example, the results could be given a wrong interpretation
by linking this tilting effect to topographic differences,
which is unlikely for sea ice floating on a level sea.
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Using a similar computation, and applying Snell’s low
successively at the air-snow and snow-ice interfaces,
the apparent height position of a scatter inside the ice
(ziceapp ), assuming propagation in air is given by
ziceapp =

Estimation of refractive indices
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Figure 6: Apparent locations of the interfaces.

3.3

Comparison Between VV and HV

Comparison of the vertical structure of the medium at VV
and HV polarizations is shown in Figure 7. The top row
is obtained by processing 15 acquisitions at VV and the
middle one corresponds to the same number of acquisitions at HV. The combined 30 measurements were taken
at the same time.
As it can be seen from the figures, we can see the response from the air-snow interface at near range in both
the VV and HV cases (the response from VV is slightly
higher). It can also be noted that the strongest crosspolarized response comes from the middle layer, which
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is associated to the ice. In general a cross-polarized
component is linked to a backscattered signal from nonspherical particles (such as snow flakes and ice crystals),
or to multiple scattering contributions. In our particular
case, the relatively weaker HV response from the snow
compared to VV could be an indication that the snow
layer is filled with more spherical snow particles than
snow flakes. On the other hand, the relatively strong copolarized and cross-polarized responses from the sea ice
tells us something about the complex makeup of the sea
ice medium. In particular, the difference in shape, size
and orientation of the air bubbles in the ice is one potential source of higher cross-polarized backscatter from sea
ice. One big notable difference between the VV and HV
tomograms is the stronger HV response from the bottom
part of the ice compared to VV. Possible explanation for
this could be the different orientation of bubbles, or some
irregular structure of the the bottom surface of the sea ice,
or rough sea surface. Finally, in all the tomograms, we
see relatively strong return from the ice at far range. Our
preliminary investigations indicate that this is potentially
linked to the Brewster effect.
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Conclusions

In this work we presented preliminary results involving
the vertical structure of snow covered sea ice. The test
cite under investigation was Kattfjord, Tromsø, Norway.
A 3D GB-SAR system was used to acquire multiple SAR
images from slightly different elevation positions. We
have investigated the vertical structure of the multilayer
complex medium consisting of three media, snow, sea ice
and sea. The interfaces were easily identified from the tomograms which were displayed as a height-ground range
sections. The vertical distribution of scatterers at two different polarizations is compared, and we have found in
both the VV and HV cases that the strongest backscatter comes from the sea ice layer. It was also indicated
that if propagation velocity in snow and sea ice is not
correctly accounted for in the focusing process, the results will be distorted and this in turn will complicate the
interpretation of the results. By considering wave propagation across the air-snow and snow-ice interfaces, we
have demonstrated that, the process of accounting the effect of propagation velocity will enable us to estimate the
refractive indices of the respective medium using Snell’s
low.
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