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Abstract: Sea ice thickness (SIT) is an important parameter in the study of climate change. During
the past 20 years, satellite altimetry has been widely used to observe sea ice thickness. The Chinese
Haiyang-2B (HY-2B) radar altimeter, launched in October 2018, can provide data up to 80.6° latitude
and can be used as a supplementary means to observe polar sea ice. Reliable HY-2B SIT products will
contribute to the sea ice community. In this study, we aimed to assess the Arctic sea ice thickness
retrieval ability of the HY-2B radar altimetry data. We processed the HY-2B radar altimetry data from
January 2019 to April 2022 and used the processed data to retrieve the Arctic SIT. The Alfred Wegener
Institute (AWI) CryoSat-2 (CS-2) SIT products were used to calibrate the HY-2B SIT estimates with a
linear regression method. The Goddard Space Flight Center (GSFC) CS-2, Jet Propulsion Laboratory
(JPL), and GSFC ICESat-2 (IS-2) SIT products were used to validate the HY-2B calibrated SIT estimates.
The HY-2B calibrated SIT estimates have good, consistent spatial distributions with the CS-2 and IS-2
SIT products. The comparison with the IS-2 and IS-2 SIT products shows the root-mean-square error
(RMSE) and bias for the HY-2B SIT estimates are significantly reduced after calibration. The HY-2B
SIT estimates were also validated using the ice thickness data from Operation IceBridge (OIB) and
the ice draft data from the Beaufort Gyre Exploration Project (BGEP). Finally, the monthly variations
of the HY-2B SIT estimates were analyzed. Results show that the HY-2B calibrated SIT estimates are
reliable, especially when the SIT values are lower than 3 m. The HY-2B altimetry data is a possible
source for sea ice thickness data at lower latitudes and will help us better understand the sea ice
response to climate change.
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1. Introduction

In recent years, global climate change has become a research topic attracting world-
wide attention. Sea ice is one of the most important environmental factors in the climate
system [1]. Sea ice changes affect regional and global climate, and climate changes further
change the characteristics of sea ice. Sea ice thickness is particularly significant and sensi-
tive to the coupling effect of the atmosphere, sea ice, and ocean and directly determines the
process and rate of energy and material exchange between sea and air [2]. It dominates
the thermodynamics and dynamics of sea ice and then feeds back to the global climate
system, environmental system, and ecosystem, causing a series of changes in climate and
environmental parameters related to human survival [3].

Over the past 20 years, satellite altimetry has become the most widely used method
to measure sea ice thickness. Compared with other observation methods, the advantage
of satellite altimetry is that it can obtain hemispherical SIT information. Laxon et al. [4]
first used ERS-1/2 and Envisat radar altimeter data to retrieve the sea ice thickness, then
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confirmed the feasibility of retrieving large-scale sea ice thickness by satellite altimeter
data with submarine sonar data. Since then, satellite radar altimeters, such as Envisat [5,6],
Cryosat-2 [7,8] and Sentinel-3A /B [9], and laser altimeters, such as ICESat-1 [10-12] and
ICESat-2 [13,14] have been used to estimate the sea ice thickness.

The HY-2B satellite is China’s second marine dynamic environment detection satel-
lite [15]. It was launched on 25 October 2018, and is in a sun-synchronous orbit with
a 973 km orbital height. HY-2B, together with HY-2C (launched on 21 September 2020)
and HY-2D (launched on 19 May 2021), forms China’s first marine dynamic environment
satellite constellation and greatly improves the global observation coverage and timeliness
of marine dynamic environmental elements. HY-2B is a polar orbit satellite (inclination:
99.3°), while both HY-2C and HY-2D are inclined orbit satellites (inclination: 66°).

The dual-frequency radar altimeter (Ku band: 13.58 GHz and C band: 5.25 GHz) is one
of HY-2B’s main payloads. The HY2B radar altimeter is the first radar altimeter to use the
rubidium clock as a frequency reference source. Due to the high stability of the rubidium
clock, the range drifts of the HY-2B radar altimeter will be no more than 0.1 mm/year [16].
Similar to the Envisat and Jason-1/2/3 radar altimeters, the HY-2B radar altimeter adopts
the pulse-limited operation mode to measure the sea surface height, significant wave
height, and sea surface wind speed. Due to its high quality over the ocean, the HY-2B radar
altimetry data has been successfully integrated into the Data Unification and Altimeter
Combination System (DUACS) [17]. However, the HY-2B radar altimetry data are rarely
used in polar sea ice research. The HY-2B radar altimeter can provide measurements up to
80.6° latitude and can be used as a supplementary means to observe polar sea ice. Reliable
HY-2B SIT products are important for providing sea ice thickness data at lower latitudes
and will help us better understand the sea ice response to climate change.

In this study, we aimed to assess the Arctic sea ice thickness retrieval ability of the
HY-2B radar altimetry data. We processed the HY-2B radar altimetry data from January
2019 to April 2022 and used the processed data to estimate the Arctic sea ice thickness. The
AWI CS-2 SIT products were used to calibrate the HY-2B SIT estimates. Additionally, we
validated the HY-2B SIT estimates by comparison with the GSFC CS-2 SIT products, the
JPL and GSFC IS-2 SIT products, OIB airborne data, and BGEP sea ice draft data.

2. Materials and Methods
2.1. HY-2B Radar Altimetry Data

The radar altimeter onboard HY-2B operates in the Ku and C bands. It is a conventional
pulse-limited altimeter. The pulse-limited footprint diameters of the Ku and C bands are
1.9 km and 10 km, respectively. The C-band data are mainly used for ionospheric corrections.
In this study, we only used Ku-band data. The main characteristics of the HY-2B radar
altimeter are listed in Table 1. The orbit inclination of the HY-2B satellite is 99.3°, and the
repeat cycle is 14 days.

Table 1. HY-2B radar altimeter parameter [16].

Parameter Value
Emission signal center frequency 13.58 GHZ (Ku), 5.25 GHZ (C)
Orbit altitude 973 km
Orbit inclination angle 99.3°
Orbit period 14 days
Number of range bin 128
Transmission pulse width 102.4 us
Ku pulse repetition rate 2 kHz
Antenna aperture 1.3m
Bandwidth 320 MHZ

Ground footprint diameter 1.9 km (Ku), 10 km (C)
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The HY-2B radar altimeter uses both Sub-optimal Maximum likelihood Estimate (SMLE)
and off-center of gravity (OCOG) tracking modes. Figure 1 shows the distribution area of the
two tracking modes over the Arctic Ocean in January 2021. For areas with slower changes in
terrain height, such as the ocean and large areas of flat sea ice, the SMLE tracking mode is
used. For areas with more dramatic changes in topographic height, such as land and sea ice
areas, the OCOG tracking mode is used. The currently released HY-2B L2 altimetry products
only contain data from the SMLE tracking packages, while the L1 products contain data from
both tracking modes. In this study, we processed the HY-2B L1 altimetry data from January
2019 to April 2022 to estimate the Arctic SIT. The HY-2B altimetry data could be obtained
from the National Satellite Ocean Application Service (NSOAS).

(a) SMLE + OCOG (b) SMLE (c) OCOG

Figure 1. Distribution of HY-2B altimeter data for two tracking modes over the Arctic Ocean in
January 2021.

2.2. Cryosat-2 SIT Data

In April 2010, the European Space Agency successfully launched the CryoSat-2 (CS-2)
satellite, which is mainly used for the measurement of sea ice thickness and ice sheet
elevation. The satellite flies in a non-sun-synchronous orbit with an altitude of about
717 km, a repeat cycle of 369 days, an orbital inclination of 92°, and data coverage of
88° north and south latitude.

CS-2 is equipped with the SAR Interferometric Radar Altimeter (SIRAL). The design
of SIRAL is derived from the traditional pulse-limited radar altimeter and combined with
synthetic aperture and interferometric signal processing technology. It can achieve accurate
measurement of the ice sheet edge and systematic detection of changes in sea ice freeboard
height. SIRAL operates in three main observation modes, of which the low-resolution
mode (LRM) is mainly used to measure the inland ice sheet with a small slope; the SAR
mode is mainly used to measure sea ice; the SARIn mode is mainly used to measure the
edge of the ice sheet with a large slope. In SAR mode, SIRAL uses the along-track beam
formation to generate a much smaller footprint strip (about 300 m along track and 1.6 km
cross-track) than the circular footprint (~2 km diameter) of the conventional pulse-limited
altimeters such as Envisat, Jason-1/2/3, and HY-2B altimeters.

Several institutions, such as the Centre for Polar Observation and Modelling (CPOM) [18],
the NASA Goddard Space Flight Center (GSFC) [19], the Alfred Wegener Institu (AWI) [20]
have used the CS-2 altimetry data to retrieve the Arctic SIT and publicly released their products.
Different institutions use different methods to process the CS-2 data. CPOM uses a Gaussian-
exponential retracker and a threshold retracker to process the lead and sea ice waveforms,
respectively. AWI applies a threshold retracker to process all waveforms. GSFC uses a
waveform-fitting model to process both lead and sea ice waveforms.

Similar to the AWI CS-2 SIT products, we also used a threshold method to retrack
the HY-2B radar altimeter waveforms. Therefore, we used the AWI CS-2 SIT products to
calibrate and validate the HY-2B SIT estimates. In addition, we also used the GSFC CS-2
SIT products to validate our results.
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2.3. ICESat-2 SIT Data

In September 2018, NASA launched the ICESat-2 (IS-2) satellite. The observation range
of IS-2 is between 88° south and north latitude. IS-2’s repeat cycle is 91 days, and the mean
orbit altitude is ~500 km. The Advanced Topographic Laser Altimeter System (ATLAS) is
IS-2’s main payload. ATLAS emits pulses with a laser wavelength of 532 nm at a frequency
of 10 kHz. The emitted laser beams are divided into six beams, three pairs of strong and
weak beams are arranged in parallel along the orbit, with the spacing between groups of
about 3.3 km. The vertical spacing of strong and weak beams in each pair of orbits is 90 m;
the vertical spacing of strong and weak beams along the orbit is 2.5 km; the spot diameter
is about 17 m; and the spatial resolution of the satellite along the orbit is 70 cm [21].

NASA GFSC publicly released the IS-2 L4 Monthly Gridded SIT (IS2SITMOGR4)
products. IS2SITMOGR4 uses ATLAS ATL10 products to estimate the winter Arctic SIT [13].
The Jet Propulsion Laboratory (JPL) also retrieved the Arctic SIT using the ATLAS ATL10
snow-freeboard products [22]. In this study, we also used the GSFC and JPL IS-2 SIT
products to validate the HY-2B SIT estimates. There are some differences between the GSFC
and JPL IS-2 products. GSFC uses the snow loading estimates from the NASA Eulerian
Snow on Sea Ice Model (NESOSIM) to estimate the SIT, while JPL uses the snow depth
derived from IS-2 and CS-2 [23].

2.4. OIB SIT Data

Operation IceBridge (OIB) has been an important polar airborne observation project
for NASA in recent years. The IceBridge project aims to fill the data gap between the
laser altimetry satellites ICESat and ICESat-2 to ensure continuous observation in the polar
regions [24]. From January 2019 to now, only the OIB data from April 2019 can be used to
validate the HY-2B SIT estimates, and their tracks are shown in Figure 2a. In this study, the
IceBridge L4-level (IDCSI4) data were used to validate the HY-2B SIT estimates. The OIB
SIT data were gridded to a 25 km EASE2 grid.

=
N 2, 2,
& & @
2, éc &40
y; S S

Figure 2. The (a) OIB tracks in April 2019 and (b) locations of the three ULSs of BGEP.

2.5. BGEP Ice Draft Data

The ice draft data derived from three moored upward-looking sonars (ULS) of the
Beaufort Gyre Exploration Project (BGEP) [25] were also used to validate the HY-2B SIT
estimates. We used the daily average draft data from moorings A, B, and D. The locations
of moorings A, B, and D are shown in Figure 2b.

2.6. Auxiliary Data

In this study, we used daily sea ice concentration products and sea ice type products
from the EUMETSAT Marine and Sea Ice Satellite Application Facility (OSI-SAF). The
AWI snow depth data fusing the W99 climatology snow depths and the AMSR-2 snow
depths [26] were used to estimate the HY-2B SIT.
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2.7. Sea Ice Thickness Retrieval Method

Figure 3 shows the sea ice thickness retrieval flow chart based on the HY-2B radar
altimetry data. The surface height measured by the HY-2B radar altimeter is expressed as
follows [27]:

h = H-(R+ ARcorr) (1)

ARcorr = ARdry + ARyet + ARiono + ARocean + ARsolid + ARpole =+ ARDAC (2)

where H is the altitude of the satellite, R is the distance from the satellite to the earth’s
surface, and AR+ contains the range and geophysical error corrections. ARdW is the
dry wet troposphere correction, ARy is the wet troposphere correction, AR;y,, is the
ionosphere correction, ARoceqn is the geocentric ocean tide, ARy is the solid earth tide,
ARpole 1s the pole tide, and ARp 4¢ is the dynamic atmosphere correction.

HY-2B
Altimetry Data
. Geophysical
+ corrections
Corrected data
3 f DTU21 MSS
hy
Remove outliers
outside the /4,5, £1m " Minus the 4,5,
range The remaining
elevation after
- smoothin,
Remove outliers g ]
. . Averaging the lowest 3
outside the iy+sigma > ;
v points of every 25 km
range

Retrieve sea level

A 4

Calculation of radar
freeboard

Snow depth /L Calculation of sea ice

freeboard
Snow .| Calculation of sea ice
density " thickness

l

sea ice thickness

Sea ice Sea ice
type density

Figure 3. Sea ice thickness retrieval flow chart based on the HY-2B radar altimetry data.

The Threshold First Maximum Retracker Algorithm (TFMRA) [28] was applied to
process the HY-2B altimeter waveforms. We adopted a 50% threshold. The dry troposphere
correction was calculated as follows [29]:

0.0022768Ps

ARy = —
4y 71 20.00266 cos 2¢ — 0.28-10— 6z,

®)
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where P; is the surface pressure at height z; above the geoid, and ¢ is the geodetic latitude.
In this study, Ps is derived from the surface pressure data from the National Centers
for Environmental Prediction (NCEP) FNL (Final) operational global analysis data using
linear interpolation.

The wet troposphere correction was computed as follows [29]:

ARyet = —(ag + ayTCWV + ay TCWV? + a3 TCWV3) TCWV-10~2 (4)

where TCWYV is the total column water vapor, ayp = 6.8544, a; = —0.4377, a; = 0.0714,
az = —0.0038. We obtained TCWYV from the NCEP FNL operational global analysis data
using linear interpolation.

The ionosphere correction was computed as follows [30]:

k Cte
7
where k = 0.402 50 x 107°, ¢, is the total electron content (TEC), f is the electromagnetic
radiation frequency. In this study, the JPL-GIM TEC data [31] were used to calculate the
total electron content with linear interpolation.

The geocentric ocean tide correction was computed using the FES2014 ocean tide
model [32]. The dynamic atmosphere correction was calculated using the two-dimensional
Gravity Waves model (MOG2D) data with linear interpolation [33]. The solid earth tide was
calculated using the method developed by Cartwright and Edden [34]. The pole tide was
computed using the earth orientation data from the International Earth Rotation Service
(IERS) with the method described by Wahr [35].

The mean sea surface (MSS) was applied to remove the geoid undulations:

ARiono =

©)

Iy = h — Nypes (6)

where F;, is the relative surface height and /s is the mean sea surface. We used the DTU21
MSS model [36] to calculate the mean sea surface.

Kwok et al. [37] found that the residuals in sea surface height are much greater than
the expected magnitude of sea ice freeboard and used a 25 km running mean of #, to
remove the residuals. We followed Kwok’s method to obtain the modified relative surface
height. The relative surface height i, was filtered through the sliding average of 25 km and
the modified relative surface height is obtained by [37]:

hy, = hy — hosgy (7)

where hysy, is the filtered h,. Figure 4 shows a sample of the HY-2B elevation profiles of i,
and ] over the Arctic ocean.

The freeboard is usually derived from the elevation difference between the sea ice
surface and the local sea surface. The local sea surface height can be regarded as the leading
elevation in sea ice-covered areas. Lindsay and Rothrock [38] found that leads cover 2-3%
of the sea ice cover of the Arctic Ocean. Kwok et al. [37] developed a convenient method to
calculate the lead elevation. Leads were considered to be at sea level, and the sea surface
height at any given point was derived by averaging the lowest 2% of the ICESat elevations
within 25 km of that point. Zwally et al. [39] detected leads in at least 2% of a 50 km
section of an ICESat elevation profile and calculated the sea surface height by averaging
the lowest 2% of the relative elevations. Skorup et al. [40] calculated the sea surface
height by averaging the three lowest elevations in a 20 km section of an ICESat profile.
Zhang et al. [41] calculated the sea surface height by averaging the three lowest elevations
in a 25 km section of an Envisat profile. We followed Zhang’s method to compute the sea
surface height by averaging the three lowest /], per 25 km. The radar freeboard is computed
as follows:

hf = h‘/r — hssn (8)
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where s is the radar freeboard, h;, is the modified relative surface height, and hg, is the
sea surface height. Figure 5 shows a sample of the HY-2B elevation profiles of 4}, h, and
hs over the Arctic ocean.

1
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Figure 4. A sample of the HY-2B elevation profiles of (a) ki, hosy,, and (b) k. over the Arctic Ocean.
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Figure 5. A sample of the HY-2B elevation profiles of (a) h;}, hyg, and (b) h + over the Arctic Ocean.

Radar signals travel slower in snow than in a vacuum. The radar freeboard should be
corrected using the snow depth ks to derive the sea ice freeboard hy; [8,42]:

c
hfi:hf‘i‘hs(a_l) 9)
—4 -15
cs =c(1+51x10%ps) (10)

where ¢ is the speed of light, ¢ is the speed of light through snow, and p; is the
snow density.
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Sea ice thickness was finally estimated from the sea ice freeboard [7]:
heipw +h
By = fiPw sPs (11)
Pw — Pi

where F; is the sea ice thickness, h i 18 the corrected sea ice freeboard, ks is the snow
depth, p, is seawater density (1024 kg m~3), ps is the snow density, and p; is sea ice
density. For the first-year ice (FYI), p; is 916.7 kg m 3 while for the multi-year ice (MYI),
882.0 kg m 2 is used. The snow density p; is computed as follows [42]:

ps = 6.5 X t +274.51 (12)
where f is the number of months since October.

3. Results
3.1. Comparison against the 1S-2 SIT Data

We first estimated the monthly Arctic SIT using the reprocessed HY-2B altimetry data
from October 2021 to April 2022 and then used the AWI CS-2 SIT to calibrate our results.
The SIT estimates were projected to a 25 km EASE2 grid. Figure 6a shows the scatterplots of
the HY-2B SIT estimates against the results from the AWI CS-2 products. Figure 6b shows
the histograms of the SIT biases between HY-2B and AWI CS-2 SIT estimates. The SIT
biases have near-normal distributions. Compared to the AWI CS-2 products, the HY-2B SIT
estimates have an RMSE of 1.19 m with a positive bias of 1.08 m. The mean relative error
(MRE) is 1.47. As shown by Zhang et al. [41], the Envisat sea ice freeboard estimates have
a positive bias of 0.12 m against the AWI CS-2 products. The method used to derive the
HY-2B sea ice freeboard in this study is the same as the method used by Zhang et al. [41].
Therefore, the method used in this study may overestimate the sea ice freeboard values
and thus overestimate the SIT values. There may be several reasons for the differences
between the HY-2B SIT estimates and the AWI CS-2 SIT estimates. Firstly, the HY-2B
altimeter operates in LRM mode while the CS-2 altimeter operates mainly in SAR mode
over Arctic sea ice. Secondly, our method of retrieving the freeboard is different from the
AWI CS-2 SIT products. For the AWI CS-2 SIT products, leads are detected from waveform
parameters such as pulse peakiness and stack standard deviation, and the sea surface height
is calculated from the lead waveforms. However, we computed the sea surface height by
averaging the three lowest elevations in a 25 km section of an HY-2B profile. Moreover, the
MSS model we used is also different from the one for the AWI CS-2 SIT products.

5 v o 3000
| N=s61015 R
é Bias=1.08 m ,
Z4f STD=051m R 6 2500
2 | RMSE-1.19m . , )
$ | MRE=147 A 502000
€3] R=0.73 et 4
2 : 45 1500
g S
a2f 30
q 1000
w2
8 1t 20
= 500
< 10

0 0

: -3

HY-2B sea ice thickness (m)

Bias (m)

Figure 6. Comparison of the SIT estimates between the HY-2B and AWI CS-2 SIT products:
(a) scatterplot and (b) histogram of the differences between the two products.

For the AWI CS-2 SIT products, the altimeter waveforms are processed using the
threshold method. In this study, we also used a threshold method to process the HY-2B
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altimeter waveforms. Moreover, the seawater density, sea ice density and snow density,
used to estimate the SIT in this study are the same as those for the AWI CS-2 SIT products.
Therefore, we used the AWI CS-2 SIT products to calibrate the HY-2B SIT estimates. We use
a linear regression method to calibrate the HY-2B SIT estimates:

SITEVRE = o x SIT{% 5 + B (13)

where SITiY,; is the derived HY-2B SIT value, SI Tﬁf{/fged is the corrected HY-2B SIT
value, & and B are the regression coefficients. The HY-2B and AWI CS-2 SIT estimates from
October 2021 to April 2022 were used to calculate the regression coefficients. The correction
model may depend on the ice thickness and the physical characteristics of snow and sea
ice. Therefore, we established different correction models based on the data from different
months. Table 2 shows the regression coefficients for different months.

Table 2. The regression coefficients « and f for different months.

October November December January February March April
o 0.83 0.88 0.87 0.90 0.93 0.93 0.94
B -0.82 -0.91 —0.88 -0.92 —-0.96 —0.96 —1.00

Monthly SIT for HY-2B and CS-2 are shown for the 20202021 winter season in Figure 7.
The differences between the HY-2B SIT estimates and the AWI and GSFC CS-2 SIT estimates
are also shown in Figure 7. Along-track SIT measurements for the month were projected
to a 25 km EASE? grid after 3-sigma filtering. The HY-2B SIT estimates are higher than
the CS-2 SIT estimates for all months. Figure 8 shows the results of the HY-2B calibrated
SIT estimates. After calibration, the HY-2B SIT estimates are more consistent with those
of the AWI and GSFC CS-2 SIT products. Thicker sea ice appears in the Beaufort Sea and
north of the Canadian Arctic Archipelago, while thinner sea ice appears in the East Siberian
and Barents Seas. In addition, the HY-2B and CS-2 SIT products showed similar seasonal
changes in which the Arctic SIT gradually thickened. The HY-2B calibrated SIT estimates
are higher than those of AWI and GSFC CS-2 SIT products in the Beaufort Sea and north of
the Canadian Arctic Archipelago, where the SIT values are thicker than in other areas.

Figure 9 shows the comparison of the HY-2B SIT estimates and the two CS-2 SIT
products for the period January 2019 to April 2021. Compared to the AWI CS-2 SIT
products, the HY-2B SIT estimates have an RMSE of 1.33 m, with a positive bias of
1.19 m, and an MRE of 1.53. After calibration, the RSME, bias, and MRE for the HY-
2B SIT estimates are reduced to 0.53 m, 0.08 m, and 0.41, respectively. The STD of the
differences between the HY-2B calibrated SIT estimates and the AWI CS-2 SIT products is
0.53 m, which is slightly lower than the value without calibration (0.58 m). The correlation
coefficient between the HY-2B calibrated SIT estimates and the AWI CS-2 SIT products is
0.66, which is the same as the value without calibration. Compared to the GSFC CS-2 SIT
products, the HY-2B calibrated SIT estimates have an RMSE of 0.61 m with a negative bias
of 0.28 m, and the correlation coefficient and MRE are 0.53 and 0.30, respectively.

To analyze the performance of the HY-2B SIT estimates in different SIT ranges, we
computed the biases between the HY-2B and the two CS-2 products into six SIT ranges.
Table 3 shows the statistics of the biases between the HY-2B estimates and the two CS-2
products in different SIT ranges. Compared to the AWI CS-2 products, the biases are mainly
distributed in thin-ice-covered areas (SIT smaller than 1 m). The HY-2B estimates have
a 1.18 m bias against the AWI CS-2 products and a 0.92 m bias against the GSFC CS-2
products when SIT is smaller than 1 m. After calibration, the biases for the HY-2B estimates
are reduced to 0.08 m for the AWI CS-2 products and —0.19 m for the GSFC CS-2 products,
respectively. The bias between the HY-2B SIT estimates and the AWI CS-2 SIT products is
smallest in areas of SIT larger than 3 m and smaller than 4 m. After the HY-2B SIT estimates
are calibrated, the biases increase with SIT in areas with SIT greater than 1 m. The STD and
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RMSE for the HY-2B calibrated SIT estimates increase with SIT when compared against
both AWI and GSFC CS-2 products. At high SIT values (when SIT is larger than 3 m), the
HY-2B calibrated SIT estimates significantly underestimate the SIT.

HY-2B

™

AWI CS-2

GSFC CS-2 HY-2B—- AWI HY-2B - GSFC

™ ™

Oct 2020

Nov 2020

Dec 2020

Jan 2021

Feb 2021

Mar 2021

Apr 2021

Sea ice thickness (m) Difference (m)

Figure 7. Comparison of the HY-2B SIT, AWI CS-2 SIT, GSFC CS-2 SIT, HY-2B minus AWI CS-2 SIT,
and GSFC CS-2 SIT from October 2020 to April 2021.
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Figure 8. Comparison of the HY-2B calibrated SIT, AWI CS-2 SIT, GSFC CS-2 SIT, HY-2B calibrated
SIT minus AWI CS-2 SIT, and GSFC CS-2 SIT from October 2020 to April 2021.

To assess the bias between the HY-2B and the two CS-2 SIT estimates on various sea
ice types, we list the biases in FYI, MYI, and total sea ice between the monthly average
SIT estimates from HY-2B and the two CS-2 products in Table 4. The bias between the
HY2B calibrated SIT estimates and the AWI CS-2 SIT products on MYI was larger than
that on FYI, with biases of 0.06 m on MYI and 0.02 m on FYI. The STD and RMSE for the
HY-2B calibrated SIT estimates against the AWI CS-2 products on MYI (STD: 0.65 m, RSME:
0.65 m) are also higher than those on FYI (STD: 0.52 m, RSME: 0.52 m). However, the bias,
STD, and RMSE for the HY2B calibrated SIT estimates against the GSFC CS-2 SIT on FYI
(bias: —0.41 m, STD: 0.51 m, RMSE: 0.67 m) are larger than those on MYI (bias: —0.11, STD:
0.49 m, RMSE: 0.50 m). The MREs for the HY2B calibrated SIT estimates against the AWI
and GSFC CS-2 SIT products on FYI (AWI: 0.46, GSFC: 0.34) are higher than those on MYI
(AWI: 0.23, GSFC: 0.16).
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Figure 9. Comparison of the SIT estimates between the HY-2B and (a,b,e,f) AWI and (c,d,g,h) GSFC
CS-2 SIT products.
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Table 3. Bias between the SIT estimates from HY-2B and those from AWI and GSFC CS-2 SIT products
in different SIT ranges.

AWI CS-2 GSFC CS-2
SIT (m) N Bias STD RMSE MRE N Bias STD RMSE MRE
(m) (m) (m) (m) (m) (m)
0-1 100,931 1.18 0.49 1.28 2.30 4178 0.92 0.59 1.09 1.05
1-2 92,624 1.23 0.52 1.34 0.92 123,424 0.79 0.57 0.98 0.55
HY-2B 2-3 16,694 0.92 0.65 1.12 0.43 25,403 0.75 0.61 0.97 0.35
) 34 3020 0.09 0.77 0.77 0.17 2208 0.37 0.56 0.67 0.16
4-5 642 —1.02 0.93 1.38 0.23 204 —0.57 0.80 0.98 0.15
5-6 184 —2.37 1.08 2.61 0.43 27 —1.40 0.43 1.47 0.24
0-1 100,931 0.08 0.44 0.45 0.68 4178 —0.19 0.52 0.55 0.50
1-2 92,624 0.07 0.48 0.49 0.26 123,424 —0.34 0.52 0.62 0.33
Calibrated 2-3 16,694 —0.29 0.60 0.67 0.18 25,403 —0.44 0.56 0.72 0.24
HY-2B 34 3020 —-1.12 0.72 1.34 0.31 2208 —0.86 0.53 1.01 0.23
4-5 642 —222 0.87 2.39 0.50 204 —1.80 0.76 1.95 0.41
5-6 184 —3.55 1.02 3.69 0.65 27 —2.64 0.41 2.67 0.48
Table 4. Bias between the SIT estimates from HY-2B and those from AWI and GSFC CS-2 SIT products
for different sea ice types.
AWI CS-2 GSFC CS-2
Bias STD RMSE Bias STD RMSE
Ice Type N (m) (m) (m) MRE N (m) (m) (m) MRE
FYI 167,298 1.14 0.55 1.27 1.57 120,528 0.73 0.57 0.92 0.51
HY-2B MYI 17,952 1.31 0.66 1.47 0.75 15,395 1.14 0.51 1.25 0.53
ALL 185,250 1.16 0.56 1.29 1.49 135,923 0.77 0.58 0.97 0.51
Calibrated FYI 167,298 0.02 0.52 0.52 0.46 120,528 —0.41 0.51 0.67 0.34
13\1{ ngte MYI 17,952 0.06 0.65 0.65 0.23 15395  —0.11 0.49 0.50 0.16
) ALL 185,250 0.02 0.53 0.53 0.44 135,923 —0.37 0.54 0.65 0.32

3.2. Comparison against the IS-2 SIT Data

Figure 10 shows the monthly HY-2B estimates and the two (JLP and GSFC) IS-2
products, as well as the biases between the HY-2B estimates and the two IS-2 products for
the 2020-2021 winter season. Similar to the results in Figures 7 and 8, Figure 11 shows the
results for the HY-2B calibrated SIT estimates. Compared to the JPL and GSFC IS-2 SIT
products, the HY-2B SIT estimates have positive biases in all months. After calibration,
the HY-2B SIT estimates have relatively consistent results with the JPL and GSFC IS-2
SIT products.

We compared the SIT estimates from the radar altimetry data (HY-2B and CS-2) with
those from the IS-2 laser altimetry data. To compare with the HY-2B estimates, we only used
the CS-2 and IS-2 estimates with latitudes lower than 80.6°. When compared against the
JPL IS-2 SIT products, the data from January 2019 to April 2021 were used, and the results
are shown in Figure 12. Compared to the JPL IS-2 products, the HY-2B SIT estimates have
an RMSE of 1.24 m, with a positive bias of 1.15 m, and an MRE of 1.01. After calibration,
the RSME for the HY-2B estimates is reduced to 0.43 m with almost no bias (—0.01 m),
which is very close to the results for AWI (RMSE: 0.42 m, bias: —0.20 m) and GSFC (RSME:
0.50 m, bias: 0.18 m) CS-2 products. The correlation coefficient for the HY-2B calibrated SIT
estimates is 0.78, which is slightly higher than that for the GSFC CS-2 products (0.72) and
lower than that for the AWI CS-2 products (0.84). The MRE for the HY-2B calibrated SIT
estimates (0.22) is lower than that for the GSFC CS-2 products (0.32) and slightly higher
than that for the AWI CS-2 products (0.20).
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Figure 10. Comparison of the HY-2B SIT, GSFC IS-2 SIT, JPL IS-2 SIT, HY-2B SIT minus GSFC IS-2 SIT
and JPL IS-2 SIT from October 2020 to April 2021.

Figure 13 shows the results for comparison against the GSFC IS-2 SIT products. Data
from January 2019 to April 2022 were used. After calibration, the RMSE for the HY-2B SIT
estimates is reduced from 1.25 m to 0.66 m, and the bias and MRE are also significantly
reduced (bias: from 1.04 m to —0.09 m, MRE: from 1.63 to 0.59). The RMSE, bias, and MRE
for the AWI CS-2 products are respectively 0.63 m, —0.15 m, and 0.54, which are close to
the results of the HY-2B calibrated SIT estimates. The RMSE (0.71 m), bias (0.28 m), and
MRE (0.86 m) for the GSFC CS-2 products are slightly higher than the values for the HY-2B
calibrated SIT estimates. The correlation coefficients for the HY-2B (0.62), AWI CS-2 (0.65),
and GSFC CS-2 (0.60) SIT estimates are close to each other.
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Figure 11. Comparison of the HY-2B calibrated SIT, GSFC IS-2 SIT, JPL IS-2 SIT, HY-2B calibrated SIT
minus GSFC IS-2 SIT, and JPL IS-2 SIT from October 2020 to April 2021.

We allocated the biases between the HY-2B SIT estimates and the two IS-2 products
into six SIT ranges. Table 5 shows the statistics of the biases in different SIT ranges for the
radar (HY-2B and CS-2) SIT estimates versus the two IS-2 SIT products. After calibration,
the biases between the HY-2B SIT estimates and the two IS-2 SIT products are lowest (JPL:
0.006 m, GSFC: —0.13 m) when SIT is larger than 1 m and smaller than 2 m. The biases
increase with SIT when SIT is greater than 1 m. The STD and RMSE for the HY-2B calibrated
SIT estimates increase with SIT when compared against both the JPL and GSFC IS-2 SIT
products. Similar to the results for the HY-2B calibrated SIT estimates, the STDs and RMSEs
for the AWI and GSFC CS-2 SIT products also increase with SIT when compared against
the IS-2 SIT products. When SIT is higher than 3 m, the HY-2B calibrated SIT estimates
significantly underestimate the SIT compared with the JPL and GSFC IS-2 SIT products.
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Figure 12. Comparison of the SIT estimates between JPL IS-2 and (a,b) HY-2B, (c,d) HY-2B calibrated,
(e,f) AWI CS-2, and (g,h) GSFC CS-2 SIT products.

Table 6 lists the biases in FYI, MY], and total sea ice between the monthly average SIT
estimates from the radar altimetry data (HY-2B and CS-2) and the JPL and GSFC IS-2 SIT
products. The biases between the HY2B calibrated SIT estimates and the IS-2 SIT products
on MYT (JPL: —0.25 m, GSFC: —0.41 m) are larger than those on FYI (JPL: 0.02 m, GSFC:
—0.06 m). The RMSEs for the HY2B calibrated SIT estimates on MYT (JPL: 0.69 m, GSFC:
0.94 m) are larger than those on FYI (JPL: 0.37 m, GSEC: 0.63 m). The MREs for the HY-2B
calibrated SIT estimates on FYI (JPL: 0.20, GSFC: 0.53) are higher than those on MYI (JPL:
0.18, GSFC: 0.27). The RSMEs for the AWI and GSFC CS-2 SIT products on MYI are also
slightly higher than those on FYL
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Figure 13. Comparison of the SIT estimates between GSFC IS-2 and (a,b) HY-2B, (c,d) HY-2B cali-
brated, (e,f) AWI CS-2, and (g,h) GSFC CS-2 SIT products.

Table 5. Bias between the SIT estimates from radar altimetry data and those from JPL and GSFC IS-2
SIT products in different SIT ranges.

JPL IS-2 GSFC IS-2
SIT Bias STD RMSE Bias STD RMSE
(m) N (m) (m) m  MRE N (m) (m) m  MRE
0-1 23,819 1.31 0.38 1.37 1.90 71,875 1.29 0.57 1.42 2.94
1-2 49,665 1.17 0.40 1.23 0.81 64,091 1.01 0.56 1.16 0.73
HY-2B 2-3 12,319 1.04 0.41 1.12 0.45 18,225 0.60 0.63 0.87 0.31
- 34 2413 0.39 0.40 0.56 0.14 4455 0.009 0.70 0.70 0.15
4-5 667 —0.45 0.37 0.58 0.10 1202 —0.83 0.69 1.08 0.18
5-6 109 -1.19 0.32 1.24 0.22 316 —-1.83 0.80 2.00 0.33
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Table 5. Cont.

JPL IS-2 GSFCIS-2
SIT Bias STD RMSE Bias STD RMSE
N MRE N MRE
(m) (m) (m) (m) (m) (m) (m)
0-1 23,819 0.17 0.33 0.37 0.39 71,875 0.18 0.52 0.55 0.97
1-2 49,665 0.006 0.36 0.36 0.18 64,091 -0.13 0.51 0.53 0.28
Calibrated 2-3 12,319 —0.17 0.39 0.43 0.13 18,225 —0.58 0.58 0.83 0.27
HY-2B 34 2413 —0.84 0.39 0.92 0.24 4455 -1.22 0.66 1.39 0.34
4-5 667 —-1.69 0.35 1.73 0.38 1202 —2.07 0.66 217 0.46
5-6 109 —2.44 0.30 2.46 0.46 316 —3.06 0.76 3.15 0.56
0-1 27,528 0.01 0.34 0.34 0.25 91,094 0.16 0.44 0.47 0.83
1-2 55,201 -0.21 0.30 0.37 0.18 73,756 —-0.24 0.46 0.52 0.26
AWI 2-3 13,687 —0.45 0.44 0.63 0.21 20,742 —0.76 0.58 0.96 0.33
CS-2 34 2521 —0.67 0.50 0.84 0.20 5087 -1.35 0.84 1.60 0.40
4-5 684 -0.79 0.64 1.02 0.20 1391 -1.95 1.12 2.25 0.44
5-6 107 —0.78 0.81 1.13 0.18 355 —2.55 1.36 2.89 0.48
0-1 23,265 0.61 0.34 0.70 0.84 50,339 0.80 0.38 0.89 1.89
1-2 54,951 0.17 0.33 0.37 0.20 56,514 0.17 0.35 0.40 0.20
GSFC 2-3 13,633 —0.29 0.33 0.44 0.15 16,990 —0.42 0.41 0.58 0.20
CS-2 3-4 2534 —0.64 0.43 0.77 0.19 4066 —1.00 0.51 1.12 0.29
45 680 —0.98 0.47 1.09 0.22 1086 ~1.65 0.66 1.78 0.37
5-6 109 ~125 0.62 1.40 0.24 264 —221 0.71 2.32 0.41
Table 6. Bias between the SIT estimates from radar altimetry data and those from JPL and GSFC IS-2
SIT products for different sea ice types.
JPLIS-2 GSFC IS-2
Bias STD RMSE Bias STD RMSE
Ice Type N (m) (m) (m) MRE N (m) (m) (m) MRE
FYI 66,997 1.17 0.40 1.24 1.08 127,298 1.06 0.65 1.24 1.69
HY-2B MYI 11,067 0.99 0.65 1.19 0.52 12,254 0.84 0.84 1.19 0.59
ALL 78,064 1.15 0.44 1.23 1.00 139,552 1.04 0.67 1.24 1.59
Calibrated FYI 66,997 0.02 0.37 0.37 0.23 127,298  —0.06 0.62 0.63 0.59
;; zrgte MYT 1,067  —0.25 0.64 0.69 0.18 12,254  —041 0.84 0.94 0.27
) ALL 78,064 —0.01 0.43 0.43 0.22 139,552 -0.09 0.65 0.66 0.57
AWI FYI 75,838 —0.17 0.34 0.38 0.20 159,465  —0.12 0.60 0.61 0.53
CS-2 MYI 11,602 -0.39 0.44 0.59 0.18 12,822 —0.53 0.75 0.92 0.27
) ALL 87,440 -0.20 0.36 0.41 0.19 172,287 -0.15 0.62 0.64 0.51
GSFC FYI 71,935 0.25 0.43 0.50 0.36 103,639 0.37 0.57 0.68 0.91
CS-2 MYI 11,583 -0.21 0.45 0.50 0.14 12,015 -0.35 0.76 0.84 0.25
) ALL 83,518 0.19 0.46 0.50 0.32 115,654 0.29 0.64 0.70 0.85

3.3. Comparison against the OIB Ice Thickness Data

We compared the HY-2B SIT estimates with the OIB airborne observation data, and
the results are shown in Figure 14. Because the HY-2B radar altimeter can only cover the
80.6° N/S region, only seventeen grids could be evaluated when overlapped with the OIB
airborne data collected in April 2019. The correlation coefficient between the HY-2B SIT
estimates and the OIB SIT measurements was 0.89, the RMSE is 1.31 m, the mean bias
is 0.13 m, and the MRE is 0.65. However, after calibration, the RSME (1.72 m) and bias
(—1.08 m) are increased while the MRE is reduced (0.53). As shown in Tables 3 and 5, the
HY-2B calibrated SIT estimates underestimate the SIT at high SIT values (SIT is higher than
3 m). As shown in Figure 14, about half the OIB SIT values are higher than 3 m. Therefore,
the RMSE of HY-2B compared with OIB after calibration is larger than before calibration.
The linear calibration model is not suitable for all SIT ranges. The linear calibration model



Remote Sens. 2023, 15, 1180

19 of 26

is not suitable for all SIT ranges. When only the measurements of the OIB SIT value less
than 4 m (9 points) are used to calculate the results, the bias (—0.02 m), RMSE (0.92 m), and
MRE (1.07 m) for the HY-2B calibrated SIT estimates are significantly reduced compared
with the ones without calibration (bias: 1.17 m, RMSE: 1.49 m, MRE: 1.91).
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Figure 14. Comparison of the SIT estimates between OIB and (a) HY-2B and (b) HY-2B calibrated
SIT products.

Figure 15 shows the comparison of the CS-2 and IS-2 SIT products with the OIB data.
The left column uses all the data up to 88°N, while the right column only uses data below
80.6°N. When all latitude data are used, the RMSE is 0.84 m for the AWI CS-2 products,
0.76 m for the GSFC CS-2 products, 0.56 m for the JPL IS-2 products, and 1.01 m for the
GSFC IS-2 products. The JPL IS-2 SIT products have the highest correlation coefficient
(0.75), and the GSFC CS-2 SIT products have the lowest bias (—0.09 m) among the four
products. When only data with a latitude less than 80.6°N is used, the AWI CS-2 SIT
products have the highest correlation coefficient (0.81) and the JPL IS-2 SIT products have
the lowest RMSE (0.46 m).
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Figure 15. Comparison of the SIT estimates between OIB and (a,b) AWI CS-2, (c,d) GSFC CS-2,
(e,f) JPL IS-2, and (g,h) GSFC IS-2 SIT products.

3.4. Comparison against the BGEP Ice Draft Data

We computed the SIT estimates using the BGEP ice draft data and then compared
them with the SIT estimates from the altimetry data. We computed the BGEP equivalent
SIT estimates using [8]:

_ Maragipo = sps 1)
Pi

where F; is the SIT, hy,, £t 18 the BGEP ice draft, ii; is the snow depth, p,, is seawater density,

ps is the snow density, and p; is sea ice density. Monthly averages of the SIT estimates

derived from the altimetry data were then taken within 100 km of each BGEP mooring and

compared with monthly averages of SIT obtained by each mooring.

Figure 16 shows the comparison of the BGEP SIT estimates with the SIT estimates
derived from the altimetry data. The mean bias, STD, RMSE, MRE, and correlation coef-
ficient for the HY-2B SIT estimates are 1.61 m, 0.29 m, 1.64 m, 1.72 and 0.84, respectively.
After calibration, the mean bias (0.42 m), RMSE (0.50 m), and MRE (0.49) are significantly
reduced. The correlation coefficient is 0.86 for the AWI CS-2 products, 0.79 for the GSFC
CS-2 products, 0.93 for the GSFC IS-2 products, and 0.97 for the JPL IS-2 products. The JLP
IS-2 data have the lowest RMSE (0.18 m) and MRE (0.19) among the six data sets.
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Figure 16. Comparison of the SIT estimates between BGEP and (a) HY-2B, (b) HY-2B calibrated,
(c) AWI CS-2, (d) GSFC CS-2, (e) GSFC CS-2 and (f) JPL IS-2. Blue, red, and purple represent the
mooring A, B, and D, respectively.

4. Discussion

We validated the HY-2B SIT estimates using CS-2 SIT products, IS-2 SIT products, OIB
SIT data, and the BGEP ice draft data. In this section, we analyzed the monthly variations
of the HY-2B SIT estimates. The monthly average Arctic SIT estimates from January 2019 to
April 2022 are computed and shown in Figure 17. To compare with the HY-2B SIT estimates,
we only used the data below 80.6°N for the CS-2 and IS-2 SIT products. Similar to the CS-2
and IS-2 SIT products, the HY-2B SIT estimates have obvious seasonal variations. In the
Arctic sea ice growth season, the mean HY-2B SIT estimate is the lowest in October and
increases month by month, reaching the maximum in April of the next year. The growth
rate of the mean SIT in each sea ice growth season from 2019 to 2022 was computed and
shown in Table 7. The JPL IS-2 SIT products have higher growth rates than other products
because they have no data in Baffin Bay, the Kara Sea, or the Canadian Arctic Archipelago.
The growth rates in MYI are higher than those in FYI on the whole. The total growth rate
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of the HY-2B calibrated SIT estimates is close to those of the AWI CS-2, GSFC CS-2, and
GSFC IS-2 SIT products.

Seaicethickness (m) Seaice thickness (m)

Seaice thickness(m)

)
3

W\

WA\

(a)

-
-

N\

-
-

\

\

L\

|
-

AN

[——HY-2B
—— HY-2B Calibrated

(C)

02 06
2019

1

10 02

2020

1

06

7

10

YA NN NN

AU

A\

AWI CS-2

GSFC CS-2

02

2021

06

£

GSFC IS-2

JPLIS-2
10 02

2022

~

Figure 17. Variations in the monthly average Arctic SIT from January 2019 to April 2022. (a) Total
first-year and multiyear SIT. (b) first-year, and (c) multiyear SIT.

Table 7. SIT growth rate (m month~!) in each growth season from 2019 to 2022.

. Calibrated AWI GSFC GSFC JPL
Time Span Ice Type HY2B HY-2B CS-2 CS-2 1S-2 1S-2
FYI 0.17 0.16 0.11 0.10 0.14 0.20
October 2019-April 2020 MYI 0.17 0.18 0.19 0.16 0.28 0.29
ALL 0.11 0.12 0.10 0.08 0.07 0.17
FYI 0.13 0.13 0.11 0.09 0.15 0.22
October 2020-April 2021 MYI 0.18 0.19 0.16 0.13 0.20 0.24
ALL 0.10 0.11 0.10 0.08 0.10 0.22
FYI 0.17 0.16 0.13 0.13 0.13 -
October 2021-April 2022 MYI 0.20 0.21 0.24 0.22 0.37 -
ALL 0.13 0.13 0.12 0.12 0.11 -

5. Conclusions

The HY-2B radar altimeter can provide data up to 80.6° latitude and can be used to
retrieve the Arctic sea ice thickness. In this study, we processed the HY-2B radar altimetry
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data from January 2019 to April 2022. The TEMRA retracker was used to process the HY-2B
radar altimeter waveforms. The range and geophysical corrections were computed and
added to the altimeter-derived range. The processed HY-2B radar altimetry data were used
to retrieve the Arctic SIT values.

We first used the AWI and GSFC CS-2 SIT products to validate the HY-2B SIT estimates.
Compared to the AWI CS-2 SIT products, the HY-2B SIT estimates have a bias of more
than 1 m, and the MRE is larger than 1. We used a linear regression method to calibrate
the HY-2B SIT estimates. After calibration, the bias, RMSE, and MRE for the HY-2B SIT
estimates have been significantly reduced. Compared to the AWI CS-2 SIT products, the
HY-2B calibrated SIT estimates have an RMSE of 0.53 m, a bias of 0.08 m, and an MRE of
0.41. The HY-2B calibrated SIT estimates and the AWI CS-2 SIT estimates have relatively
consistent spatial distributions.

We then compared the HY-2B SIT estimates with the JPL and GSFC IS-2 SIT products.
Compared to the JPL IS-2 SIT products, the RMSE and correlation coefficient for the
HY-2B calibrated SIT estimates are 0.43 m and 0.78, respectively. The HY-2B calibrated SIT
estimates underestimate the SIT at high SIT values (SIT is higher than 3 m). The biases for
the HY-2B calibrated SIT estimates increase with SIT when SIT is greater than 1 m. The
STD and RMSE for the HY-2B calibrated SIT estimates increase with SIT when compared
against both the JPL and GSFC 1IS-2 SIT products.

We also used the OIB ice thickness data to validate the HY-2B SIT estimates. A
comparison with the OIB SIT values obtained in April 2019 shows that the correlation
coefficient between the HY-2B calibrated SIT estimates and OIB values is 0.89 and the RMSE
is 1.72 m. In addition, we used the BGEP SIT estimates derived from the ice draft data to
validate the HY-2B products. The RMSE and correlation coefficient for the HY-2B calibrated
SIT estimates are 0.50 m and 0.87, respectively.

Finally, we analyzed the monthly variations of the HY-2B SIT estimates. The total
growth rate of the HY-2B calibrated SIT estimates is close to those of the AWI CS-2, GSFC
(CS-2, and GSFC IS-2 SIT products. The growth rates in MYI are higher than those in FYI on
the whole.

The linear regression method used to calibrate the HY-2B SIT estimates can significantly
reduce the bias, RMSE, and MRE for the HY-2B SIT estimates compared with the CS-2 and
IS-2 SIT products and the BGEP SIT measurements when SIT is lower than 3 m. More than
95% of the SIT values are lower than 3 m when the latitude is lower than 80.6°N. Therefore,
the HY-2B calibrated SIT estimates in this study are reliable. The HY-2B altimetry data
is a possible source for sea ice thickness data at lower latitudes and will help us better
understand the sea ice response to climate change. In the future, we will develop new
calibration methods suitable for all SIT ranges.

In this study, we did not accurately identify sea ice leads and floes when calculating
the sea ice freeboard. The sea ice leads and floes are usually identified using the altimeter
waveform parameters such as pulse peakiness, backscattering coefficient, and stack stan-
dard deviation [8]. In the future, we will develop a more accurate classification algorithm
to identify sea ice leads and floes and use it to estimate the sea ice freeboard and sea
ice thickness.
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average SIT products are available online at https://icesat-2.gsfc.nasa.gov/sea-ice-data/kacimi-
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2018-2021-mooring-data-from-the-bgep-project/ / (accessed on 11 October 2022). The NCEP FNL
Operational Global Analysis data were downloaded from NCEP, and available online at https:
/ /rda.ucar.edu/datasets/ds083.2/ (accessed on 11 October 2022). The JPL-GIM TEC data were
downloaded from Ionospheric and Precision Positioning Group, Academy of Aerospace Information
(GIPP/AIR), Chinese Academy of Sciences, available online at ftp:/ /ftp.gipp.org.cn/product/ionex/
(accessed on 11 October 2022). The FES2014 ocean tide model data and the MOG2D DAC data were
downloaded from AVISO, and available online at https://www.aviso.altimetry.fr/en/data.html
(accessed on 11 October 2022). The earth orientation data used were downloaded from IERS, and
available online at https://www.iers.org/IERS/EN/DataProducts/EarthOrientationData/eop.html
(accessed on 29 October 2022).
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