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ABSTRACT

In this paper near co-incidental Sentinel-1 C-band SAR im-
agery and Sentinel-3 SRAL Ku-band altimeter data are com-
pared for their capabilities of sea ice type discrimination.
Knowledge of sea ice type is important for climate research
and safety in Arctic offshore operations.

First-year ice is characterised by a low SAR backscatter
intensity in both HH and HV polarisation compared to multi-
year ice, while the altimeter waveform parameters show high
pulse peakiness and peak power compared to multi-year ice.

Thus SAR imagery and altimetry can principally discrim-
inate different ice types. The complexity of the backscattered
radar signal however impedes a clear separation of the two
types for all cases. Cross comparison of the two sensors of-
fers an opportunity of high resolution validation data, which
is often lacking for sea ice studies.

Index Terms— Sea ice, SAR, altimeter

1. INTRODUCTION

Information about ice types are valuable not only for naviga-
tion but also for climate research and safety of Arctic offshore
operations (e.g. [1]). Satellite based synthetic aperture radars
(SAR) and radar altimeters provide year round and high reso-
lution information about the Arctic sea ice cover.

In this paper we investigate the relation between Sentinel-
1 SAR data and Sentinel-3 SRAL altimeter data for ice type
discrimination. Ice type classification in itself has been in-
vestigated for SAR imagery (e.g.[2]) as well as for air- and
spaceborne altimetry (e.g. [3, 4]), but to the authors’ knowl-
edge no systematic comparison of high resolution SAR al-
timeter data and SAR imagery for ice type discrimination has
been performed. Near coincidental acquisitions from two dif-
ferent sensors provide the opportunity to compare and vali-
date results against each other. Especially altimeter data has
been widely used for basin wide studies but its capabilities
to resolve smaller scale features have not yet been exploited
in detail. In this paper we investigate the relation between
the mean SAR backscatter within the altimeter footprint with
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Fig. 1: Study area with dataset from 2018-01-01 outlined in
green and from 2018-02-03 outlined in blue, where red marks
the areas investigated in the results section.

parameters that describe the altimeter waveform, e.g. pulse
peakiness and peak power [5].

2. DATA

We used Sentinel-1 and Sentinel-3 data from 2018-01-01
(outlined in green in Fig. 1) and 2018-02-03 (outlined in blue
in Fig. 1) located in the Beaufort Sea for our analysis. The
time separation between the acquisitions is about 5 h, with
Sentinel-1 preceding Sentinel-3. Ice drift possibly causes
misalignment of small features between the acquisitions of
the two sensors [6], but no data with smaller time deviation is
available.

2.1. Sentinel-1 processing

Sentinel-1 data in extra-wide (EW) ground-range detected
(GRD) mode with medium resolution and dual-polarization
(HH and HV) was used in our study. The SAR is operated
at C-band with a frequency of 5.405 GHz. The resolution is
about 100 m with a square pixel size of 40 m. The data was
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calibrated to γ0 to account for incidence angle dependence
and projected to UTM coordinates. The processing was car-
ried out using the Sentinel Application Platform (SNAP) with
the following processing graph: Apply orbit file→ Noise re-
moval→ Slice assembly→ Calibration→ Terrain Correction
→ dB conversion.

2.2. Sentinel-3 processing

We used Sentinel-3 level 1b SAR waveform data. The altime-
ter is operated in Ku-band with a frequency of about 13.575
GHz [7]. The data is corrected for geometrical and instrumen-
tal effects and a multi-looked waveform is provided for each
location. No further preprocessing was applied. The footprint
of each altimeter waveform is about 1.6 km across track and
300 m along track.

3. METHOD

The Sentinel-3 waveform is characterized by its peak power,
pulse peakiness and stack standard deviation. The peak power
is the power of the first peak within the waveform exceeding
10 % of the maximum power. We use the first peak because of
it’s correspondence to the altimeter footprint and to reduce the
influence of off-nadir specular returns. The latter is of impor-
tance for sea ice thickness determination. For pulse peakiness
PP we used the following formula based on [8, 9]:

PP =
peak power∑Ns

i=1 poweri
∗Ns (1)

where peak power is the power of the first peak, poweri
the power of the ith range bin and Ns the number of range
bins. The stack standard deviation is a parameter of the level
1b product and is a measure for the variation of the waveforms
used to form the multi-looked waveform [9]. These parame-
ters can be used to identify different scattering regimes. Spec-
ular returns are characterized by a high peak power and pulse
peakiness as well as a low stack standard deviation. Diffuse
returns as from sea ice floes are less peaky and have a larger
stack standard deviation.

For comparison of the waveform parameters with the
backscatter information from the SAR image, the altimeter
waveform locations are first identified in the SAR scene. For
each location a rectangular footprint of the altimeter resolu-
tion cell oriented along the flight track is determined. For the
altimeter footprints, mean values of SAR backscatter for both
polarisations are calculated.

First year and multi-year areas are manually determined
by visual interpretation of the SAR images. Altimeter foot-
prints can span over different ice types and the waveform can
therefore be affected. Furthermore parameter statistics for
the different ice types are calculated excluding echoes from
leads, identified by high peak power and pulse peakiness, and
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Fig. 2: Histograms showing the peak power (upper left), pulse
peakiness (upper right), stack standard deviation (lower left)
and SAR HH backscatter (lower right) of first year and multi-
year ice derived from data of both dates.

those, where the first peak is not the highest peak in the wave-
form. The latter can be caused by off-nadir specular returns
and leads to distorted waveforms, that cannot be clearly clas-
sified [10].

4. RESULTS

Fig.2 presents histograms of peak power (upper left), pulse
peakiness (upper right), stack standard deviation (lower left)
and SAR HH backscatter (lower right) of first year and multi-
year ice alongside a probability density estimation (kernel
density estimation). The histograms are derived from data
of both dates, that could be clearly attributed to one ice type.

Waveform peak power of multi-year ice is slightly higher
than for first year ice while the SAR backscatter shows an op-
posite trend. This is due to the different look directions of the
nadir looking altimeter compared to the side-looking SAR.
Hence smoother surfaces give a higher peak power in altime-
ter waveforms while they result in lower backscatter for the
SAR image. Furthermore volume scattering of multi-year ice
further increases the backscatter in the SAR image while it re-
duces the altimeter peak power. For pulse peakiness and stack
standard deviation a slight separation of the two ice types can
be observed. Pulse peakiness is higher for first year ice com-
pared to multi-year ice while stack standard deviation is lower
for first year ice compared to multi year ice.

Fig.3 shows two examples of corresponding Sentinel-1
and Sentinel-3 data from 2018-01-01 (left panels) and 2018-
02-03 (right panels), which are highlighted red in Fig.1. A
subset of the HV SAR images along the transects demon-
strates the present ice situation. In Fig.3a bright multi-year
ice floes are embedded in a matrix of darker first year ice.
Fig.3b on the other hand shows a much more complex ice
situation, where a low backscatter contrast between first year
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(a) HV SAR image with altimeter track 2018-01-01 (Copernicus Sen-
tinel Data 2018)
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(b) HV SAR image with altimeter track 2018-02-03 (Copernicus Sen-
tinel Data 2018)
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(c) From top to bottom: Peak power, pulse peakiness, HH and HV
backscatter intensity (Contains modified Sentinel data 2018)
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(d) From top to bottom: Peak power, pulse peakiness, HH and HV
backscatter intensity (Contains modified Sentinel data 2018)

Fig. 3: Subsets of HV SAR image with altimeter track ((a),(b)) along with peak power, pulse peakiness, HH and HV backscatter
intensity ((c),(d)) for 2018-01-01 and 2018-02-03 in the left and right panels respectively.
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ice in the lower left corner through a mixture of thicker first
year ice and multi-year ice in the centre to multi-year ice in
the upper right corner, impedes the distinction of the two ice
types.

These differences in the ice situation are also represented
in peak power, pulse peakiness, HH and HV SAR backscat-
ter intensity shown from top to bottom in Fig.3c and Fig.3d.
Each panel represents the data from A to B along the transects
shown in Fig.3a and Fig.3b respectively. For 2018-01-01 the
multi-year ice floes with their high SAR backscatter intensity
in HH and HV (lower two panels in Fig.3c) correspond to
lower peak power and pulse peakiness derived from the al-
timeter waveforms (top two panels in Fig.3c). This opposite
behaviour in reflected power is a consequence of the differ-
ent look directions of the altimeter and the SAR, as described
above. One can also observe that the HV SAR backscatter en-
hances the contrast between multi-year and first year ice (see
lower panels in Fig.3c).

For 2018-02-03 the lower contrast of the different ice
types is reflected in less distinctive waveform parameters
peak power and pulse peakiness (top two panels in Fig.3d) as
well as in HH and HV SAR backscatter (lower two panels of
Fig.3d). The SAR backscatter at HV shows a decrease along
the transect which is barely recognisable at HH polarisation.
This underlines the strength of the cross-polarisation channel
for ice type discrimination. While there is no clear trend visi-
ble in the peak power (top panel in Fig.3d), a slight increase
in pulse peakiness is observable (second panel in Fig.3d).

5. CONCLUSIONS

Sentinel-1 SAR and Sentinel-3 altimeter data have capabili-
ties to discriminate ice types at relatively high resolution by
backscatter intensity and waveform parameter analysis, re-
spectively. The complex dependence of the backscattered sig-
nal not only on ice type but also on surface and upper layer
as well as environmental properties, however impedes a ro-
bust separation of the different ice types under all conditions.
Especially the transformation from thicker first year ice to
multi-year ice imposes challenges on the discrimination. In
this case SAR images have the advantage of spatial informa-
tion that facilitate decision making. The larger footprint of the
altimeter can span over different ice types or surface regimes
and impact the waveform and hence its interpretation. There-
fore more research is needed on how the waveform is affected
in those cases.

Nevertheless, we could demonstrate the potential of
Sentinel-1 SAR and Sentinel-3 altimeter data for cross verifi-
cation of small scale sea ice features. This is of importance as
high resolution and independent validation data is not avail-
able in great abundance for sea ice studies. Furthermore the
results can be extended to CryoSAT-2 and other C-band SAR
sensors.
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