
1.  Introduction
Sea ice surface elevation, including ice freeboard and snow thickness above the local sea level, is formed by 
features such as floe edges, pressure ridges, ice rafting, hummocks, and thick ice growth (Weeks & Ackley, 1986). 
These features define the sea ice topography, which can be characterized by a sea ice digital elevation model 
(DEM). Sea ice DEM is a critical parameter for sea ice dynamic modeling to determine the air-ice drag coef-
ficient and the momentum flux (Andreas et al., 1993; Guest & Davidson, 1991). Moreover, characterization of 
sea ice topography across the vast expansion of the sea ice cover, together with the assumed values of sea ice 
density, snow density, and water density, can be used to estimate sea ice volume (Markus et al., 2011), which is 
a key indicator to represent the implications of sea ice change that are influenced by climate change (Kurtz & 
Markus, 2012). Sea ice DEM can also be used to map regional variations and to perform trafficability analyses 
that can help ship navigation (Dammann et al., 2017; Hibler III & Ackley, 1975).

Currently, the most precise vertical height accuracy of sea ice topography is obtained by laser altimeters on 
an airborne or spaceborne platform (Abdalati et al., 2010; Dierking, 1995; Farrell et al., 2011; Granberg & 
Leppäranta, 1999; Schutz et al., 2005). However, a major limitation of the laser altimeter is the small-spatial 
coverage, which is commonly in the range of 200–2,000 m. Synthetic aperture radar (SAR) has become an 
invaluable remote sensing sensor with a wide-spatial coverage over tens of kilometers and has high spatial 
resolution capabilities at meter scales. A SAR actively illuminates scenes at a suitable frequency regardless 
of cloud cover and darkness, and acquires scattering signals carrying information about sea ice characteristics 
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(Carsey,  1992). SAR backscatter coefficient has been related with sea ice root-mean-square (RMS) height 
measurements from laser altimeters (Dierking et al., 1997; Peterson et al., 2008). Haas et al. (1999) retrieved 
the frequency and height distributions of Antarctic pressure ridge sails from the C-band SAR backscatter coef-
ficient in Antarctica. With the development of SAR polarimetric techniques, numerous studies have demon-
strated good correlations between Arctic sea ice roughness and polarimetric SAR features such as coher-
ence magnitude between right-right and left-left polarizations (Fors et al., 2015) and cross-polarization ratio 
(Cafarella et al., 2019).

Sea ice properties in the Arctic and Antarctic can be significantly different due to diverse growth conditions 
(Gloersen, 1992; Walsh, 2009). Recent tests have shown that the phase altimetry using Reflected Global Navi-
gation Satellite System data can potentially measure sea ice thickness of smooth and thin sea ice (Li et al., 2017; 
Yan & Huang, 2019) that has a low elevation around 0.1 m above the open seawater surface. Unlike the thin and 
fragile ice near the sea ice edge in the Arctic, Antarctic sea ice can have high elevations corresponding to thick 
ice even near the sea ice edge, such as in the Weddell Sea (Ackley, 1979). Markus et al. (2011) also suggested 
that storms can cause significant sea ice deformation and pronounced average roughness in the East Antarctic 
region where the extent of the sea ice is only ∼300 km. With the objective to investigate sea ice topography across 
the extensive expansion in the Antarctic, the Operation IceBridge and TanDEM-X Antarctic Science Campaign 
(OTASC) was successfully conducted in 2017.

OTASC offered a unique opportunity to obtain sea ice DEMs over a large spatial scale from both optical and 
SAR sensors in the Antarctic (Nghiem et al., 2018). The Operation IceBridge (OIB) airborne mission carried 
various instruments that acquired different data sets. Among them, a stereo camera was used to reconstruct a 
high-resolution map of sea ice topography using photogrammetric techniques (Dotson & Arvesen, 2012, updated 
2014). TanDEM-X, a single-pass SAR interferometer developed by the German Aerospace Center (Krieger 
et al., 2007), acquired high-resolution co-registered single-look complex data extensively during OTASC. With 
TanDEM-X's single-pass nature, elevation retrieval over sea ice becomes promising despite the dynamic nature 
of sea ice (Dierking et al., 2017; Yitayew et al., 2018). However, the penetration of microwaves into snow and 
low-salinity ice, as well as the operated TanDEM-X height sensitivity (i.e., Height-of-Ambiguity), limit the accu-
racy of interferometric SAR (InSAR)-derived sea ice elevation. Huang and Hajnsek (2021) observed a distinct 
elevation difference of around 1.09 m between the InSAR-derived DEM and the reference DEM from OTASC 
data over the snow-covered deformed ice, suggesting a demand for new algorithms that can correct the elevation 
discrepancy.

In the theoretical study of the Antarctic sea ice (Nghiem et al., 2022), an advanced electromagnetic model 
for old ice (OI) and rough deformed ice (RI) has been developed, based on the first principle of Maxwell's 
equations, to establish an inverse relationship among the SAR co-polarimetric (coPol) coherence |ρ| and 
sea ice elevation. Following the physical principles and the protocol to retrieve sea ice DEM from Nghiem 
et al. (2022), this paper presents a sea ice DEM for the two ice types (i.e., OI and RI) over a 19 × 450 km 
sector in the Western Weddell Sea using polarimetric and interferometric techniques from single-pass InSAR 
imagery. The results show that coPol coherence carries essential information on sea ice elevation and can 
be combined with interferometry to improve sea ice DEM retrieval accuracy. Note that the term “elevation” 
throughout the paper refers to the elevation of ice, including the snow cover relative to the local sea level. From 
the SAR-retrieved sea ice DEM, 3D sea ice patterns in terms of RMS height, auto-correlation lengths in long 
and short axes, correlation ellipticity, and orientation angles of sea ice elevation are calculated and analyzed 
for the two types of sea ice (i.e., the OI and the RI). Statistical analyses indicate invariant sea ice topographic 
features across certain specific areas. We also discuss the sea ice patterns in 3D with geophysical conditions 
in terms of bathymetric depth and aspect angle. These analyses give the first observations of the relationship 
among sea ice 3D topographic features, providing new physical insights to examine sea ice formation processes 
in the Antarctic.

The main objective of this paper is to retrieve OI and RI elevation and characterize sea ice 3D patterns from 
SAR imagery across a broad spatial coverage over the Western Weddell Sea. The organization of the paper 
includes data sets description in Section  2, data processing in Section  3, sea ice classification in Section 4, sea 
ice DEM retrieval in Section  5, generation and analyses of sea ice 3D patterns in Section 6, and conclusion in 
Section 7.
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2.  Data Sets
2.1.  Study Area

The study area is located in the Western Weddell Sea, Antarctica. An overview of the geo-location is presented 
in Figures 1a and 1b, where the spatial coverage of the study area is around 450 × 19 km. The true-color optical 
image over the study area captured from MODIS Aqua satellite (NASA Worldview Snapshots,  2000) shows 
cloud cover at UTC 19:15 October 29, 2017 (see Figure 1c). A pair of coordinated images from MODIS Aqua 
and TanDEM-X SAR covering Scene 1 are presented in Figures 1d and 1e, respectively. Sea ice in this area is 

Figure 1.  Demonstration of the study area (Scenes 1–9). (a) and (b) Geo-location of the study area. (c) Optical MODIS Aqua 
images over the study area. (d) Optical MODIS Aqua image over Scene 1. (e) TanDEM-X SAR image over Scene 1; the 
pseudo color represents the averaged noise-subtracted backscattering intensity of HH and VV polarizations.
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mostly invisible from the optical sensor (i.e., MODIS Aqua image) due to the cloud covers, whereas the SAR (i.e., 
TanDEM-X intensity image) is capable of observing the sea ice regardless of the cloud cover.

2.2.  Field Campaign

The coordinated campaign named OTASC was conducted between the TanDEM-X satellite and the OIB aircraft 
over the Western Weddell Sea, Antarctica, on October 29, 2017 (Nghiem et al., 2018). Satellite and aircraft data 
acquisitions were closely coordinated to obtain collocated and contemporaneous data sets for sea ice observations 
during OTASC.

Figure 2 shows the OIB airborne flight track (red line) overlaid on nine TanDEM-X SAR images, where the 
pseudo color indicates the average of the noise-subtracted SAR backscattering intensity of HH and VV polari-
zations. The noise-subtraction method will be described in Section 4. Henceforth, the nine SAR images will be 
mentioned as Scenes 1–9.

2.2.1.  SAR Data

The spaceborne TanDEM-X satellite, equipped with a single-pass SAR interferometer, can acquire two images 
(i.e., InSAR pair) with milliseconds of temporal lag (Krieger et al., 2007). In this study, the InSAR pairs are 
co-registered single-look slant-range complex (CoSSC) products with dual-polarization (HH and VV) in 
StripMap mode and are employed to generate sea ice DEMs by interferometric processing. The data over the 
study area were collected in the bistatic mode from UTC 23:40 to 23:41 on October 29, 2017. For each acquisi-
tion, the incidence angle of the scene center is ∼34.9°, and the pixel spacing is around 0.9 × 2.7 m in slant range 
and azimuth. For each InSAR pair, the effective perpendicular baseline b⊥ and the along-track baseline bal are 
about 175.7 and 201.9 m, respectively. The height-of-ambiguities for the nine scenes vary from 32.5 to 34.0 m.

Figure 2.  The coordinated data sets over the study area: 9 scenes of TanDEM-X noise-subtracted backscattering intensity images overlaid by the flight track of 
Operation IceBridge (OIB) aircraft. The pseudo color represents the averaged synthetic aperture radar (SAR) backscattering intensity in HH and VV polarizations.
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2.2.2.  Optical Data

NASA airborne OIB mission equipped with the digital mapping system (DMS) captures optical camera images 
(Dominguez, 2010, updated 2018) to generate sea ice DEMs (Dotson & Arvesen, 2012, updated 2014).

The DMS camera captures natural color and panchromatic images with spatial resolution ranging from 0.015 
to 2.5 m depending on the flight altitude (Dominguez, 2010, updated 2018). The DMS camera acquired two 
types of image during separate airborne overflights: large- and small-scale DMS images covering an area around 
5.8 × 8.8 km and 400 × 400 m, respectively. Over the study area (Scenes 1–9, labeled in Figure 2), the collection 
of large-scale DMS images took place from UTC 21:28 to 22:07 on October 29, 2017, and the small-scale DMS 
images were captured on the same date from UTC 17:45 to 18:44. Scene 1 is presented as an example in Figure 3 
where the large-scale DMS images are superimposed on the TanDEM-X SAR intensity image. The transect 
overlaid by small-scale DMS images is delineated along the green line in Figure 3, where the small-scale DMS 
images of areas A and B are enlarged in sub-images A and B as two examples.

Each DMS DEM was generated from the small-scale DMS image by photogrammetric technique (Dotson & 
Arvesen,  2012, updated 2014); therefore, the time stamp and the spatial coverage of DMS DEM are identi-
cal to the small-scale DMS image. DMS DEM characterizes sea ice topography with a spatial resolution of 
∼40 × 40 cm. The accuracy of DMS DEMs is ∼0.2 m (Dotson & Arvesen, 2012, updated 2014). As the acqui-
sition took place from UTC 17:45 to 18:44 on October 29, 2017, over the study area, there was a time difference 
of 5–6  hr between the DMS DEMs and the TanDEM-X SAR acquisitions. In the OTASC experiment plan, 
information on sea ice motion was carefully considered to ensure that OIB aircraft data could be collected within 
the ground coverage of TanDEM-X SAR swaths so that data co-registration would be possible. The pre-planned 
operation of the OIB aircraft in coordination with TanDEM-X tracks from orbit ephemeris data was successfully 
conducted with the expertise of the NASA OIB flight team.

Figure 3.  Representation of synthetic aperture radar (SAR) intensity image, large-scale digital mapping system (DMS) images, and small-scale DMS images of Scene 
1. The green dash line indicates the 50 km transect overlaid by DMS digital elevation models (DEMs). Sub-image A and sub-image B are zoomed-in from area A and 
area B, where the small-scale DMS images (acquired at UTC 17:50 on October 29, 2017) are superimposed on the large-scale DMS images (acquired at UTC 22:05 on 
October 29, 2017). The red and orange dots denote the selected reference pairs from the large- and small-scale DMS images, respectively. The green arrows denote the 
“shift-vectors” used for estimating drift velocity.
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3.  Data Processing
3.1.  DMS Post-Processing

DMS DEMs are reprojected from Antarctic Polar Stereographic to World Geodetic System 1984 (WGS84) 
spatial reference and geocoded into SAR coordinates with the same resolution as the multilook TanDEM-X 
image (∼10 × 10 m in range and azimuth) using the GAMMA software (Werner et al., 2000). The DMS DEMs 
are then calibrated to the local sea level by selecting the water surface reference from DMS images. Note that the 
DMS DEM measures sea ice elevation including the snow cover on top.

3.2.  Data Co-Registration

Sea ice can drift from 0 to tens-of-centimeters per second depending on the ice type and external forces (e.g., wind 
and current) (Dierking et al., 2017). Therefore, it is necessary to employ data co-registration to compensate for 
the sea ice movement during the time difference of 5–6 hr between the DMS DEMs and TanDEM-X acquisitions.

Over the study area, sea ice backscattering intensity tends to be lower toward the southeastern direction (from 
Scenes 1–9), shown in Figure 2, corresponding to the thinner and smoother sea ice (Nghiem et al., 2016). Strong 
dynamics in the thinner ice area would lead to severe misregistration between the DMS DEMs and TanDEM-X. 
Besides, a lack of pronounced patterns in the thinner ice area impedes selecting distinguishable ice features for 
co-registration. In favorable conditions, advanced co-registration algorithms can be applied to precisely estimate 
the shift over the thinner ice area (Kræmer et al., 2015). However, an effective co-registration certainly depends 
on the quality of the data sets. Unexpected weather conditions (e.g., fog, haze formation) during the acquisition 
degraded the imaging quality from the DMS optical sensor and thereby inflicted an excessive difficulty on the data 
co-registration. As a result, to ensure reliable performance, Scene 1 is used as the basis for the data co-registration 
due to the inherently low dynamics of the thicker ice together with the best quality of DMS images.

Co-registration between the DMS DEMs and TanDEM-X images contains two steps: (a) estimating ice drift 
velocity and (b) compensating the shift distance by multiplying the ice drift velocity with the temporal gap of 
the two sensors. As shown in Figure 3 sub-images A and B, sea ice features are evident in both large-scale DMS 
images and small-scale DMS images, which were acquired about 4 hr 15 min (Δt1) later. In this case, the distance 
of ice drift can be estimated by tracking the movement of distinguishable features (e.g., pieces of sea ice or leads) 
from the large- and small-scale DMS image. In Scene 1, the 50 km transect (green dash line in Figure 3) overlaid 
by DMS flight track is divided into 50 segments. Each segment contains 1 × 100 pixels in range and azimuth 
corresponding to about 1 km length. For every segment, several pairs of distinguishable features are labeled (see 
the red and orange dots in Figure 3 sub-images A and B), and their spatial-shift distance during Δt1 are extracted. 
Then, “shift-velocity vectors” can be derived in both azimuth and range directions in radar coordinate, shown 
as the green arrows in Figure 3, sub-images A and B. For each segment, co-registration can be conducted by 
multiplying the “shift-velocity vector” with the temporal gap (Δt2 = 5 hr 53 min) between the DMS DEMs and 
TanDEM-X acquisition.

Since the co-registration above is performed by compensating the shift in range and azimuth direction, residual 
misregistration still exists for the sea ice undergoing non-linear movement or rotation during Δt2. After a care-
ful check of all 50 segments, 11 segments are excluded due to the residual misregistration. Therefore, a refined 
co-registered data set, including 39 co-registered segments, will be used for verification and validation.

3.3.  SAR Interferometry

For TanDEM-X CoSSC InSAR products, the co-registration and common spectral band filtering in range and 
azimuth have already been processed (Duque et al., 2012). The remaining interferometric processing includes 
interferogram generation, flat earth removal, interferogram filtering, low-coherence area mask, phase unwrapping, 
and phase-to-height conversion. During the processing, a 4 × 12 multi-looking window is used in azimuth and 
slant range, corresponding to about 10 × 10 m spatial size. The details can be found in Huang and Hajnsek (2021).

Following the above InSAR processing, the magnitude of interferometric coherence 𝐴𝐴 |𝛾̃𝛾InSAR| are derived for HH 
and VV polarization and then averaged, shown in Figure 4. The pixels with 𝐴𝐴 |𝛾̃𝛾InSAR| less than 0.3 are masked out as 
water area and will not be considered in the following processing. The InSAR phase center heights for HH  and VV 
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polarization are generated separately and then averaged (shown in Figure 5) to cancel potential system noise. For 
both 𝐴𝐴 |𝛾̃𝛾InSAR| and InSAR phase center heights, the differences between the HH and VV polarization are marginal.

3.4.  SAR Polarimetry

SAR polarimetry provides information on the scattering processes and is a valuable tool to characterize sea 
ice properties. The complex coPol coherence measured from SAR can be affected by system noise (Nghiem 
et al., 1995b). The complex coPol coherence 𝐴𝐴 𝐴𝐴𝐴𝑛𝑛 from SAR observations is given by Lee and Pottier (2009).

𝜌̃𝜌𝑛𝑛 = |𝜌𝜌𝑛𝑛| ⋅ 𝑒𝑒
𝑖𝑖∠𝜌𝜌

=

< 𝑠𝑠VV𝑠𝑠
∗

HH
>

√
< 𝑠𝑠VV𝑠𝑠

∗

VV
>< 𝑠𝑠HH𝑠𝑠

∗

HH
>

� (1)

where sHH and sVV are single-look complex images in HH and VV polarization, respectively, ∠ρ is the coPol 
phase, and |ρn| is the coPol magnitude that contains system noise. The symbol < · > denotes an ensemble average. 
A 4 × 12 window in azimuth and slant range is applied to estimate |ρn|.

Noise effects on the coPol magnitude |ρn| pertain to radar system characteristics and are independent of the scat-
tering signal from sea ice. It is assumed that the noise between horizontal and vertical channels is uncorrelated 
and equal in amplitude (Nghiem et al., 1995b). Therefore, the de-noised coPol magnitude |ρ| can be related to |ρn| 
by (Nghiem et al., 1995b)

|�| = |��| ⋅
(

1 + 1
���

)

� (2)

where SNR = S(dB) − N(dB) is the signal-to-noise ratio with S being the backscattering signal and N being the 
noise floor (i.e., the noise equivalent sigma zero (NESZ)). The TanDEM-X product contains a set of polynomial 
coefficients that describe the NESZ pattern for each polarization along the range direction (Eineder et al., 2008) 

Figure 4.  Averaged magnitude of interferometric coherence 𝐴𝐴 |𝛾̃𝛾InSAR| between HH and VV polarization.
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for both the TanDEM-X (TDX) and TerraSAR-X (TSX) images. For each channel, the NESZ values along the 
range direction of Scene 1 are shown in Figure 6 as an example. For each TanDEM-X product, the noisy coPol 
magnitude |ρn| can be calculated by Equation  1 and the averaged SNR in HH and VV polarization is estimated 
using the NESZ values. By substituting Equation 1 into Equation 2, the de-noised coPol magnitude |ρ| is gener-
ated over the study area (shown in Figure 7) and will be used in the following analyses.

Also, the phase balance between coPol channels should be checked to ensure 
that SAR data are well-calibrated. SAR data acquired over dense forest and 
water areas can be used to verify the phase balance between the radar hori-
zontal and vertical channels. The phase ∠ρ from forest areas is expected to 
be zero because forests likely have a random scattering behavior (Nghiem 
et al., 1993). The scattering from rough surface in water areas is expected 
to have a small value of ∠ρ due to differences in the complex reflection 
coefficients for horizontal and vertical polarizations, especially at small 
incidence angles (Nghiem et  al.,  1993) where the transverse-electric and 
transverse-magnetic reflection coefficients are similar. From the analyses, 
TanDEM-X data are verified to have a good phase balance between the 
horizontal and vertical channels, as demonstrated by the near-zero ∠ρ from 
both the in-scene water in the Weddell Sea where the mean ∠ρ is −1° with 
a standard deviation of 14°, and also from the off-scene forest data taken 
on the same date by the same acquisition mode where the phase is well 
balanced as the mean ∠ρ is −0.5° with a small standard deviation of 5°.

Figure 5.  Averaged heights of InSAR phase center between HH and VV polarization.

Figure 6.  An example of noise equivalent sigma zero (NESZ) patterns for one 
TanDEM-X product (Scene 1).
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4.  Sea Ice Classification
From the electromagnetic scattering physics based on the first principle of Maxwell's equations, the backscatter 
for the older, thicker, and rougher sea ice with snow cover is stronger than the younger, thinner, and smoother 
ones without snow (Nghiem et al., 1990, 1995a, 1993). From TanDEM-X observations over the Western Weddell 
Sea, backscattering patterns of the Antarctic snow-covered sea ice are presented in Figure 2, revealing a particular 
feature of sea ice backscattering signatures with higher values (>−10.8 dB) off the east coast of the Jason Penin-
sula and decreasing values away from the coast in a southeasterly direction. The highest backscatter intensity is 
observed in Scene 1, where the ice is deformed and ridged with snow accumulation seen from the DMS optical 
images.

For sea ice classification, backscatter data need to be processed to account for noise effects. The SAR-measured 
backscattering intensity σmeasure containing additive thermal noise can be denoted as

𝜎𝜎measure =< (𝑆𝑆denoised +𝑁𝑁) × (𝑆𝑆denoised +𝑁𝑁)
∗
>� (3)

where Sdenoised is the noise-subtracted backscattering amplitude, and N is the additive thermal noise. Considering 
Sdenoised and N to be uncorrelated, the noise-subtracted backscattering intensity can be obtained from the following 
simple equation

𝜎𝜎denoised = 𝜎𝜎measure − NESZ� (4)

where all terms are in linear domain. NESZ can be calculated for each polarization along the range direction 
(Eineder et al., 2008) for both the TDX and TSX images, shown in Figure 6 as an example in Section 3.4. For 
both HH and VV polarization, the noise-subtracted backscattering intensity can be generated using Equation 4 in 

Figure 7.  De-noised coPol magnitude |ρ|.
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linear scale and then converted to decibel scale. Note that the backscattering differences between the two polari-
zations are marginal, and the averaged value (σavg) can reduce the system noise.

In Section 3.3, interferometric coherence below 0.3 is identified as open water (OW) area and has already been 
masked out. Statistic distribution of backscatter from sea ice has characteristics pertaining to different sea ice 
classes (Nghiem et al., 2016). Over the study area, SAR backscattering distribution has a double-peak pattern, 
where RI corresponds to the backscatter range under the high-backscatter peak, young ice (YI) is under to the 
low-backscatter peak, OI is between the two peaks, and new undeformed ice (UI) corresponds to the backscatter 

range lower than half value of the low-backscatter peak. Thereby, based on 
the averaged noise-subtracted backscattering intensity (σavg) between HH and 
VV polarizations, four sea ice classes over the study area are defined accord-
ing to σavg as follows:
�• Rough deformed ice (RI): σavg > −10.8 dB;
�• Old ice (OI): −13.4 dB < σavg ≤ −10.8 dB;
�• Young ice (YI): −18 dB < σavg ≤ −13.4 dB;
�• Undeformed ice (UI): σavg ≤ −18 dB;

A synoptic classification map is presented in Figure  8 and quantified in 
Table 1. Scenes 1 and 2 are mainly covered by OI and RI, where RI domi-
nates ≥76% spatial area. A transition zone is observed in Scene 3, where 
the RI area reduces while the YI area enlarges. From Scenes 4 to 7, moving 
outward from the Jason peninsula, YI becomes the dominant class, and 
the coverage of UI grows. From Scene 8, with the higher latitude, sea ice 
becomes thicker and rougher again, while RI and especially OI areas start to 
expand in Scenes 8 and 9.

Figure 8.  Synoptic classes of sea ice over the study area.

Scene RI OI YI UI OW

No. 1 76% 19% 4% 0% 1%

No. 2 78% 16% 3% 1% 2%

No. 3 52% 27% 19% 1% 1%

No. 4 0% 32% 63% 5% 0%

No. 5 0% 8% 86% 5% 1%

No. 6 0% 5% 80% 14% 1%

No. 7 0% 2% 73% 24% 1%

No. 8 2% 13% 68% 14% 3%

No. 9 2% 22% 66% 9% 1%

Note: The bold values show the highest percentage of sea ice classes.

Table 1 
Percentage of Different Sea Ice Classes Over the Study Area
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The above sea ice classes are identifiable based on the statistic distribution of the backscatter signal with higher 
values qualitatively corresponding to older, rougher, and thicker sea ice with higher DEM, in view of both volume 
and surface scattering physics (Nghiem et al., 1990, 1995a, 1995b, 2016). Per se, such nomenclatures of the sea 
ice classification are somewhat arbitrary as they do not have specific quantitative values of sea ice roughness 
associated with them. This is also the same issue with the World Meteorological Organization (WMO) nomen-
clatures of both Arctic and Antarctic sea ice (WMO, 2014), for which collocated and contemporaneous roughness 
and ice classification maps were not available to determine the roughness pertaining to each sea ice nomencla-
ture. Once the sea ice DEM is obtained over a given sea ice class (see Sections 5 and 6), the nomenclature issue 
will be resolved as quantitative characterization of sea ice roughness can be associated specifically to the nominal 
sea ice class.

5.  Elevation Retrieval for OI and RI
Following the InSAR processing described in Section 3.3, the phase center heights of sea ice over the study area 
are derived and shown in Figure 5. For the co-registered 50 km transect along the DMS flight track in Scene 1, 
the distinct discrepancy between the TanDEM-X elevation profile hInSAR (blue line) and DMS elevation profile 
hDMS (yellow line) as presented in Figure 9 becomes evident. The transect covering 5,000 pixels is too busy to 
be illustrated; therefore, only one pixel in every 10-pixel interval is selected and presented. This is only done for 
the visualization in Figure 9. Quantitatively, a comparison between hDMS and hInSAR reveals a RMS error (RMSE) 
along the transect of about 1.09 m. The large RMSE value suggests that the interferometric phase center for 
the derivation of the topographic height is not fully sufficient to retrieve an accurate DEM. In fact, the physical 
basis of the Antarctic sea ice (Nghiem et al., 2022) indicates the need to use coPol magnitude |ρ|, which contains 
ample information relevant to sea ice elevation, to generate sea ice DEM over OI and RI. In the next section, the 
relation between the de-noised |ρ| from SAR images and the DMS-measured sea ice elevation is investigated and 
exploited for OI and RI DEM generation. Moreover, information from the single-pass interferometric data is also 
assessed and combined into the retrieval to enhance the accuracy of the sea ice DEM.

5.1.  Decorrelation-to-Elevation Relationship

For the co-registered OI and RI samples, the de-noised coPol magnitude |ρ| from SAR observations is calculated 
according to Equation 1 and Equation 2 and related to hDMS. An inverse relation between |ρ| and hDMS is shown 
in Figure 10a, where |ρ| ranges from 0.9 to 0.3 corresponding to hDMS in the range from 0 to 3 m. For each 
co-registered segment, the negative trend is observed, and the absolute value of Pearson's r is given in Figure 11 
(red bar). The observed inverse relation indicates that larger sea ice DEM corresponding to pronounced topog-
raphy causes stronger depolarization and lower coPol magnitude |ρ|. This is consistent with the deformation 
process that OI and RI are undergoing, related to formation time and deformation with ridging and rafting 
features that consequently increase sea ice elevation. The inverse relation can be represented by a geophysical 
model function as

Figure 9.  Sea ice elevation profiles along the 50 km transect from (interferometric synthetic aperture radar) InSAR, digital mapping system (DMS), and the proposed 
methods. The segments removed from the experiments due to misregistration are denoted as 0 m.

 23335084, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

A
002472 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [23/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Earth and Space Science

HUANG ET AL.

10.1029/2022EA002472

12 of 23

ℎCorrCoPol = 𝑘𝑘1 ⋅ |𝜌𝜌| + 𝑏𝑏1� (5)

where hCorrCoPol is the model-derived elevation, and k1 and b1 are coefficients estimated by a least-square method 
based on the measured hDMS and |ρ|. Linear regression is conducted to estimate k1 and b1 for each segment, 
respectively. For all co-registered segments, the mean and standard deviation of k1 and b1 are −5.09 ± 1.54 and 
4.20 ± 0.89, respectively.

The physical principles of the inverse relation between |ρ| and sea ice DEM has been proven by Nghiem 
et al. (2022). As a result of wind and wave dynamic in the Western Weddell Sea (Nghiem et al., 2016), sea ice 
becomes ridged, thickened, and elevated, leading to desalination through processes such as gravity drainage (Gow 
et al., 1987; Weeks & Ackley, 1982). As older sea ice is formed earlier and has a longer time to undergo defor-
mation processes, the surface is more elevated where more desalination occurs. Also, thick sea ice can undergo 
severe ridging due to strong storm forcing in the Antarctic (Massom & Stammerjohn, 2010). These inter-related 
processes suggest a potential relation between sea ice DEM and desalination for old, rough, and deformed sea 
ice. By setting properties of snow-covered sea ice pertaining to Antarctic sea ice conditions, |ρ| is simulated from 

Figure 11.  Absolute value of Pearson's r between |ρ| and hDMS (red) and hDiff (blue) for the 39 co-registered segments used in 
the experiments. The x-axis indicates the serial number of the segments. The 11 misregistered segments are excluded.

Figure 10.  Inverse relationships between the |ρ| and hDMS (left) or hDiff (right) over the co-registered segments.
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the model and shows an inverse relation to sea ice elevation (Nghiem et al., 2022). The electromagnetic model 
simulation showing a linear relation as hCorrCoPol = −5.28|ρ| + 4.31 (Nghiem et al., 2022) is closely consistent with 
the geophysical model function hCorrCoPol = −5.09|ρ| + 4.20 derived from the co-registered segments from OTASC 
measurements. Fundamentally supported on the foundation of the first-principle physics (Nghiem et al., 2022) 
and directly derived from field data in the Antarctic, the geophysical model function hCorrCoPol = −5.09|ρ| + 4.20 
can thus be used to reconstruct a sea ice DEM over the study area.

Over the co-registered transect, the coPol-corrected (Corr CoPol) elevation hCorrCoPol derived from Equation 5 is 
shown (green dash line) in Figure 9, where the plot illustrates that the profile of hCorrCoPol can effectively capture 
the profile of hDMS. A quantitative comparison is presented in Figure 12a, where the RMSE and the Pearson's r 
between hCorrCoPol and hDMS are 0.25 m and 0.88, respectively. Compared to the original InSAR-derived elevation 
(RMSE = 1.09 m), the pronounced improvement demonstrates the effectiveness of applying |ρ| to generate sea ice 
DEM. The geophysical model function Equation 5 with the mean value of k1 = −5.09 and b1 = 4.20 is employed 
to obtain sea ice DEM for OI and RI over the study area, illustrated in Figure 13. Since the above retrieval method 
is only applicable to OI and RI, the pixels of YI, UI, and OW area are set to be transparent in Figure 13. An 
animation of a simulated fly over the estimated DEM map (i.e., hCorrCoPol) of the OI and RI in Scenes 1–3 is given 
in the Supporting Information.

5.2.  Additional Topographic Information From Interferometry

The elevation difference hDiff between hDMS and hInSAR is defined as

ℎDiff = ℎDMS − ℎInSAR� (6)

An inverse relationship between hDiff and |ρ| is observed in Figure 10b. The absolute values of Pearson's r for the 
39 co-registered segments are presented in Figure 11 (blue bar). Compared to the correlation between the hDMS 
and |ρ| shown in red, the correlation between hDiff and |ρ| yields a larger absolute value in most cases, indicating 
slightly improved correlations between |ρ| and hDiff than hDMS. The linear function is also utilized to describe the 
observed inverse relation

ℎ̂Diff = 𝑘𝑘2 ⋅ |𝜌𝜌| + 𝑏𝑏2� (7)

where 𝐴𝐴 ℎ̂Diff is the elevation difference derived from the function, and k2 and b2 are estimated by the least-square 
method from each segment. For the co-registered segments, the mean and standard deviation of k2 and b2 are 
−4.87 ± 1.54 and 3.65 ± 0.84, respectively. The InSAR-corrected (CorrInSAR) elevation hcorrInSAR is given by

ℎCorrInSAR = ℎInSAR + ℎ̂Diff� (8)

The hCorrInSAR along the co-registered transect is shown (violet line) in Figure 9, where the profile of hCorrInSAR 
agrees well with the hDMS. A quantitative comparison is illustrated in Figure 12b for the co-registered segments. 
The RMSE and the Pearson's r between hCorrInSAR and hDMS are 0.23 m and 0.90, respectively, showing a higher 

Figure 12.  Correlation between (a) hDMS and CorrCoPol DEM (hCorrCoPol), and (b) hDMS and CorrInSAR DEM (hCorrInSAR).
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accuracy than the retrieval that only uses coPol magnitude. Note that DMS DEM measurements include an inher-
ent uncertainty of 0.2 m (Dotson & Arvesen, 2012, updated 2014).

The results suggest that in addition to |ρ|, which carries crucial information on sea ice elevation, interferometric 
information brings supplementary knowledge to help improve the accuracy of sea ice DEM. Therefore, combin-
ing the polarimetric signature with interferometric information represents an optimal method for sea ice DEM 
generation. For OI and RI in the study area, hCorrInSAR is estimated using Equation 7 and Equation 8 with the mean 
value of k2 = −4.87 and b2 = 3.65, and is presented in Figure 14.

Whether the relation between |ρ| and sea ice elevation may or may not exist for different regions and seasons of 
sea ice needs to be investigated as the physical structures and properties of sea ice are different in different regions 
and seasons. For Arctic sea ice, the approximate inverse relation between |ρ| and the cross-polarization ratio 
was observed over multi-year sea ice but not over first-year sea ice (Nghiem et al., 1993). With more coincident 
data sets of sea ice elevations, polarimetric-interferometry SAR imagery, as well as environmental and sea-ice 
parameters in the future, the model capabilities can be explored to test the applicability for monitoring Arctic sea 
ice elevation, Great Lakes ice height, lake-ice level across the cold landscape, or other geophysical parameters in 
different environments of the Earth.

6.  Characterization of Sea Ice Topography
6.1.  Generation of Sea Ice DEM 3D Patterns

Sea ice DEM can be statistically characterized by parameters such as roughness of sea ice, auto-correlation 
length, and orientation angle, providing the basis for quantitative analyses of sea ice characteristics in 3D with 
respect to the corresponding geophysical and environmental conditions in the Antarctic. Due to the dominant 

Figure 13.  CorrCoPol digital elevation model (DEM) (hCorrCoPol) for old ice (OI) and rough deformed ice (RI) in the Western Weddell Sea. The pixels of young ice (YI), 
undeformed ice (UI), and open water (OW) area are set to be transparent.
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coverage of OI and RI over Scenes 1–3 (see Figure 14), these three scenes are selected for the analyses in this 
section.

Sea ice roughness can be measured in terms of the RMS height, which is defined as

ℎRMS =

√

𝔼𝔼

((
ℎCorrInSAR − ℎ̂CorrInSAR

)2
)

� (9)

where hCorrInSAR is the sea ice elevation of each pixel in the subset (Figure 15b), and 𝐴𝐴 ℎ̂CorrInSAR is the average 
elevation in the subset. As illustrated in Figure 15a, the SAR scene is partitioned into subsets with N × N spatial 
resolution for each subset. Here N is set to be 100 m, and hRMS is derived from Equation 9 for each subset.

A comparison between the hRMS derived from the CorrInSAR DEM and from the DMS DEM over the co-registered 
transect is given in Figure 16, where the Pearson's r = 0.71 and RMSE = 0.1 m. It confirms that the accuracy of 
hRMS from CorrInSAR DEM is nearly as precise as the one from DMS DEM. SAR-retrieved hRMS over Scenes 
1–3 is visualized in Figure 17a and quantified in Figure 17b, where the roughness ranges from 0 to 1 m across a 
19 × 150 km area covered by OI and RI. The average and standard deviation of roughness for OI and RI are simi-
lar, around 0.23 ± 0.10 m and 0.25 ± 0.11 m, respectively. The probability density function (PDF) of the observed 
hRMS can be fitted by a three-parameter gamma distribution (Cohen & Norgaard, 1977)

𝑓𝑓 (𝑥𝑥) =
1

Γ(𝑘𝑘)𝜃𝜃𝑘𝑘
(𝑥𝑥 − 𝜇𝜇)

𝑘𝑘−1
𝑒𝑒
−

𝑥𝑥−𝜇𝜇

𝜃𝜃 𝜇𝜇 𝜇 𝜇𝜇 𝜇 ∞, 𝑘𝑘 𝑘 0, 𝜃𝜃 𝜃 0� (10)

Figure 14.  CorrInSAR digital elevation model (DEM) (hCorrInSAR) for old ice (OI) and rough deformed ice (RI) in the Western Weddell Sea. The pixels of young ice 
(YI), undeformed ice (UI), and open water (OW) area are set to be transparent.
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where Γ(.) is the gamma function, k and θ are the shape and scale parameter, respectively, and μ is the location 
parameter of the gamma random variable. The fitted PDFs of gamma distributions are calculated by matching 
the mean, variance, and skewness given the observed hRMS with a cutoff set at 0.5 m, where >95% samples lie in 
the range of hRMS < 0.5 m. As shown in Figure 17b, for both RI and OI, the three-parameter gamma distributions 
suggest good descriptions with the observed roughness.

The gamma distribution usually represents processes occurring toward a termination event such as sea ice evolu-
tion until the ice season end date (Nghiem et al., 2014). In the case of this study, sea ice becomes more rough-
ened, thickened, and elevated as the ice becomes older toward the end of the sea ice season in the Weddell Sea. 

Figure 17b notably shows that the RI has the largest skewness as the PDF 
becomes asymmetric toward the high range of the thick and elevated sea ice 
compared to that of the OI with weaker backscatter corresponding to lower 
roughness.

The auto-correlation length is a function describing the contour of the 2D 
auto-correlation function (ACF) with a normalized correlation of e −1, shown 
in Figure 15c. The e −1 correlation contour is non-circular in general and can 
be characterized with an ellipse, and four ACF parameters are extracted from 
the ellipse. The major (minor) correlation length La (Lb) corresponds to the 
major (minor) axis of the correlation ellipse. The ellipticity is defined as 
f = (La − Lb)/La. The orientation angle α describes the direction of the major 
axis to the north direction (see Figure 15a). The four ACF parameters can be 
estimated for each subset with N × N spatial resolution, where N = 500 m. 
Note that N = 500 m is a trade-off value between the number of samples 
and spatial resolution. For some subsets, the contour of ACF cannot be well 
represented by an ellipse when N < 500 m due to the deficient number of 
samples.

Figure 18 shows the distributions (in histograms) of α, e, La, and Lb, each 
of which is calculated for Scenes 1–3. In Figure 18a, the orientation angle 
α involves the similar shape of distribution with close values of the mean 

Figure 15.  (a) Definition of parameters for sea ice digital elevation model (DEM) 3D characterization. (b) An example of sea ice CorrInSAR DEM over the N × N 
subset. (c) Auto-correlation function (ACF) analysis over the N × N subset.

Figure 16.  Comparison of the hRMS derived from the CorrInSAR digital 
elevation model (DEM) and digital mapping system (DMS) DEM over the 
co-registered transect.
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and standard deviation in Scenes 1–3, and so do the other three ACF parameters e, La, and Lb as shown in 
Figures 18b–18d. This statistical similarity between the same parameter among different scenes suggests that the 
sea ice 3D structure over the areal scale of ∼19 × 150 km was formed under similar regional atmospheric driver 
(e.g., katabatic winds) and/or oceanic forcing (e.g., ocean circulations) in this particular sector of the Western 
Weddell Sea.

6.2.  Sea Ice DEM 3D Patterns Related to Bathymetry

Nghiem et al. (2016) found that the patterns of Antarctic sea ice classes are consistent with bathymetry over large 
scales (100–1,000 km); however, 3D sea ice patterns versus bathymetry at smaller scales (1–100 km) remain to 
be examined. In this subsection, the patterns of sea ice DEM (i.e., hCorrInSAR) related to bathymetry are analyzed in 
terms of bathymetric depth and aspect angle. The General Bathymetric Chart of the Oceans (GEBCO) provides 
gridded bathymetry data that are available for public use and have a global coverage including the Antarctic 
Ocean (GEBCO Compilation Group, 2020). Figure  19a illustrates the retrieved sea ice DEM (hCorrInSAR) super-
imposed on the bathymetry for Scenes 1–3. Since the bathymetry data have a coarser resolution compared to the 
retrieved sea ice DEM, the average hCorrInSAR is calculated in each pixel of GEBCO bathymetry data.

The Pearson's r between the averaged hCorrInSAR and bathymetric depth is only 0.2. The low value of r indicates 
that the small-scale bathymetry may not exert uniform impacts on the elevation height of OI and RI in Scenes 
1–3 over the bathymetry range from 300 to 800 m. The histogram shown in Figure 19b represents the number of 
data samples in each bin, which is 0.1 m in sea ice elevation and 20 m in bathymetric depth. It reveals that high 
elevations of OI and RI from 0.8 to 1.7 m with a pronounced double-peak pattern can occur over both a shallower 
range of 300–550 m depth, referred to as Sector 1 in Figure 19b and with a less occurrence pattern over a deeper 

Figure 17.  (a) hRMS derived from the CorrInSAR digital elevation model (DEM) for Scenes 1–3. (b) Histogram of hRMS derived from the CorrInSAR DEM for Scenes 
1–3. The mean, standard deviation (i.e., std), and skewness (i.e., skw) are calculated given all the observed hRMS. The black lines denote the three-parameter gamma 
distributions with k, θ, and μ estimated from samples with hRMS < 0.5 m.
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range of 550–800 m depth, marked as Sector 2, while low elevations of OI and RI from 0.3 to 0.6 m can cluster 
over the mid-range of the bathymetry from 520 to 640 m depth, denoted as Sector 3. These complex patterns of 
sea ice DEM over various depths of the seafloor are consistent with a low Pearson's r = 0.2; however, the sea 
ice DEM is not randomly distributed and shows pronounced patterns over different ranges of the seafloor depth. 
These observations suggest a possible hypothesis that seafloor structures may exert confounding effects on the 
formation of the sea ice DEM in 3D, for which a future field campaign can be carefully developed with in-situ 
measurements of key oceanic parameters such as Conductivity-Temperature-Depth (CTD) profiling together with 
multi-beam sonar scans along multiple hydrographic sections.

Figure 18a reveals that the orientation angle α clusters around 153°, which may hypothetically depend on the sea 
bathymetry that guides sea currents in the subsurface marine environment. To examine this hypothesis, we define 
the bathymetric aspect angle ξ as the direction of the bathymetric slope relative to the north. Note that ξ ranges 
from 0° to 360°, while α is from 0° to 180° as it does not matter whether α is upslope or downslope with respect 
to ξ by definition.

As illustrated in Figure 20, consider a seafloor feature such as a trough or a channel that guides a sea current in 
parallel along the channel direction. In this ideal hypothetical case, the current compresses sea ice to form ridges 

Figure 18.  The histograms of (a) auto-correlation function (ACF) orientation angle α, (b) ellipticity f, (c) long axis La, and (d) short axis Lb derived from the 
CorrInSAR digital elevation model (DEM) for Scenes 1–3. The mean value ± standard deviation of each parameter for each scene is given on the subfigures.
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that preferentially align in the direction perpendicular to the sea current direction. In this case, the ACF orienta-
tion is perpendicular to both the current direction and the isobath contour and is therefore parallel to the aspect 
direction and the gradient line, which is defined as the line perpendicular to the isobath contour, so that α forms 
an angle of 0° or 180° with respect to the aspect angle.

Figure 21 shows that the gradient lines generally align along the north-south direction and indeed indicate that 
α is parallel to the gradient line in many locations. However, a discrepancy of 27° (=180° − 153°) is observed 
from the real data in the histogram of the ACF orientation angle α, as shown in Figure 18a. Thus, α may possibly 

Figure 19.  (a) CorrInSAR digital elevation model (DEM) (hCorrInSAR) is superimposed on the bathymetric depth map for Scenes 1–3. (b) 2D-histogram of hCorrInSAR and 
bathymetric depth for old ice (OI) and rough deformed ice (RI) from Scenes 1–3.

Figure 20.  An ideal case of bathymetry guiding sea current and thereby exerting effects on auto-correlation function (ACF) 
orientation angle α alignment with the aspect angle ξ.
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deviate away from the ideal channel-guidance hypothesis at locations where 
the sea current may not be strongly guided preferentially along with the 
directional bathymetric features, or the seafloor may not have a pronounced 
directional features at such locations, or other forcing factors such as winds 
may partially contribute to the sea ice dynamics. The discrepancy can also 
be caused by uncertainty in the ACF estimation of α, or by biases from the 
regression fitting of grid bathymetry data (Smith & Sandwell, 2004). Note 
that our knowledge of bathymetry in the Southern Ocean is very limited 
(Millan et al., 2020), and the GEBCO bathymetry may have some uncertainty 
as some recorded seal dive data show deeper sea floor than that provided by 
GEBCO (Harcourt et  al.,  2021). The results highlight the requirements of 
in-situ measurements (such as CTD, ocean current, wind speed and direction, 
high-resolution sonar scans, etc.) in future sea ice scientific experiments to 
robustly examine processes contributing to the anisotropic formation of sea 
ice DEM with a preferential alignment.

7.  Summary and Conclusions
This paper has derived a sea ice DEM for the two ice types (i.e., OI and 
RI) and provided 3D topographic characterization over a 19  ×  450  km 
sector in the Western Weddell Sea using the coordinated campaign between 
TanDEM-X SAR and DMS optical data. For the snow-covered OI and RI, the 
sea ice elevation measured from DMS photographic technique was observed 
to be inversely correlated to coPol magnitude |ρ| from SAR imagery, which 
is consistent with theoretical predictions. The experimental observations 
further concluded that |ρ| carries significant information on sea ice DEM 
for OI and RI and can combine with interferometry to achieve an accurate 
DEM from single-pass InSAR data. The verification using the co-registered 
segments suggests a high retrieval accuracy with RMSE being 0.23 m.

Sea ice elevation retrieved from SAR data over large ground swaths is crucial 
for investigating sea ice formation and evolution processes within the context 

and constraints of geophysical and environmental conditions. A quantitative description of the sea ice DEM 3D 
pattern in terms of sea ice roughness and auto-correlation parameters, derived from the SAR-retrieved DEM, was 
presented and analyzed along the sector covered by OI and RI. The sea surface roughness was estimated with 
a mean of ∼0.24 ± 0.11 m where a range from 0 to 1 m was observed. The roughness statistical distributions 
resemble the characteristics of the gamma distribution for both OI and RI, while RI exhibits larger skewness than 
OI. The similar statistical distributions of roughness and auto-correlation parameters across the three scenarios 
reflect the similar sea ice DEM 3D pattern over the scale of ∼19 × 150 km in this sector of the Weddell Sea.

Based on the sea ice DEM 3D pattern, the clusters of bathymetric depth for various ranges of sea ice elevations 
were discussed. On higher sea ice elevations from 0.8 to 1.7 m, clusters over both shallower bathymetry ranges 
(300–550 m) and deeper range (550–800 m) depths were observed, while lower elevations of sea ice from 0.3 
to 0.6 m mainly occur over the mid-range (520–640 m) depths of the bathymetry. Moreover, the orientation 
angle α clustering at 153° was hypothesized to be aligned preferentially along the bathymetric gradient lines, 
especially at the locations where the direction of sea current is guided by the seafloor features. In contrast to past 
geophysical studies based on 2D characterizations of sea ice such as sea ice concentration (De Veaux et al., 1993; 
Mack et al., 2013) and sea ice velocity from 2D images (Geiger & Drinkwater, 2005; Hutchings et al., 2012), the 
results presented here are the first findings of the quantitative characterization of high-resolution sea ice DEM 
in 3D over a large region in the Weddell Sea. These 3D observations of sea ice are valuable to pose new science 
hypotheses and to guide future field campaigns in order to advance the understanding of interactions among sea 
ice, air, ocean, and seafloor.

The spaceborne single-pass InSAR acquisition, such as the current TanDEM-X, provides optimal conditions 
for retrieving sea ice topography over extensive spatial coverage. With more single-pass or multi-static InSAR 

Figure 21.  The map of orientation angle α overlaid on the gradient lines for 
Scenes 1–3.
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acquisitions in the future, for example, the European Space Agency mission Harmony which is envisaged to 
comprise two identical satellites flying in convoy with the Sentinel-1, a long-term and large spatial measurement 
of sea ice topography will be possible. Monitoring sea-ice topographic characteristics would be essential to 
further understand the geophysical processes of sea ice and to assess the impacts of the altered sea ice cover in a 
changing climate.

Regarding practical application such as the safety of maritime operations in ice-covered waters, which is a primary 
aim of the International Ice Charting Working Group (IICWG, 2021), the capability to associate quantitative 
characteristics of sea ice DEM to different sea ice classes (Section 6) can provide useful information relevant to 
navigation hazards in areas where large ridges are likely to be encountered (such as RI). With multiple satellite 
SAR data sets at X band (e.g., TSX/TDX, COSMO-SkyMed, and the future LOTUSat Missions), at C band 
(e.g., Sentinel-1, RADARSAT Constellation), and at L and S bands (e.g., SAOCOM, and the upcoming NISAR 
Mission), mapping products of sea ice classes can be operationally and synergistically obtainable from the inter-
national SAR missions with frequent and extensive coverage without requiring costly SAR full-polarimetric and 
InSAR capabilities.

Data Availability Statement
TanDEM-X data can be obtained from the German Aerospace Center (DLR) with scientific proposal and down-
loaded from https://eoweb.dlr.de (DLR, 2022). DMS data can be obtained from the National Snow and Ice Data 
Center and downloaded from https://nsidc.org/data/icebridge (NSIDC, 2022).
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