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Abstract

We estimate sea-ice type specific incidence angle (IA) dependencies for dual polarized (HH/HV)
L and C-band synthetic aperture radar (SAR) for the winter, melt onset and advanced melt sea-
sons for level and deformed ice, using time-series of Advanced Land Observing Satellite-2
(ALOS-2) and Sentinel-1 imagery off the north-east coast of Greenland. The IA dependencies
are used to radiometrically correct the L and C-band backscatter time-series, which enables ana-
lysis of their seasonal evolution. From this, we observe that the L-band backscatter intensity
increases for both ice types at the transition from winter to melt onset. We use these results
to estimate ice type separability and to train an IA aware Bayesian classifier at both frequencies.
These results show that while both frequencies are capable of distinguishing level and deformed
ice during the winter, only L-band SAR can reliably make this separation during the melt onset
season. During the advanced melt season, the overall classification accuracies are similarly low for
L and C-band. This study demonstrates the potential of L-band SAR for sea-ice mapping, which
is highly relevant in the light of several upcoming L-band SAR missions.

1. Introduction

With diminishing sea-ice extent in the Arctic Ocean (Meier and Stroeve, 2022) and a growing
demand for marine operations, an increase in shipping activity is seen (Lasserre and Pelletier,
2011; Stephenson and others, 2013; Lasserre and Têtu, 2020). Operational sea-ice mapping is
currently performed manually by trained ice analysts using predominantly (wide-swath) syn-
thetic aperture radar (SAR) imagery, though this approach is subjective and time consuming.
Computer-assisted ice type mapping shows potential, e.g. Malmgren-Hansen and others
(2020); Wang and others (2023); however, automated ice type classification based on SAR
C-band imagery is challenging when the melt season starts as the wet snow masks out the
backscatter contribution from the ice (Onstott and Carsey, 1992). L-band SAR can potentially
mitigate this problem, as the longer wavelength is less susceptible to the rapidly changing snow
conditions during the melting season (Onstott and Carsey, 1992; Casey and others, 2016).

Wide-swath SAR imagery is most commonly used for ice charting because of its broad spa-
tial coverage. The incidence angle (IA) increases continuously across the swath width and the
radar backscatter intensity generally decreases with increasing IA. However, the rate of the
decrease depends on the scattering properties of the surface and inner structure of the medium
imaged, where the contribution from the latter depends on the penetration depth (Casey and
others, 2016). When the backscatter intensity is given in decibel (dB), its decrease can be
approximated by a linear function for the typical IA range of wide-swath SAR imagery
(Cristea and others, 2020). The rate of decrease is then also referred to as the ‘slope’ and is
typically given in dB per 1◦. Slopes for different sea-ice types have been well studied for
C-band data, particularly during the winter season (Mäkynen and others, 2002; Mäkynen
and Karvonen, 2017; Mahmud and others, 2018; Aldenhoff and others, 2020), with a thorough
summary of C-band slopes given in a recent study by Geldsetzer and Howell (2023). In their
work, the authors investigated the IA dependency of C-band sea-ice backscatter for both the
winter and melt season using successive image differencing to estimate the IA dependency
from Radarsat Constellation Mission (RCM) data. The advantage of this method is that by
using successive scenes from a time-series with high temporal resolution, the impact of chan-
ging physical properties in the sea ice and snow cover is reduced. This is of particular import-
ance during the melt season, when physical changes in the snow and ice properties occur more
rapidly than during the cold winter season.

Investigations of the IA dependency for L-band backscatter over sea ice are more sparse. A
summary of L-band slopes from previous studies is given in Table 1. Note that Mahmud and
others (2018) is the only study that provides ice type specific IA dependencies. Apart from
Karvonen and others (2020), these studies were limited to the winter season and only consid-
ered the IA dependency for the HH polarization. Karvonen and others (2020) estimated gen-
eral sea-ice slopes for both HH and HV polarization for the period January–August. It should
be noted that the Advanced Land Observing Satellite-2 (ALOS-2) data used in their study were
acquired before a change in the settings of the HV-channel was applied (11 April 2018), after
which the performance over ocean and coastal regions improved Aldenhoff and others (2018).
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Wakabayashi and others (2004), while not providing slope esti-
mates, found that for L-band SAR the HH-channel backscatter
monotonically decreased with increasing IA for thin ice, smooth
ice, and rough ice, while the HV-channel showed no IA depend-
ency for these classes. The HV-channel backscatter values were,
however, at the same level as the system noise floor in their
study, hence the IA dependency of the cross-pol channel at
L-band requires further investigation.

Incorporating per-class IA dependencies in classification algo-
rithms has been shown to improve classification results for
C-band SAR (Lohse and others, 2020; Cristea and others,
2020). We therefore use IA dependencies and temporal backscat-
ter evolution to train such a classifier at both L and C-band. While
L-band ice type classification has been studied using fully polari-
metric SAR data (Dierking, 2009; Dabboor and others, 2017;
Singha and others, 2020), the use of wide-swath SAR data for
this purpose has received less attention. Comparisons of L and
C-band SAR backscatter over sea ice have been made by
Mahmud and others (2018) for the winter season and by Casey
and others (2016) for the melt season. The L-band SAR data in
these studies were acquired by the Phased Array L-band
Synthetic Aperture Radar (PALSAR) sensor onboard ALOS in
ScanSAR Wide mode, and therefore contained only the
HH-channel and covered a more limited IA range compared to
ALOS-2 PALSAR-2 imagery. Toyota and others (2021) compared
the capabilities of L and C-band SAR for separating level and
deformed ice across different IAs using images from the Sea of
Okhotsk. They concluded that L-band was more suitable for
this task with accurate separation extending into the melt season.
However, their study was limited to seasonal sea ice and hence a
thinner ice regime consisting primarily of pancake ice, nilas and
thin level ice. Their findings might therefore not be directly trans-
ferable to regions containing thicker, potentially heavily deformed
ice covers, which may be encountered in the Arctic Ocean or
Fram Strait region. Mahmud and others (2022) used overlapping
C and L-band ScanSAR data to study both single- and multi-
frequency ice type classification in the Canadian Arctic
Archipelago (CAA) during the freeze-up season, though the
case study was limited to two L and C-band image pairs and
IA corrected co-polarized channel data. As such, more research
on ice type classification from L-band wide-swath data is needed
for different seasons and including multiple polarization chan-
nels. This is of particular importance in light of new and upcom-
ing operational L-band missions such as NISAR, ALOS-4
PALSAR-3 and ROSE-L, which will provide wide-swath data suit-
able for operational sea-ice mapping.

In this study, we use a time-series of ALOS-2 PALSAR-2
(L-band) and Sentinel-1 (S1) (C-band) imagery over landfast
sea ice off the north-east coast of Greenland lasting from
November 2021 to August 2022 to estimate IA dependencies
and evaluate the temporal evolution of backscatter intensities
for different ice types. These findings are then used as input to
train IA aware classifiers at both frequencies in order to compare

the performances of L and C-band for ice type mapping. The
objectives of this study can be summarized as:

1. Estimate IA dependencies for both the HH and HV-channel at
L and C-band for level and deformed ice throughout a full
season;

2. Investigate the seasonal backscatter evolution for both frequen-
cies for different ice types;

3. Use the above findings as input for IA aware classification for
both L and C-band.

2. Study area and data

The study area is Belgica Bank, a region off the north-east coast of
Greenland, which can be seen in Figure 1. The sea ice around
Belgica Bank is both formed locally and advected from the
Arctic Ocean. A large portion of the ice in the region is fast ice,
as grounded icebergs and ridge keels lock the ice in place over
the shallow bank (Vinje, 1986; Hughes and others, 2011). In
this study, we focus on different ice types within the fast ice
area at Belgica Bank. This allows us to easily monitor the same
sea-ice surfaces in fixed regions of interest (ROIs) over time.
Furthermore, it enables the direct comparison of observations at
different frequency, even with time differences between the
image acquisitions images of up to several days. Moreover, in
April and May 2022, in situ data were collected within the
study area and a weather buoy (AWI0801) was deployed (see sec-
tion ‘In situ data’ for more details).

2.1 SAR data

We used SAR data acquired at both L-band (ALOS-2) and C-band
(S1) from the period where the fast ice persisted (11 November
2021 to 1 August 2022). Both datasets consist of dual-polarized
imagery (HH and HV), meaning that a horizontally (H) polarized
radar signal was transmitted and was received by both a horizon-
tally and vertically (V) oriented antenna. All available ALOS-2
ScanSAR scenes from descending orbits were used in this study.
Ascending orbit scenes were available in the end of January and
beginning of February, however, an unexplained shift in backscat-
ter intensity was observed over the same location and IA between
descending and ascending orbits. We therefore chose to disregard
the scenes from ascending orbits to simplify the analysis. For the
C-band data, we used all available S1 imagery from ascending and
descending orbits acquired in extra wide-swath (EW) mode over
the study area. The total number of scenes used was 47 ALOS-2
scenes and 220 S1 scenes. In addition, we used scenes from
2023 covering the same region as test data for the ice type classi-
fication, which consisted of an additional six ALOS-2 scenes and
eight S1 scenes. A complete list of the ALOS-2 scenes used can be
found in Appendix A (Table 7). Specifications of the sensor
modes and data used are given in Table 2.

Table 1. Previous studies on the IA dependency of sea-ice backscatter from L-band SAR (FYI = First Year Ice, MYI = Multi Year Ice)

Channel Ice type Slope [dB/1◦] Period Region Satellite Source

Unspecified −0.25 Canadian
ALOS Mahmud and others (2018)

HH FYI −0.21 February Arctic
MYI −0.30 – March Archipelago

(CAA)
HH Unspecified −0.246 January Kara and

ALOS-2 Karvonen and others (2020)
HV Unspecified 0.085 – August Barents seas
HH Unspecified −0.25 March Arctic Ocean ALOS-2 Singha and others (2020)

– May (North of Svalbard)
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2.2 In situ data

We used temperature data collected by a sea-ice mass-balance
array (SIMBA) buoy (Jackson and others, 2013) deployed in the
fast ice (78.69° N, 12.07°W) during the CIRFA cruise 2022
(Dierking and others, 2022). Weather data from Villum research
station at Station Nord, from here on referred to as Station Nord,
were used to connect the temperature evolution with the backscat-
ter evolution for the fast ice. The temperature records were used as
a basis to define three different seasons: winter, melt onset and
advanced melt.

The temperature data from the SIMBA buoy provide on-site
measurements for the period 28 April 2022 to 13 July 2022
(Fig. 2). Temperature measurements were made by a 4.8 m long
thermistor chain, with thermistors spaced 2 cm apart, initially
measured with a sampling interval of 6 h, which was increased
to 2 h from 24 May 2022 onwards (Dierking and others, 2022).
The seven uppermost thermistors were placed above the ice and

are used as an estimate of the air temperatures in the region.
The temperature measurements from the thermistors were aver-
aged to produce one time-series, which was subsequently filtered
with a running median filter of length seven to remove short
timescale fluctuations.

We retrieved daily mean, minimum and maximum tempera-
ture records for the period 1 November 2021 to 1 August 2022
from Station Nord (81.60° N, 16.67° W) through the Danish
Meteorological Institute (DMI) open data API (https://opendata
docs.dmi.govcloud.dk/DMIOpenData, accessed: 30 January
2024). The temperature time-series is shown in Figure 2, with
three different seasons (see section ‘Definition of seasons’) high-
lighted by colors: orange for winter, gray for melt onset and red for
advancedmelt. Prior to snow/icemelting, which caused the SIMBA
temperature profile to hover around 0° C, the Spearman’s rank cor-
relation coefficient between the SIMBA and Station Nord profiles
was 0.68. Based on the similarity we deemed it reasonable to use
the data from Station Nord as a proxy for the air temperatures at

Table 2. Specifications of the satellite data used in this study, spatial resolution is given as range x azimuth (NESZ = Noise Equivalent Sigma Zero)

Sensor Mode Pixel spacing Swath width IA range NESZ (dB) Spatial resolution

ALOS-2a ScanSAR Normal 25 × 25 m 350 km 25°−49° −26 95.1 × 77.7 mb,c

S1d EW 40 × 40 m 410 km 18.9°−47° −22 20 × 40 m

a https://www.eorc.jaxa.jp/ALOS-2/en/about/palsar2.htm, accessed: 06/11-2023
b https://www.restec.or.jp/en/solution/product/product-alos-2/alos-2-about.html, accessed: 18/04-2024
c With 5 looks in azimuth and 3 looks in range
d https://sentinels.copernicus.eu/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/extra-wide-swath, accessed: 17/01-2024

Figure 1. Map of the study area, with ALOS-2 scene outlines marked by yellow squares. The inset image is an ALOS-2 HH-channel image from 10/04-2022 calibrated
to σ0 (dB). The blue and green regions are the ROIs for level and deformed ice, respectively. The location of the weather buoy AWI0801 is marked by a pink circle,
and the location of Station Nord is marked by an orange house. Map data: Google.
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Belgica Bank for the entire period, even though Station Nord is
located ∼330 km north-west of the SIMBA buoy.

2.2.1 Definition of seasons
Based on the temperature records (Fig. 2) and assisted by inter-
pretation of the C-band backscatter time-series, we separated
the SAR data into three distinct seasons. Following the descrip-
tions given by Barber and others (2001) and Casey and others
(2016), we were able to define the following three seasons for
this study: winter, melt onset and advanced melt. The first
instance of positive temperatures from the on-site temperature
measurements occurred on 25 May 2022, which we defined as
the start of the melt onset season. Temperature observations
from Station Nord stayed consistently above 0° C from 24 June
2022, which we determined to be the transition from melt onset
to advanced melt. The melt onset and advanced melt seasons
are represented by two clusters of ALOS-2 scenes, acquired during
the periods 2 June 2022–6 June 2022 and 4 July 2022–1 August
2022, respectively. The acquisition frequency of S1 for the melt
onset and advanced melt seasons was similar to the post S1-B fail-
ure winter season frequency (1–3 days between scenes).

Thorough descriptions of the evolution of C-band radar back-
scatter in different thermodynamic sea-ice regimes are given in
Barber and others (2001) and Casey and others (2016). Barber
and others (2001) provide the temporal evolution of C-band
SAR backscatter for first-year ice (FYI) and multi-year ice
(MYI), starting with the freeze-up in autumn and transitioning
through winter, early melt, melt onset and advanced melt. The
winter season is characterized by cold sea ice and dry snow,
and subsequently stable SAR signals for both ice types. This
extends into the early melt season, which is characterized by
the onset of snow metamorphism. As such, small amounts of
water may be present in the snow pack, though not enough to
cause significant scattering at C-band and longer wavelengths.
Barber and others (2001) observed that there was no discernible
difference between the winter and early melt C-band SAR signals,
as the amount of water present in the snow pack during melt
onset was still small. This is in line with what we observed (see
section ‘Analysis of temporal backscatter evolution’), and we
therefore chose to group these two seasons together for our ana-
lysis. The transition from early melt to melt onset occurs when
liquid water is consistently present in the snow pack. This increase
in liquid water present in the snow pack reduces the penetration
depth of the radar signal, which at C-band causes surface scatter-
ing from the wet air-snow interface and volume scattering from
the snow to be the dominant scattering mechanism for both
level and deformed ice. As such, separation of ice types becomes

difficult from C-band SAR during this period, however longer
wavelengths could potentially penetrate deeper into the wet
snow and still give a returned signal that partly originates from
surface scattering at the snow-ice interface. (Barber and others,
2001; Casey and others, 2016; Mahmud and others, 2020). The
transition from melt onset to advanced melt occurs when the
snow pack is completely saturated by water, which is followed
by rapid snow melt. During this period, the ice surface also
experiences melting. The advanced melt period is also character-
ized by the formation of melt ponds, which depending on the
wind conditions can cause a significant increase or decrease in
SAR backscatter (Barber and others, 2001). However, as melt
ponds are typically smaller in size than the spatial resolution of
wide-swath SAR data, a mixture of melt ponds, wet snow and
bare ice may be present within a pixel (Casey and others, 2016).
As the advanced melt season progresses, pond drainage initiates
which is followed by ice breakup (Barber and others, 2001).

3. Method

Here we describe the methodology used to (1) process the SAR
data and estimate the IA dependency of sea ice, (2) estimate
class separability for different frequencies and seasons, and (3)
perform ice type classification at both L and C-band.

3.1 SAR processing

3.1.1 Preprocessing
We applied precise orbits and thermal noise removal to the S1
data using the Sentinel Application Platform (SNAP) version
9.0.0. All SAR scenes (ALOS-2 and S1) were then calibrated to
σ0 and multi-looked. To account for the difference in spatial reso-
lution of the ALOS-2 and S1 data products (Table 2), we used dif-
ferent multi-looking windows: 3 × 3 for ALOS-2 and 2 × 2 for S1.
We then projected the images to EPSG:3996 IBCAO Polar
Stereographic with a pixel spacing of 80 m and converted the
backscatter intensities to dB. We also extracted the IA informa-
tion, which was resampled to match the pixel spacing of the cali-
brated SAR scenes before being projected to the same coordinate
reference system.

3.1.2 Selection of ROIs
Two different types of sea ice are investigated in this study,
namely level and deformed sea ice. The class definition follows
the classification scheme for the area in Lohse and others
(2024); Færch and others (2024), but is limited to the classes
that occur in the landfast area. Level ice is defined as ice with

Figure 2. Temperature records from the SIMBA buoy AWI0801 (magenta) and Station Nord (red). Daily mean, minimum and maximum from Station Nord are shown,
with the solid line representing the mean temperature and the shaded area the span between the minimum and maximum temperatures. The background colors
indicate the different seasons; winter (yellow), melt onset (gray) and advanced melt (red). A brief warming event was observed between 12 March 2022 and 17
March 2022, which is indicated by two dashed-dotted vertical dark gray lines.
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no apparent large-scale deformation and a relatively smooth sur-
face, which results in low backscatter intensity at both HH and
HV polarization during cold and dry winter conditions, when
the snow cover has minimal influence on the SAR signal.
Deformed ice is ice that has undergone large-scale deformation
resulting in ridges of meter scale or large rubble fields, which
give a high backscatter intensity at both HH and HV polarization
during winter conditions. In Lohse and others (2024), the classes
are defined based on visual analysis of overlapping SAR and
optical data, with the optical data confirming the presence (or
absence) of large-scale deformation. Since ice age cannot be dir-
ectly inferred on a pixel basis from such overlapping image
pairs, no distinction is made between FYI or MYI. However, as
the level ice is formed in-situ at Belgica Bank, it can easily be
tracked back in time and is confirmed to be FYI. The deformed
ice is advected from the north and likely consists of a mixture
of MYI and deformed FYI. Operational ice charts from DMI
(not shown) confirm that the fast ice area contains a mixture of
deformed FYI and MYI, with an approximately equal amount
of old ice (MYI) and thick FYI. The class definitions should be
kept in mind when comparing the results from this study to
those of previous work.

Based on visual interpretation of the SAR imagery, we manu-
ally selected ROIs for level and deformed ice in stable regions of
the fast ice area using QGIS and the ALOS-2 HH-channel. Scenes
acquired during the winter season were used to identify the ROIs,
which were manually inspected to make sure the ROIs stayed
within the fast ice for the period investigated. To avoid class con-
tamination and mixed classes, the selected ROIs are relatively
small, 1000 m in width and height, and located such that edges
between different ice types are not contained within the ROIs.
We selected four ROIs for each ice type. Examples of the selected
regions are shown in Figure 3. Due to the stability of the fast ice
area, the same ROIs can be used to study the temporal evolution
of the backscatter signatures at both L and C-band. An overview
of the range of IAs covered at L and C-band for both ice types
during the different seasons is given in Table 3.

3.1.3 Estimation of IA dependence
We estimated IA dependency using successive image differencing,
from here on referred to as the differencing method (Mäkynen
and Karvonen, 2017; Geldsetzer and Howell, 2023). The IA

dependency is calculated by extracting the mean backscatter
(s 0) and IA (IA) within an ROI for two subsequent scenes,
and estimating the backscatter slope coefficient as a function of
IA as follows:

b = Ds 0

DIA
(1)

where b is the backscatter IA dependency. For the S1 time-series,
we use two subsequent scenes in time to estimate the slope. The
time-series of ALOS-2 scenes was significantly more sparse, so in
order to obtain additional slope estimates, we utilized a pair-wise
comparison between each ALOS-2 scene and the next three scenes
in time. Time separations for ALOS-2 and S1 can be seen in
Table 4. There were large time separations between some of the
ALOS-2 scenes during the winter and advanced melt seasons,
though no particular influence from this on the slope estimates
could be observed and as such we did not introduce any time sep-
aration cut-offs. Slope estimates as a function of DIA for both L
and C-band from the winter season can be seen in Figure 4,

Figure 3. Examples of ROIs for level ice (blue, (a)–(d)) and deformed ice (green, (e)–(f)). The shown areas cover 5 × 5 km and the size of the ROIs is 1 × 1 km. The
mean IA within each ROI is given in yellow. The SAR imagery is from 12 February 2022.

Table 3. Minimum and maximum IA covered by the selected ROIs at L and
C-band for each season

Level ice Deformed ice

Wavelength Minimum Maximum Minimum Maximum Season

L-band 28.237° 48.829° 29.925° 48.340°
C-band 22.271° 45.857° 22.689° 45.393° Winter

L-band 28.275° 48.879° 28.967° 48.344°
C-band 27.945° 45.852° 28.545° 45.389° Melt onset

L-band 33.248° 48.899° 34.042° 48.356°
Advanced melt

C-band 27.934° 45.857° 28.534° 45.393°

Table 4. Mean, minimum and maximum time separation between scenes used
for successive image differencing for ALOS-2 and S1 (Time separations for the
three different seasons are provided for ALOS-2, while time separations for the
periods with S1-A and -B and only S1-A are given for S1; d denotes day(s) while
m denotes minutes)

ALOS-2 S1

Winter Melt onset Advanced Melt A + B A

Mean 8.8 d 2.2 d 14 d 0.8 d 2.1 d
Min 1 d 2 d 2 d 48 m 0.4 d
Max 38 d 5 d 26 d 2 d 5 d
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where the slope estimates are grouped by the time separation
between the scenes used. The time separation between S1 scenes
increased after the failure of S1-B (23 December 2021), but stayed
consistent between seasons after this.

Similar to Geldsetzer and Howell (2023), we observe that small
IA differences result in a larger spread of the slope estimates
(Fig. 4). As all the ALOS-2 data were acquired from four repeating
orbits, the slope estimates are grouped into three groups of similar
DIA. Hence, there was a gap between DIA ≈ 7◦ and DIA ≈ 11◦

with no data points. We observed that the group from DIA , 7◦

had large spread in the slope estimates, and we therefore chose a
cutoff at DIAcutoff = 8◦, which is similar to the cutoff used in
Geldsetzer and Howell (2023). This cutoff was applied to the S1
data as well.

After discarding the slope estimates from below DIAcutoff , we
averaged the remaining slopes to produce a single slope estimate
for each ice type at both channels during the different seasons at
both frequencies. These slope estimates are used to correct the
backscatter, and as input for the ice type classification algorithm.
To generate the time-series of slopes (Fig. 5) the slope estimates
from all ROIs for each day were averaged.

3.2 Class separability

To estimate class separability we used the Jeffries-Matusita (JM)
distance, where a score of 2 indicates a perfect separability and
a score of 0 indicates inseparable classes. JM > 1 is therefore
deemed to indicate ‘high’ separability while JM < 1 indicates
‘low’ separability. We chose this method as it is computationally
inexpensive and is well suited for classification of remote-sensing
data (Sen and others, 2019). The JM distance requires the mean
vector and covariance matrix of the classes as input. Since the
mean vector is IA dependent and we have estimated the slopes,
we replace the constant mean with a linearly variable mean and
hence obtain class separability as a function of IA.

3.3 Ice type classification

We performed ice type classification with both L and C-band SAR
data using a Bayesian classification approach with per-class IA

dependency developed by Lohse and others (2020). The ROIs
used to estimate the IA dependencies were used as training
data, where mean vectors, IA slopes and covariance matrices for
each class at each band were estimated using both L and
C-band data. We trained separate classifiers for each season at
both L and C-band using the 2021–2022 data.

For validation of our classifier, we selected ROIs from images
over the same area in 2023, making the validation dataset com-
pletely independent from the training dataset. The validation
ROIs were extracted from three ALOS-2 and four S1 scenes
from the winter season, two ALOS-2 and three S1 scenes from
the melt onset season, and one scene from the advanced melt sea-
son for both sensors. We evaluated the classification performance
on a per-scene basis using the per-class accuracy:

Per-class accuracy = Total correctly classified from class X
Total number of pixels from class X

(2)
where X is a given class, in this case level or deformed ice. We also
used the overall accuracy (OA):

OA = Total number of correctly classified pixels
Total number of pixels

(3)

Both accuracy metrics were adapted from Stehman and Foody
(2009).

4. Results and analysis

In this section, we present and analyze the IA dependencies, and
use these findings to produce radiometrically corrected SAR back-
scatter time-series for both L and C-band, and to evaluate class
separability at both L and C-band during the different seasons.
Finally, we present and evaluate the classification results for the
fast ice area for different seasons.

4.1 Seasonal IA dependency

We estimated the per-class IA dependency of each polarization
channel at both L and C-band frequency for all three seasons.

Figure 4. Slopes as a function of DIA during the winter season. L-band slopes for deformed ice HH (a), deformed ice HV (b), level ice HH (c) and level ice HV (d).
C-band slopes for deformed ice HH (e), deformed ice HV (f), level ice HH (g) and level ice HV (i). The separation in time between two scenes used to estimate the
slope is denoted as ‘dt’.
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Time-series of the slopes for both level and deformed ice are
shown in Figure 5, with the average slopes presented in Table 5.
A brief warming event is highlighted by dashed-dotted lines

(see section ‘Definition of seasons’), where a slight decrease in
backscatter intensity for C-band deformed ice was observed. We
therefore estimated the IA dependency using only winter season
scenes acquired after the warming event, as well as all the scenes
from the winter season and no significant difference was observ-
able. We therefore chose to include all scenes from the winter sea-
son in the final slope estimates. We observe seasonal changes in
the backscatter at both L and C-band (Figs 6, 7), highlighting
the importance to separate the seasons when estimating the IA
dependency. Though not as pronounced as the changes in back-
scatter, the IA dependency itself also has a seasonal variability,
and is dependent on the frequency used and the different ice
types observed (see Table 5).

During the winter season, we observe a stronger IA depend-
ency in the co-polarized channel than in the cross-polarized
channel at both L and C-band, though the difference is smaller
for deformed ice at L-band. For the HH-channel, the IA depend-
ency is similar for level and deformed ice at L-band, whereas there
is a larger separation in the C-band data. For the HV-channel, the
opposite is observed.

Previous L-band IA dependencies for sea ice have been
focused on the HH-channel during wintertime (Mahmud and
others, 2018; Karvonen and others, 2020; Singha and others,
2020; Toyota and others, 2021). In Mahmud and others (2018),
slopes were estimated for FYI and MYI, which we assume are
similar to our ice type definitions of level and deformed ice (see
section on ‘Selection of ROIs’), as well as a general sea-ice
slope, while the remaining studies only estimated general sea-ice
slopes. The results from Mahmud and others (2018) (Table 1)
are comparable to our findings for the FYI/level ice, though the

Figure 5. Time-series of slopes at both HH and HV-channel from the differencing method for L-band level (a) and deformed (b) ice, and C-band level (c) and
deformed (d) ice. The dashed-dotted lines indicate a warming event (see Fig. 2). Note the difference in the y-axis for L and C-band. This is due to the presence
of a significant amount of positive slopes for C-band level ice.

Table 5. Observed IA dependencies [dB / 1◦] from L and C-band for level and
deformed ice for the winter, melt onset and advanced melt seasons using
the differencing method (n denotes the number of slope estimates used to
calculate the statistics)

Wavelength Ice type Channel Mean SD n Season

HH −0.193 0.086
Level HV −0.055 0.081 76

HH −0.210 0.058
L-band

Deformed HV −0.201 0.078 76

HH −0.228 0.141
Level HV −0.045 0.175 88

HH −0.165 0.082
C-band

Deformed HV −0.082 0.049 78

Winter

HH −0.201 0.101
Level HV −0.112 0.097 12

HH −0.237 0.045
L-band

Deformed HV −0.229 0.035 12

HH −0.181 0.035
Level HV −0.069 0.194 16

HH −0.150 0.022
C-band

Deformed HV −0.055 0.031 14

Melt onset

HH −0.155 0.126
Level HV −0.159 0.144 16

HH −0.180 0.053
L-band

Deformed HV −0.206 0.083 16

HH −0.308 0.144
Level HV −0.209 0.096 6

HH −0.309 0.130
C-band

Deformed HV −0.112 0.050 6

Advanced melt
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MYI slope was significantly steeper than the slope we retrieved for
deformed ice. The unspecified HH-channel sea-ice slopes from
Mahmud and others (2018); Karvonen and others (2020);
Singha and others (2020) were approximately −0.25 dB/1°,
which is steeper than both our level and deformed ice slopes.

Sea-ice IA dependency at C-band during the winter season has
been well studied, particularly for the HH-channel, and for a
range of different sea-ice areas (Mäkynen and Karvonen, 2017;
Mahmud and others, 2018; Park and others, 2020; Geldsetzer
and Howell, 2023). The slope estimates from these studies corres-
pond well with our HH-channel slope estimates, apart from the
HH-channel slope for deformed ice in Mäkynen and Karvonen
(2017) (−0.24 dB/1°), which is steeper than our slope estimate
(−0.165 dB/1°). Mäkynen and Karvonen (2017) also estimated
HV-channel slopes for the winter season (level FYI: −0.23 dB/1°,
deformed FYI: −0.16 dB/1°), which were significantly steeper than
our estimates (level ice: −0.045 dB/1°, deformed ice: −0.082 dB/1°),
though they expressed lower confidence in this estimate, due to
noise contamination in the data and subsequently low signal-to-noise
ratio.

We observe that the HV-channel backscatter is close to or
below the system noise floor of both ALOS-2 and S1 for all sea-
sons, with the winter season backscatter from level ice being
well below the noise floor at both sensors. This might be the

cause of the large spread seen in the C-band HV-channel slope
estimates for level ice (Fig. 5). In general, the HV-channel slope
estimates also have a larger SD (Table 5), indicating that they
are less precise and reliable than the HH estimates.

During melt onset, the L-band slopes increase slightly in steep-
ness from the winter season (Table 5). This is more pronounced
for the level ice HV-channel slope. For the advanced melt season,
all slopes except the HV-channel level ice slope are shallower than
during melt onset. To our knowledge, no previous separate
L-band slope estimates for the melt season exist, though
Karvonen and others (2020) estimated general sea-ice slopes for
both the HH and HV-channel (−0.246 and 0.085 dB/1° respect-
ively) for the period January–August. The HH-channel slope of
Karvonen and others (2020) is steeper than both our level and
deformed ice HH-channel slopes, while their HV-channel slope
is significantly shallower than our HV-channel slope estimates.
The latter result may have been affected by the change in process-
ing of the HV-channel that was applied on 11 April 2018 by
JAXA (https://www.eorc.jaxa.jp/ALOS/en/alos-2/pdf/PALSAR2_
ScanSAR_ATT_change_201808.pdf, accessed 21 June 2024).
Moreover, their estimates encompassed all of our seasons,
which we observed had a large impact on the estimates.

For melt onset, our C-band slopes are comparable to the win-
ter season slopes though slightly shallower. There is an increase in

Figure 6. IA corrected L-band backscatter time-series projected to IA = 30°. The dashed-dotted line indicates a warming event that occurred (see Fig. 2).

Figure 7. IA corrected C-band backscatter time-series projected to IA = 30°. The dashed-dotted line indicates a warming event that occurred (see Fig. 2).
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the spread of the HV-channel level ice slopes during the transi-
tion from winter to melt onset (Fig. 5). Geldsetzer and Howell
(2023) also derived C-band slopes during melt onset (referred
to as snowmelt in their study) and found them to be similar to
the winter season slopes for FYI (−0.235 dB/1° for both seasons),
while the slope estimates for SYI and MYI were steeper than the
winter season slopes (−0.208 dB/1° and -0.167 dB/1° during win-
ter, −0.241 dB/1° and −0.240 dB/1° during snowmelt, respect-
ively). They also reported higher variability in the slope estimates
from snowmelt compared to the winter season. The slopes from
Mäkynen and Karvonen (2017) estimated from images acquired
in the period 20 May 2016 and 17 June 2016 (deformed FYI HH:
−0.26 dB/1°, deformed FYI HV: −0.18 dB/1°) were also for this per-
iod significantly steeper than ours. Due to a small amount of data
points, narrow range of Δ IA and large spread in the data, they did
not estimate the IA dependency for level ice during this period.

For C-band, all our slopes are significantly steeper during the
advanced melt season than during melt onset. The slope estimates
from the advanced melt season from Geldsetzer and Howell
(2023) correspond well to our HH-channel slopes estimates,
and are to our knowledge the only other source of advanced
melt season estimates for C-band. It should be noted that the
time separation for the L-band scenes from the advanced melt
season varies from 1 to 14 days. This results in fewer available
data points to estimate the IA dependency at L-band during the
advanced melt season. The number of viable slopes (slopes with
DIA . DIAcutoff ) was also low for C-band during this season,
with only six data points available.

Overall, our results show that there is seasonality in the IA
dependency at both L and C-band that should be accounted for
when analyzing SAR data over sea ice. Furthermore, we find
that also the L-band HV-channel shows significant dependence
on IA for both ice types in all three seasons. Hence, also
L-band HV-channel data should be corrected for IA effects before
further analysis.

4.2 Analysis of temporal backscatter evolution

The IA corrected backscatter time-series (averaged for all ROIs) of
level and deformed ice at both L and C-band, projected to IA =
30°, are shown in Figures 6 and 7, respectively. For both frequen-
cies, level and deformed ice is easily separable at IA = 30° during
the winter season. For the early part of the winter season (i.e. mid
November to late December) a gradual decrease in the
HH-channel level ice backscatter is observed at both L and
C-band. For the C-band HV-channel, there is increased spread
in the level ice backscatter during this period. This coincides
with a period of increased spread in the HV-channel level ice
slope estimates from C-band, while no visible effect is seen for
the L-band slopes (Fig. 5). We attribute these effects to frost flow-
ers on thin ice, where the initial backscatter is strong, but
decreases with increasing sea ice thickness until a stable value
for thick level ice is reached (Carsey, 1992). Following the
freeze-up period, the backscatter for both ice types remains stable
during the winter season at both frequencies, though the C-band
level ice backscatter is more variable than the deformed ice back-
scatter. As the snow is cold and dry in this period, we assume that
it is transparent for both the L and C-band radar signals. The
main scattering mechanisms are therefore the same at both fre-
quencies, though they are sensitive to roughness on different
scales. For level ice, the backscatter is mainly surface scattering
from the snow-ice interface, though some volume scattering
from within the ice may be present. The latter effect is expected
to be more pronounced at L-band, due to greater penetration
depth. For deformed ice, the main scattering contribution is
depolarization from the large-scale topography of the ice.

A brief warming period occurred between 12 March 2022 and
17 March 2022, where the air temperatures at Station Nord
approached 0° C (Fig. 2). During this period, a slight dip in back-
scatter intensity is observed for C-band deformed ice. This did
not seem to have a notable impact on the slope estimates however,
and as such we chose not to discard the data from this period. No
L-band data were available for this period, and the impact of the
warming event could therefore not be evaluated for this wave-
length. The C-band backscatter also shows a transition period
between winter and melt onset, where the deformed ice backscat-
ter intensity gradually decreases, which we speculate could be
associated with the early melt season. No such transition was
observed at L-band.

As the ice transitions from the winter season to melt onset, an
increase in backscatter is observed for both level and deformed ice
at L-band, with increases in the average backscatter of approxi-
mately seven and three dB respectively at both the HH and
HV-channel. Mahmud and others (2020) found that both FYI
and MYI L-band SAR backscatter increased during melt onset,
which they attributed to a combination of surface scattering
from the ice-snow interface and volume scattering from the wet
snow. A similar effect was observed by Ketchum Jr (1984) who
attributed the increased backscatter to volume scattering from
water-saturated snow or ice layers. According to Carsey (1992),
longer wavelengths (such as L-band) would also be sensitive to
superimposed ice at the snow-ice interface, which could also be
a contributing factor depending on the wetness and thickness of
the snow pack. For the deformed ice, we hypothesize that the sig-
nal is a combination of volume scattering from the wet snow and
the large-scale topography of the sea ice. Hence, the deformed ice
backscatter is stronger than the level ice backscatter. As such, the
ice types remain separable at L-band during the melt onset sea-
son. The timing of the observed increase in backscatter corre-
sponds well with the start of persisting positive temperatures
from the SIMBA temperature measurements (Fig. 2). At
C-band, the backscatter for deformed ice decreases during the
transition from winter to melt onset, while a slight increase is
observed for level ice. We attribute this to scattering from the
wet snow being the dominant scattering source for both ice
types, as the shorter wavelength is not able to penetrate the
snow pack. The spread of backscatter values also increases for
both classes, likely a result of the rapid changes occurring in
the snow pack. This results in overlapping backscatter signatures
for the two classes, making class separation practically impossible
at C-band during the melt onset season.

During the advanced melt season, the L-band backscatter
decreases for level and deformed ice at the HH-channel, and
for deformed ice in the HV-channel. The level ice backscatter at
HV remains consistent from the melt onset season. The deformed
ice backscatter during this season is on a similar level as the back-
scatter during the winter season, while the level ice backscatter
remains higher than during the winter season. We speculate
that the amount of backscatter form the snow is reduced during
this period, due to rapid melting of the snow pack. As such, the
volume scattering contribution from the snow is reduced. Given
the increased penetration depth of L-band, the signal is therefore
dominated by scattering at the ice-snow interface and volume
scattering from the internal structure of the ice and large-scale
topography. The formation of melt ponds will likely also influence
the SAR backscatter, though without ancillary wind data it is dif-
ficult to estimate their contribution. For C-band, an increase in
backscatter is seen for both channels, which peaks around
mid-July before a decrease with a similar rate is observed at
both classes. A similar backscatter signature during the advanced
melt season was observed by Barber and others (2001). We specu-
late that the increase in backscatter is caused by a reduction in the
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snow cover, causing the ice surface to be the dominant scattering
source. As the ice surface is likely rougher during this stage of the
season compared to the winter season due to superimposed ice, it
has a stronger backscatter response than previously. The decrease
in backscatter appears to persist throughout the end of the time-
series for the landfast ice, which we attribute to surface melting
and subsequent smoothing of the ice surface. However, due to
the lack of in-situ data, it is impossible to confirm the exact pro-
cesses of the backscatter evolution during this time period.

4.3 Class separability

We evaluated the class separability at both L and C-band for all
seasons using the JM-distance. The class separability as a function
of IA for the range IA∈ (15°, 50°) is shown in Figure 8, while the
class distributions for the backscatter projected to IA = 30° and

corresponding JM distance are presented in Figure 9. The class
separability remains consistently high during the winter season
at both L and C-band for the range of IAs investigated, with
the L-band separability slightly decreasing with increasing IA
and the C-band separability slightly increasing as a function of
IA. As the IA range encompasses the IA range of both ALOS-2
ScanSAR and S1 EW (Table 2), the separability remains high
across the width of the SAR imagery evaluated in this study.
For both L and C-band, the ice types are well separable in both
the HH and HV-channel during the winter season (Fig. 9).

For L-band, the class separability decreases with increasing IA
for both the melt onset and advanced melt seasons. The separabil-
ity at L-band transitions from high to low separability (JM < 1)
around IA = 42° and IA = 15° for the melt onset and advanced
melt seasons, respectively. The class separability at C-band during
the melt onset and advanced melt seasons is low for the range of

Figure 8. JM distance as a function of IA for L-band (dotted lines) and C-band (solid lines) for all seasons.

Figure 9. Joint plots of L and C-band backscatter distributions projected to IA = 30° for level and deformed ice with the JM distance included as a measure of
separability. (a–c) L-band distributions for winter, melt onset and advanced melt. (d–f) C-band distributions for winter, melt onset and advanced melt.
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IAs investigated. The possibility of using L-band SAR during melt
onset is in line with what was observed by Casey and others
(2016), where they found that the separability of FYI and MYI
for the L-band HH-channel was similar during winter and melt
onset, while the separability at the C-band HH-channel was
greatly reduced during melt onset.

At L-band the classes have high separability during the winter
and melt onset seasons and the cross-polarized channel appears
to be the most important for separating the classes during the
melt onset season. We observe that the HV-channel signal in par-
ticular from level ice is significantly stronger during melt onset
compared to the winter season. This makes interpretation and
classification based on the HV-channel more reliable during
melt onset, as the influence of thermal system noise is reduced.
Since the HV-channel backscatter from deformed ice is well
above the level ice signal, we can still use the HV-channel to reli-
ably separate the two ice types until the transition to the advanced
melt season.

The C-band backscatter during the advanced melt season fol-
lows a parabolic trend, with a peak around mid-July (Fig. 7). This

peak coincides with a transition in the SIMBA temperature pro-
file, from around 0 to above 0° C (Fig. 2), indicating a transition
to significant snow and/or ice melt. While the HH-channel back-
scatter intensity for level and deformed ice during advanced melt
is roughly equal in strength, the HV-channel level ice backscatter
is slightly stronger than the deformed ice backscatter. However,
the difference is very small and insufficient for clear class separ-
ation, as is indicated by the still relatively low separability score
for C-band during advanced melt (Fig. 8).

4.4 Classification

Here we present the classification results from both L and C-band
imagery. Example ice type maps retrieved from both frequencies
are shown in Figure 10, together with the corresponding
HH-channel backscatter images. For this example, both frequen-
cies produce similar results, showing almost identical spatial dis-
tribution of level and deformed ice.

The performance of the classifiers was evaluated on scenes
from the 2022–2023 season, independent of the training data

Figure 10. Comparison between classification results from L and C-band, as well as the respective HH-channel backscatter images. The images were acquired
during the winter season (ALOS-2: 27 March 2022, S1: 28 March 2022). The red line indicates the fast ice edge.
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from the 2021–2022 season. Test accuracies are presented in
Table 6. While both frequencies achieve high OA during the win-
ter season (. 90%), the L-band classifier performs significantly
better than the C-band classifier during the melt onset period
(85.8 and 92.6% on two separate images for L-band versus 44.8
and 46.8% for the two corresponding images at C-band).
During the advanced melt season both frequencies achieve similar
results (L-band: 74.2%, C-band: 67.4%).

Looking at the per-class accuracies for L-band, both level and
deformed ice accuracy was high during the winter season, with all
scores except one (level ice on 13 March 2023) above 95%. During
the melt onset season, the level ice accuracy remained high, but the
deformed ice accuracy dropped significantly. This trend was
reversed during the advanced melt season, where the classification
accuracy for deformed ice was significantly higher than for level ice.

For C-band, a similar trend was observed during the winter
season, with high per-class accuracies overall except for level ice
on 13 March 2023. During the melt onset season, the per-class
accuracy was higher for level ice than for deformed ice, though
both classes had low accuracy. For the advanced melt season, per-
class accuracy for level and deformed ice were similar, but still
lower than during the winter season.

While the OAs for L and C-band are similar during the
advanced melt season, the per-class accuracies differ significantly.
For L-band, the deformed ice accuracy is high while the level ice
accuracy is low. This indicates a bias toward deformed ice for the
L-band classifier. For C-band, the per-class accuracies are simi-
larly low for level and deformed ice, and the OA is slightly
lower than for L-band. Both wavelengths therefore show limita-
tions during the advanced melt season.

As expected, the classification accuracies correspondwell with the
separability scores (Fig. 8), with high separability and classification
accuracy during the winter season at both L and C-band and during
the melt onset season at L-band, moderately high separability and
classification accuracies for both frequencies during the advanced
melt season, and low classification accuracies and separability for
C-band during the melt onset season. The C-band OA was only
slightly lower than the L-band OA during the advancedmelt season,
despite the JM distance being significantly lower for C-band (JM <
0.5 at C-band for all IAs, while JM∈ (0.5, 1) for L-band).

5. Conclusion

From time-series of L and C-band SAR data spanning the winter,
melt onset and advanced melt seasons, we estimated IA depend-
encies for level and deformed ice for both the HH and
HV-channel. We show that the IA dependency at both frequen-
cies is dependent on season, ice type and polarization channel,
which has not previously been investigated for L-band. The IA

dependencies are used to radiometrically correct the backscatter
time-series, allowing for more detailed analysis of the temporal
evolution. We observe that while the level and deformed ice back-
scatter is indistinguishable at C-band during melt onset, the
classes remain well separable at L-band, with both ice types show-
ing an increase in backscatter intensity during this period. During
the advanced melt season, both frequencies show limited capabil-
ity in separating level and deformed ice. Furthermore, the L-band
time series during this period is sparse with a lower temporal
resolution, which leads to less reliable slope estimates and in
turn affects the assessment of class separability. Accurate separ-
ation of level and deformed ice well into the melt season is of
importance for operational ice mapping, as deformed ice poses
a significant challenge for marine operations. Finally, we use
our findings to train an IA aware Bayesian classifier at both L
and C-band, taking seasonality into account. The test accuracies
align with what we would expect from the class separability,
with high classification accuracy during the winter season at
both frequencies, high classification accuracy during melt onset
at L-band and low accuracy for C-band, and moderately high clas-
sification accuracy for both L and C-band during the advanced
melt season. While our study is limited to fast ice in the Belgica
Bank area, we expect that the overall findings on
level-versus-deformed ice separability are transferable to drift
ice with similar large-scale deformation features, such as for
example drift ice in Fram Strait. However, comparison and trans-
ferability to studies from other regions such as the Canadian
Arctic is more challenging due to differences in large-scale
deformation, as well as a mixture of FYI and MYI within the
deformed ice class of our study. Nevertheless, our results highlight
the importance of seasonal and IA effects on L-band radar back-
scatter from different sea-ice types and demonstrate the capabil-
ities of L-band SAR for operational ice type mapping, which is
of interest given several upcoming L-band SAR missions such
as NISAR, ALOS-4 and ROSE-L.
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APPENDIX A

Table 7. Overview of ALOS-2 scenes used in the study

Scene ID

ALOS2404462000-211118 ALOS2404752000-211120 ALOS2404902000-211121 ALOS2405052000-211122
ALOS2406822000-211204 ALOS2406972000-211205 ALOS2407122000-211206 ALOS2408892000-211218
ALOS2409042000-211219 ALOS2409192000-211220 ALOS2410672000-211230 ALOS2410962000-220101
ALOS2411112000-220102 ALOS2411262000-220103 ALOS2412742000-220113 ALOS2413032000-220115
ALOS2413182000-220116 ALOS2413332000-220117 ALOS2415102000-220129 ALOS2415252000-220130
ALOS2416882000-220210 ALOS2417172000-220212 ALOS2417472000-220214 ALOS2419242000-220226
ALOS2419392000-220227 ALOS2419542000-220228 ALOS2423382000-220326 ALOS2423532000-220327
ALOS2425162000-220407 ALOS2425452000-220409 ALOS2425602000-220410 ALOS2425752000-220411
ALOS2427672000-220424 ALOS2427822000-220425 ALOS2429592000-220507 ALOS2431372000-220519
ALOS2431662000-220521 ALOS2431812000-220522 ALOS2431962000-220523 ALOS2433442000-220602
ALOS2433732000-220604 ALOS2433882000-220605 ALOS2434032000-220606 ALOS2438172000-220704
ALOS2439942000-220716 ALOS2442012000-220730 ALOS2442312000-220801 ALOS2443562000-220805
ALOS2475432000-230313 ALOS2479572000-230410 ALOS2483712000-230508 ALOS2487552000-230603
ALOS2487852000-230605 ALOS2491992000-230703
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