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Abstract

Sea ice monitoring has attracted increasing attention over the last few decades. Besides the scientific interest in
sea ice, the operational aspect of ice charting is becoming more important due to growing navigational possibilities
in an increasingly ice free Arctic. Despite proven sea ice classification achievements on single polarimetric SAR
data, a fully automated, general purpose classifier for single-pol data has not been established due to large variation
of sea ice manifestations and incidence angle impact. Recently, through the advent of polarimetric SAR sensors,
polarimetric features have moved into the focus of ice classification research. The higher information content four
polarimetric channels promises to offer greater insight into sea ice scattering mechanism and overcome some of the
shortcomings of single-polarimetric SAR for sea ice type discrimination. In this study, fully polarimetric data in
L, S and X-band simultaneously acquired by DLR’s FSAR system are investigated. Specific dataset were acquired
in the framework of DLR-DALO ARCTIC’15 campaign over west Greenland. Proposed supervised classification
algorithm consists of two steps: The first step comprises a feature extraction, the results of which are ingested into
a neural network classifier in the second step for training and validation. Based on the common coherency and
covariance matrix, we extract a number of features and analyze the relevance and redundancy by means of mutual
information for the purpose of sea ice classification. Usefulness of different polarimetric features at different
frequency bands will be investigated using mutual information analysis along with quantitative comparison of
classification results at different frequency bands. Validation of sea ice classification results with Across Track
Interferometry (XTI) - derived freeboard measurement is ongoing and initial results are reported.

1 Introduction over sea ice was carried out in 1988 and observations

were reported in [6]. Where authors reported that such

Most research published so far on SAR based sea ice
classification concentrates on single polarized data at
one frequency band (e.g. [2, 10, 17, 4, 13, 9]). Such
work naturally concentrates on classical image anal-
ysis tools. Among such tools are texture analysis
via gray level co-occurrence matrices (GLCM), (cf.
[8, 17, 2]), autocorrelation methods( [7]) and Markov
random fields (MRF)([10]). However useful and suc-
cessful these techniques may be, there are still major
obstacles in sea ice classification, that remain for all
mentioned approaches. Most prominent is the high
variability of different ice types by influence of inci-
dence angle, weather conditions, location and season.

Multi frequency Fully polarimetric observations from
state of the art airborne SAR sensors promises to cope
better with these obstacles, since each acquisition con-
tains more information than only one SAR channel
[6]. The different backscatter behaviors in different
microvave frequencies and polarization channels allow
for a better characterization of different ice types. The
first known multi-frequency fully polarimetric airborne
SAR (AIRSAR, Jet Propulsion Laboratory) acquisition

a multi frequency fully polarimetric SAR system is an
invaluable tool specially contributions from lower fre-
quency bands in order to extract sea ice geophysical
information.

2 Dataset and Methodology

The Airborne SAR imagery used in this study were ac-
quired by German Aerospace Center’s (DLR) F-SAR
system. The DLR-DALO-ARCTIC flight campaign of
2015 took place in April and May. The campaign was
jointly organized by the Danish Defence Acquisition
and Logistics Organization (DALO) and the German
Aerospace Center (DLR). The principal goals of the
campaign were twofold: To analyze the potential of
high-resolution polarimetric SAR for security and en-
vironmental protection applications in Arctic environ-
ments on the one hand, and on the other hand to inves-
tigate various advanced methods for extracting ice and
snow parameters from SAR data. F-SAR’s main design
feature is the fully polarimetric operation in five fre-
guency bands, X-, C-, S-, L- and P- band, with the abil-
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ity to measure several different frequency bands and/or
polarizations simultaneously [12]. It also features high
radiometric accuracy and spatial resolution as well as
across-track interferometers in X- and S-band. The
particular dataset were acquired simultaneously in L, S
and X band (fully-polarimetric) on 22nd of May 2015
at 16:57 UTC (approx.) over west of Greenland (above
Arctic Circle, see Fig. 1). Two data acquisition have
been carried out (PS02 and PS03) in repeat pass inter-
ferometric mode (PS02 and PS03 are both in right look-
ing Configuration) covering 102 km in azimuth and 4
km in range direction for each data takes. Fully po-
larimetric acquisitions in L, S and X band have been
used for classification purpose and sea ice freeboard
measurements derived from X-band single pass inter-
ferometric mode acquisitions have been utilized here
to assess the accuracy of the proposed classifier.

During the DALO-ARCTIC F-SAR campaign to
Greenland in 2015 [11], multi-spectral polarimetric
SAR imaging was employed on most of the test-sites.
During the campaign datasets were acquired in one of
three configurations: XCL-, XSL- and P-Band, where
XSL and XCL could be toggled from pass to pass (i.e.
within minutes). During this particular acquisition used
in this study XSL combination was selected.

Ice conditions comprised a mixture of Young Ice (Y1),
Smooth First Year Ice (SFYI) and Rough First/Multi
Year Ice (RFMYI) along with small patches of Open
Water (OW) between SFYI and RFMYI floes. As
training dataset we chose small image patches from
PS03 acquisitions representing each of the dominant
ice types (indicated by rectangles in Fig. 1 with cor-
responding ice type color, i.e. Blue - Open Water/Nilas
(OW), Purple - Young Ice (Y1), Yellow - Smooth First
Year Ice (SFYI), Red - Rough First Year/Multi Year
Ice (RFYMYN)). The variation in backscatter behavior
of the four acquisitions differ due to different frequency
bands or incidence angle range. Training data rectan-
gles in the image were determined by visual judgment
(e.g. using Pauli RGB representation, Co Pol Power
Ratio) in conjunction with archive data (Official ice
charts and local temperature) of ice situation for the lo-
cation and time of the year. Ice concentration charts of
the Danish Meteorological Institute (DMI) reported a
local average sea ice concentration of 90%. According
to NASA MODIS data on 2015/05/22 (OB.DAAC), the
sea surface temperature in the region of datatakes was
around -5 ° Celsius (apart from open water portions).
The regime of dominant ice classes found were Open
Water (OW), Young Ice (Y1) and mixture of Smooth
First/Multi Year Ice (SFMYI) and Rough First/Multi
Year Ice (RFYMYI). After selecting the training area
we extracted a total of 18 polarimetric features along
with their local variances to build a feature space. De-
tails of each polarimetric feature and their mathemat-
ical expressions are described in [14, 15]. After ex-
tracting the features we train three separate Artificial
Neural Networks which are designed to classify FSAR

imagery in L, S and X bands. It is important to note
here that we selected same training area for different
ice typesin L, S and X bands.

Table 1: F-SAR’s principal imaging parameters.
Repeat-pass INSAR modes are available at all bands.SP
INSAR : Single Pass Interferometric Mode.

X C S L P
Freg. [GHz] 9.6 53 325 1.325 0435
PoISAR quad quad quad quad quad
SP InSAR v - Y - -

BW[MHz] 760 380 300 150 50

power [W] 2500 1000 1250 750 750
rg res. [m] 025 05 0.6 1.0 4.0
az res. [m] 01 025 03 0.5 2.0
swath [km] 2 to 5, depending on aircraft altitude

3 Classification Results

The processing chain was implemented in the Exelis
IDL programming language (image ingestion, calibra-
tion, feature extraction, statistical analysis) and in C
(ANN classifier). The hardware specifications we used
were: 14 GB RAM, Intel Core i-7 3740 QM, virtual
linux OS. The processing time was 20 min in total
for feature extraction and classification. In order to
validate the stability of the training process, we ran-
domly split the initial training data patches into two
disjoint subsets (training and reference samples). The
classification results compared to reference data sam-
ples (as presented in Tables 2, 3 and 4 ) exhibit a very
promising accuracy, which underscores the stability of
our algorithm. The percentages in the matrix indicate
the proportion of samples of one reference class that
were assigned to the respective ice type by the classi-
fier. Therefore columns add up to 100%. Fig. 1 shows
the classification results obtained in L, S and X band
along with Pauli RGB representation.

Table 2: Classification results compared to refer-
ence data samples from each class, FSAR acquisition:
22/05/2015 PS03 T12x4 L band

Reference ice class
ANN Result ow Yl SFYI | RFMYI
ow 100.0% | 0% 0% 0%
Yl 0% 97.6% | 0.6% 0%
SFYI 0% 2.0% | 99.4% | 0.5%
RFMYI 0% 0.4% 0% 99.5%

Table 3: Classification results compared to refer-
ence data samples from each class, FSAR acquisition:
22/05/2015 PS03 T12x4 S band



Reference ice class
ANN Result ow YI SFYIl | REMYI
ow 100.0% 0% 0% 0%
Yl 0% 96.9% | 0% 0%
SFYI 0% 1.57% | 100% | 0.8%
RFMYI 0% 1.53% | 0% 99.2%

Table 4: Classification results compared to

refer-

ence data samples from each class, FSAR acquisition;
22/05/2015 PS03 T12x4 X band

Table 2,3 and 4 provide us with an overview of the
classifier performance in different frequency bands. In
terms of overall classification accuracy L-band perform
slightly better than S- and X- band. However when it
comes to the differentiation between OW and other ice
types, all frequency band performed extremely well.
Young Ice (newly formed ice) is to some extend over-
represented in X-band most likely due its higher noise
floor compared to L-band. We also remark that at the
extreme edges (Far Range and Near Range) the perfor-
mance of the classifier becomes unreliable, specially

for higher frequency bands. In Fig. 2 we also com-

paired the classification results obtained from differ-

ent frequency bands on pixel by pixel basis. In order

to carry out this comparisons, classified images form

different frequency bands are first geo-coded and then

Reference ice class
ANN Result ow Yl SFYI RFMYI
ow 100.0% 0% 0% 0%
Yl 0% 87.60% | 3.25% | 2.13%
SFYI 0% 8.90% | 94.75% | 5.42%
RFYMYI 0% 3.50% 2.0% | 92.45%

we identified the pixels where classes differs from each

Figure 1: Top to Bottom: (a) Pauli RGB compos-
ite of the L-band FSAR acquisition on 2015/05/22,
16:57:49 UTC. (b) L- band Ice classification. (c) Pauli
RGB composite of the S-band FSAR acquisition on
2015/05/22, 16:57:49 UTC. (d) S- band Ice classifica-
tion. (e) Pauli RGB composite of the X-band FSAR ac-
quisition on 2015/05/22, 16:57:49 UTC. (f) X- band Ice
classification. Training locations for different classes
are shown in Fig (a). Legend: Blue - Open Water/Nilas
(OW), Purple - Young Ice (Y1), Yellow - Smooth First
Year Ice (SFYI), Red - Rough First Year/Multi Year Ice
(RFYMYI).

other (i.e. producing a binary layer where 1 represent
mismatch). Majority of the mismatches occur on the
boundary of different classes (e.g. boundery between
OW and SFY1) which are mainly due to different char-
acteristics of sea ice under different frequency band.
According to our observation varying penetration depth
of different frequency band and presence of snow plays
a major role on the performance of the classification
scheme.

Figure 2: Top(Left to Right): L-, S-, and X- band
Ice classification. Legend: Blue - Open Water/Nilas
(OW), Purple - Young Ice (Y1), Yellow - Smooth First
Year Ice (SFYI), Red - Rough First Year/Multi Year Ice
(RFYMYI).Top(Left to Right): Pixel-wise class mis
match between L- and S-band, L- and X-band, S- and
X-band,

The classified sea ice types are here compared to the
high resolution interferometric measurements, e.g. sin-
gle pass accross track (XTI) derived freeboard. This
kind of comparisons of SAR based sea ice classifica-
tion results, with comparable resolution to SAR acqui-
sitions, are rare due to the challenging nature of the
Arctic environment and high associated costs for air-



borne measurements.

To relate the XTI freeboard measurements to the sea
ice thickness (T), [3] and[16] found that the freeboard
values (hr) should be multiplied with a factor k. Where
k depends on the sea ice, snow and water density and
the sea ice and snow height.

T =k xhr )

A more detailed study by [5], found that for young ice
the k-value is 1-2, for level ice is equal to 4.4, for de-
formed ice is equal to 5.2. It is important to mention
here that those studies are based on Laser-based free-
board measurement which have slightly different prop-
erties than SAR XTI based freeboard measurements,
mainly due to the penetration capabilities of microwave
signal and SAR interferometric imaging mechanism.
As the XTI freeboard measurements are derived from
X-band and it is well known that the penetration capa-
bilities of this specific frequency band is very limited,
specially in the absence of dry snow cover. Manually
selected ROIs were used to extract XTI freeboard val-
ues from the different sea ice types (classified) and the
open water within the X-band scenes. The relationship
between the sea ice types and theoretical sea ice free-
boards are given in Table 5, together with observed sea
ice freeboard derived from XTI measurements. It is
observed that the selected sections of classified images
(i.e. classified ice types) show good agreement with ob-
served XTI derived freeboard, and in accordance with
the WMO standard for sea ice types [1].

Figure 3: Blue

Top: X- band Ice classification.
- Open Water/Nilas (OW), Purple - Young Ice (Y1),
Yellow - Smooth First Year Ice (SFYI), Red - Rough
First Year/Multi Year Ice (RFYMY1) Middle: XTI (HH
channel) derived freeboard measurements in meter.
Bottom: XTI (HV channel) derived freeboard measure-
ments in meter

Table 5: Estimated sea ice freeboards for the differ-
ent sea ice types as well as observed XTI (HH) sea ice
freeboard. The sea ice thickness is given according to

WMO Sea Ice Nomenclature.

Sea lce Sea lce Estimated Sea | Observed XTI
Type Thickness Ice Freeboard | Freeboard (HH)
ow <0.1m <0.05m 0.00m=0.05m

YI 0.1m-0.3m | 0.05m-0.15m | 0.08 m=%0.06m
SFYI 0.3m-2.0m | 0.07m-0.45m | 0.15m=0.15m
RFYMYI >2m >0.36m 0.27m=0.18m

4 Conclusions

Until recently sea ice classification using airborne SAR
was rather uncharted research domain. We investigated
the potential of DLR’s FSAR fully polarimetric data
for automated sea ice classification in L, S and X-band.
We deem the distinction of all classes in different fre-
guency bands are quite promising. Remarking that both
training and validation data are from the same ice situa-
tion (i.e., same time, location and incidence angle), our
method displays consistency in itself and stability with
respect to the choice of training data in different fre-
quency bands. Validation of the classification results
with freeboard measurements derived form XTI mea-
surement is ongoing. A detailed statistical analysis of
different polarimetric features with respect to class sep-
aration and a quantitative analysis of classification re-
sults in different frequency bands will be included in
the final manuscript. Future work on improvement of
the classification technique will include identification
of optimum polarimetric features and reduction of fea-
ture space which will facilitate shorter processing time.
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