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Abstract: The sea ice extent in the Weddell Sea exhibited a positive trend from the start of satellite
observations in 1978 until 2016 but has shown a decreasing trend since then. This study analyzes
seasonal and interannual variations in sea ice thickness using ICESat-2 laser altimetry data over the
Weddell Sea from 2019 to 2022. Sea ice thickness was calculated from ICESat-2’s ATL10 freeboard
product using the Improved Buoyancy Equation. Seasonal variability in ice thickness, characterized
by an increase from February to September, is more pronounced in the eastern Weddell sector, while
interannual variability is more evident in the western Weddell sector. The results were compared with
field data obtained between 2019 and 2022, showing a general agreement in ice thickness distributions
around predominantly level ice. A decreasing trend in sea ice thickness was observed when compared
to measurements from 2003 to 2017. Notably, the spring of 2021 and summer of 2022 saw significant
decreases in Sea Ice Extent (SIE). Although the overall mean sea ice thickness remained unchanged,
the northwestern Weddell region experienced a noticeable decrease in ice thickness.

Keywords: ICESat-2; sea ice thickness; Weddell Sea

1. Introduction

Sea ice thickness measurements are important for evaluating heat and salt budgets
and improving sea ice projections in coupled climate models [1,2]. Information on sea
ice thickness combined with sea ice extent also enables estimates of total ice volume,
which is an important indicator of climate change [3,4]. Due to the linkages between sea
ice variability and climate, understanding sea ice formation and growth, and therefore
variations in sea ice thickness, are of key importance [5]. Antarctic sea ice extent had
exhibited an increasing trend since satellite observations became available in 1978 but
started to decline sharply around 2014 [6,7]. The areal loss of Antarctic sea ice extent in four
years (2014-2017) exceeds the total loss by Arctic sea ice cover in 40 years. Antarctic sea
ice reached its lowest maximum annual extent in the 45-year satellite record in September
2023 [8] (https:/ /nsidc.org/news-analyses/news-stories/antarctic-sea-ice-hits-record-low-
maximum-extent-2023); URL accessed 14 March 2024.

A similar analysis of annual sea ice extent over the last 40 years for the Weddell Sea
shows consistency with the overall Antarctic trends, with the annual sea ice extent increas-
ing until 2016 and then decreasing. Seasonally, the minimum monthly ice extent occurs
in February, while the maximum monthly ice extent varies from August to October [6].
While there was a positive trend in extent in the Austral summer and fall before 2014, there
was a negative trend in extent in the Austral winter and spring. Because annual sea ice
formation in the Weddell Sea accounts for 5-10% of total Antarctic sea ice production, the
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region is a significant source of Antarctic Bottom Water (AABW) [9]. The western Weddell
has ice year-round, whereas the eastern Weddell shows the characteristics of seasonal sea
ice. Thus, it is important to measure seasonal and interannual sea ice variability in the
Weddell Sea to better quantify and understand its role in the global climate [10].

Numerous past studies have estimated in Arctic sea ice thickness from radar or laser
altimetry, but there are fewer studies of this kind in Antarctica. There are two main
reasons for the uncertainty in estimating Antarctic sea ice thickness from altimetry. First,
freeboard estimates of Antarctic sea ice are difficult because the thicker Antarctic snow
layer can depress the ice and cause flooding, complicating the conversion of ice elevation
into freeboard [11-14]. Second, snow depth distribution over Antarctic sea ice is not as
widely known as for Arctic sea ice [13,15]. In the Arctic, there are also more extensive
measurements of sea ice thickness from a series of in situ transects by nuclear submarines
with mounted upward-looking sonars, from drifting buoys, and from moorings of upward-
looking sonars [16-18]. In Antarctica, however, direct sea ice thickness measurements are
limited due to the lack of nuclear submarine transects and the relative lack of field and
aerial campaigns compared to the Arctic.

Measurements of sea ice thickness may alternatively involve active and passive mi-
crowave satellite data. Passive microwave sensors measure the brightness temperature,
which has been used to derive the thickness of thin ice, thinner than ~0.2 m. An example
of a passive microwave sensor is the Soil Moisture and Ocean Salinity (SMOS) satellite,
which operates at the L-band and is also used to obtain Antarctic Sea ice thickness up
to 1 m [19-22]. Active sensors include Envisat, which is equipped with a Ku-band radar
altimeter and uses the backscatter signal returned from the snow—ice interface. There are
significant errors in retrieval from Envisat when snow is wet and not cold, and in addition,
the radar altimeter has a large footprint size of around 2-10 km. These shortcomings in
radar freeboards affect the ability to resolve local sea surface height during the freeboard
retrieval [23].

Laser altimetry retrieves the elevation above sea level of the top surface of the snow
on sea ice, termed ‘total freeboard’, in contrast with radar altimetry (e.g., CryoSat-2),
which reflects from the top ice surface, thus measuring ‘ice freeboard’. Ice thickness
can be calculated from freeboard by considering isostatic balance. The Ice, Cloud, and
land Elevation Satellite (ICESat), which operated from 2003 to 2009, was the first satellite-
based laser altimeter to measure sea ice total freeboard (~70 m footprint diameter) and
many studies have converted these estimates into thickness [5,7,17,19,24-26]. The ICESat
mission ended in fall of 2009 and was followed by ICESat-2, which was launched in
2018, leaving a gap between the two missions. This gap was partially filled by the NASA
Operation IceBridge (OIB) airborne campaigns, which studied parts of the west Antarctic
region annually during Oct-Nov from 2009 to 2017. A previous study [7] combined these
observations from ICESat and OIB and produced a long-term record of total freeboard and
ice thickness from 2003 to 2017 in the Weddell Sea. In these observations, sea ice thickness
did not show any statistically significant trend; however, they observed a decreasing trend
for ice extent from 2014 to 2016.

Photon-level point cloud data from NASA’s ICESat-2 provides us with unique ca-
pabilities to analyze changes in ice thickness at fine spatial (20 m) and temporal (weeks
to months) scales. In this paper, we estimate sea ice thickness from ICESat-2 using an
empirical approach. These results are then compared with ground-based measurements to
better understand the role of snow depth in empirical equations for ice thickness estima-
tions and the comparison with coincident ship-based and ground-based electromagnetic
(EM) thickness measurements in the Weddell Sea. We analyze the ICESat-2 data over the
Weddell Sea to understand the changes in sea ice thickness in recent years compared to
the previous analyses in the context of recent changes in sea ice extent. The Weddell Sea
region that will be studied is presented in Figure la superimposed on a color contour
map of sea ice concentration for January 2022 from the National Snow and Ice Data Cen-
ter (NSIDC, https:/ /masie_web.apps.nsidc.org/pub/DATASETS/NOAA /G02135/south/
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monthly/geotiff/01_Jan/); URL accessed 7 October 2024. In Figure 1b, the study area is
expanded to illustrate the ICESat-2 observational coverage and to present the locations of
the ground-based observations that will be used for comparison.
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Figure 1. (a) Sea ice concentration from NSIDC for Antarctica in January 2022 with solid dark blue
depicting ice concentrations smaller than 15% and white indicating 100% ice. The study area in
the Weddell Sea is indicated by the yellow polygon. (b) Expanded study area map showing the
location of ICESat-2 tracks for September 2022. Also shown are the 45°W meridian, which divides the
study area into eastern and western sectors, and the 68°S parallel, which further divides the western
sector into northwestern and southwestern regions, for the purpose of this study. The solid blue dots
indicate the approximate locations of the field observations used in this study, which were obtained
from 2019 to 2022.

2. Data and Methods
2.1. Sea Ice Freeboard Observations from ICESat-2, Temperature Data and Study Area

The Advanced Topographic Laser Altimeter System (ATLAS) on board ICESat-2 uses
three beam pairs to profile the earth’s surface, each separated by a ~3.3 km distance cross
track. Each pair consists of a strong and a weak beam spaced 90 m apart. The pulse energies
of the strong beams are four times that of the weak. The pulse repetition rate of each beam
profile is 10 kHz, and the footprints are 17 m in diameter [27,28]. The along-track freeboard
data used here are from the ICESat-2 ATL10 product (Release 005) from the National Snow
and Ice Data Center [29]. The ATL10 product provides estimates of sea ice freeboard with a
variable along-track resolution of 20-200 m, with each segment consisting of 150 returned
signal photons [30,31]. Sea ice and sea surface elevations from the ATL0O7 product are used
to derive the freeboard estimates of the ATL10 product. Freeboards in ATL10 are calculated
only where the ice concentration is greater than 50% and where the height samples are at
least 25 km away from the coast to avoid uncertainties in coastal tide corrections [28].

The study area considered for this analysis is the Weddell Sea region from 0° to 55°W
(Figure 1), and the region is divided into western (45°W-55°W) and eastern segments
(0°W—45°W) [5]. Only the strong beam tracks are considered for the study.

2.2. Sea Ice Thickness Estimates from ICESat-2 Freeboard Observation

Sea ice thickness is calculated using the buoyancy principle by assuming that water,
ice, and snow are in isostatic equilibrium [5,7].

In this study, we will estimate the sea ice thickness using the Improved Buoyancy
Equation as follows (BOC) [4,7].

— pr — (pw — ps)S
Pw — Pi

I )
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where I is the sea ice thickness, p,,, p; and ps are densities of water, ice, and snow respec-
tively, F is total freeboard height from the ICESat-2 ATL10 product, and S is the snow depth
derived from the empirical parameters c and d using Equation (2).

S=c+dxF )

These empirical parameters that relate snow depth to total freeboard (Table 1) are
based on 174 profile mean values from 15 ship cruises from 1986 to 2007 in the Antarctic
Sea ice zone [4,7,32]. Freeboards greater than two meters are not considered for analysis to
avoid the possible effects of icebergs and to remove any outliers. The densities used in this
study are 1023.9, 915.1, and 300 kg m 3 for water, ice, and snow, respectively [5,17,19,26].

Table 1. The empirical parameters from Equation (2) [4].

Sea Sector ¢ (cm) d
Western Weddell 0.9 0.88
Eastern Weddell -1.0 0.87

For statistical analysis, the variable height segment is considered, by weighting the
data based on the segment length, and the mean thickness (h) within a given area is
estimated using Equation (3), where h' is the thickness of a given segment, L is the segment
length, and N is the number of segments in a given area/bin/grid cell [2,33].

= Zg h]:Ti_,l 3)
N

2.3. Sea Ice Thickness Estimates from Field Observations

The field measurements used in this study (Figure 1b) were carried out by the German
Research ice breaker RV Polarstern in 2019 and 2021 from January to March. The northwest-
ern Weddell pack ice was sampled in 2019, and the southeastern part of the Weddell pack
ice was sampled in 2021. A GPS-equipped Magna Probe system (Snow-Hydro, Fairbanks,
Alaska, USA) was used, which consists of a ski pole-like rod that contains a magnetostric-
tive device. Attached to this rod is a basket and magnet assembly slide. The basket floats on
the snow, and the rod is inserted into the snow’s base. When a button is pushed, it measures
the distance between the rod tip and basket along with the position [34]. A GPS-equipped
Magna Probe with a horizontal resolution of 1-2 m was used to measure snow depth. The
total sea ice thickness was measured using ground-based multi-frequency electromagnetic
induction measurements.

As a part of the Endurance 22 expedition of the Alfred Wegner Institute (AWI), which
aimed at measuring Antarctic sea ice properties, the thickness of the ice was measured
from 15 February to 8 March 2022 from the S.A. Agulhas II icebreaker vessel using an
electromagnetic induction instrument (EM) suspended above the ice surface during the
ship’s travel through the ice. This method typically uses an airborne device, which uses
electromagnetic induction sounding with laser altimetry and relies on the difference in the
electrical conductivity between sea ice and water [35-38]. For the icebreaker measurements,
a Geonics EM-31 instrument (Geonics Limited, Toronto, Canada) with two antenna coils
spaced 3.66 m apart operating at a frequency of 9.8 kHz was used to measure the electrical
conductivity. The difference between the ice-water interface and the snow or ice interface is
used to calculate the total ice thickness (sum of snow and ice thickness) (https:/ /endurance2
2.org/uploads/2022/06/Science_Report_Endurance22_final_version.pdf); URL accessed
21 October 2023.

2.4. Temperature Data and Data from Previous Litretaure

ERAS5, which has replaced ERA-Interim, is the fifth-generation European Centre for
Medium-Range Weather Forecasts (ECMWEF) reanalysis of the global climate and weather
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for the past 8 decades. ERA5’s monthly averaged 2 m air temperature data with a resolution
of 0.25° were collected over the Weddell region from 2019 to 2022. The sea ice thickness from
present data are also compared with previous literature to better understand the changes
with respect to previous’ years data [5,7,9,23,26,28,39,40]. In this paper, we examined the
primary factors that are associated with ice variability. A more in-depth analysis of the
drivers behind ice changes is beyond the scope of this study and will be addressed in a
future publication.

3. Results and Discussion
3.1. Freeboard Comparison of Western and Eastern Weddell Sea Sectors (2019-2022)

Maps of ICESat-2 total freeboard and their modal distributions in the Weddell Sea for
different seasons are shown in Figure 2. The seasons are classified as January to March
(summer), April to June (autumn), July to September (winter), and October to December
(spring) [9,41]. Figure 2a—p shows that the eastern Weddell Sea exhibits seasonal growth
in summer to maximum total freeboard extent and values in late winter. In contrast, the
western Weddell Sea maintains similar freeboard extent and values throughout the year
and represents one of the largest regions of Antarctic Sea ice during the summer, containing
multiyear ice. The observed distribution is thus consistent with sea ice that is formed in the
eastern sector being advected clockwise around the southern Weddell Sea (cyclonic gyre)
and subsequently exported through the northwestern boundary after its transit [28]. The
modal values in freeboard in the eastern region (Figure 2r) shift from 0 to 0.1 m in summer
towards a higher value of 0.15 to 0.2 m in winter and spring. This behavior suggests that
sea ice grows from July to December, and then it is transported to the western Weddell
region. In the western Weddell (Figure 2q), two modal values are observed during the
summer and spring seasons. The first modal value at about 0 m indicates the formation
of new sea ice, while the second modal value at 0.2-0.43 m represents multiyear sea ice,
indicative of thicker ice. The mean freeboard in the western Weddell ranges from 0.3 m
to 0.5 m, indicating a higher freeboard compared to the eastern Weddell. Figure 2a—p also
shows that the northwestern Weddell has higher freeboard values throughout the year.
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Figure 2. (a—p) Multi-panel maps of the study area showing ICESat-2 total freeboard tracks from
2019 to 2022 for different seasons. The bottom two panels show: (q) the modal values of freeboard in
meters for the western Weddell (solid color circles) with second modal values shown by the color
crosses, 2019 (red), 2020 (black), 2021 (green), and 2022 (blue); and (r) the same as (q) but for the
eastern Weddell.

The uncertainty in the ICESat-2 total freeboard retrievals was about 0.02-0.04 m [2].
During the Operation IceBridge Arctic deployment in 2019, surface height and total free-
board products of ICESat-2 (ATL07 and ATL10) were assessed with near coincident re-
trievals from Airborne Topographic Mapper (ATM) lidar. In Antarctica, similar analyses
were carried out for ATM data [7]. The footprint size of ATM altimetry data is about 1 m,
which is close to the footprint size of ICESat-2, i.e., 17 m. The study observed an accuracy of
about 0.05 m in sea surface height and total freeboard [7]. Thus, from the above uncertainty
analysis [7] from Antarctica, the freeboard uncertainty can range from 0.02 to 0.05 m.

Thick snow in the Antarctic region can weigh down and immerse sea ice in seawater,
forming a flooded snow layer. As ICESat-2 measures the snow and ice height above the sea
surface, the flooded snow can be a reason for uncertainty in the ice thickness estimations
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using the empirical approach. The explanation provided in [7] highlights how the flooded
snow acts like ice in density and thus makes the present method of estimating sea ice
thickness robust in dry snow layer depth and ice thickness. To understand more, the snow
depth data from a previous study were analyzed. The study in [28] uses differences in
freeboard data from ICESat-2 and CryoSat-2 collected between April and November 2019
to estimate snow depth, based on the assumption of zero freeboard. The snow depth
estimates from this study in the western Weddell are compared as they are spatially similar
to the findings in their analysis. The study in [28] uses ICESat-2 data at a lower resolution,
which limits the direct validation of their data. A spatial comparison of the snow depth
from different methods is made to understand its role in thickness estimations (Table 2).
The snow depth from the ICESat-2 and CryoSat-2 differences are lower than the empirical
method, and thus, the ice thickness estimates are higher. The snow depth from the empirical
approach is closer to the total freeboard, and we hypothesize, therefore, that the empirical
method provides a better estimate of sea ice thickness.

Table 2. Freeboard and snow depth estimates from April to November 2019.

ICESat-2, CryoSat-2

Difference [28] April May June July August September October November
W-Wedd Freeboard (m) 0365+02  0411+£019  0.362+0.17 - 0.387 £0.197  0.38 £0.192 0.382 +£0.2 0.395 4+ 0.18
Snow depth (m) 0.2 +0.138 022 +0.12 0.20+0.12 - 0.225 4+ 0.14 0.225 4+ 0.14 0.227 +0.16 0.22+0.13
ICESat-2 (empirical
equation)
W-Wedd Freeboard (m) 0.35+0.24 0.40 £ 0.25 0.35+0.25 - 0.39 +0.25 0.37 £ 0.25 0.38 +0.25 0.38 +0.24
Snow depth (m) 0.32+0.21 0.36 £0.22 0.32+0.22 - 0.35+0.22 0.33+0.22 0.34+0.22 0.34+0.21

3.2. Estimating Sea Ice Thickness from ICESat-2 Using the Empirical Formula

Figure 3 shows sea ice thickness distributions from 2019 to 2022. The left and right
panels represent the western and eastern Weddell sectors, respectively. In the western
Weddell, sea ice thickness ranges up to 7 m during the peak sea ice formation times of
the year, i.e., from July to December. In the eastern Weddell, during the same period,
thicknesses range up to 5 m.

The interannual variation of sea ice thickness in the eastern Weddell is small over the
time period of 2019-2022, showing no clear trend. Similar results were reported by [7] in
a long-term record from 2003 to 2017. The western Weddell generally exhibits a bimodal
distribution during the summer and spring seasons, as detailed in the freeboard section.
The highest modal and mean values, 1 m and 1.84 m, respectively, were observed in
2022 for the western Weddell region. The longer tail of the distribution, along with the
bimodal values, indicates more deformed ice in the western Weddell compared to the
eastern region. In 2020, the mean sea ice thickness decreased from the previous year, 2019,
during summer, autumn and winter (January to September) in both the western and eastern
Weddell regions. In 2019, the mean thickness in the western Weddell ranged from 1.21 m to
1.61 m, but it decreased in 2020, with the range narrowing to 1 m to 1.24 m. Similarly, in the
eastern Weddell, the mean thickness observed in 2019 ranged from 1.18 m to 0.92 m, further
declining in 2020 to a range of 0.66 m to 0.99 m. In the western Weddell, this decrease
in mean sea ice thickness was also observed during spring 2020 (October to December).
During summer, from 2019 to 2022, both regions consistently showed lower mean sea
ice thickness compared to other months, indicating thinner ice during the summer. The
seasonal variation in the eastern Weddell region remained similar across all four years.
Sea ice is at its minimum in summer, begins to grow towards autumn and winter, and
remains at its maximum until spring. The eastern Weddell shows to exhibit higher mean
sea ice thickness in October with values ranging from 1 & 0.78 m to 1.25 £ 0.89 m, while
the western Weddell has higher thickness values from July to December (Figure 3, left).
The sea ice thickness in the eastern region increased, and the western part of the Weddell
subsequently became thicker after 2020. This pattern is consistent and can be seen across
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all years from 2019 to 2022. The seasonal variation in the eastern Weddell region does not
show any significant pattern from 2019 to 2022.
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Figure 3. Thickness estimates of the western Weddell (left—a,c,e,g) and eastern Weddell
(right—b,d,f h) regions from 2019 to 2022. Mean, mode, and Standard Deviation (SD) in meters.
Bimodal mode values in the western Weddell are depicted in parenthesis.
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The ICESat-2 results from the present study are compared with previous literature [39].
These results are used to compare the thickness estimates with the same satellite data i.e.,
ICESat-2 in the same area in Weddell, but with two different algorithms for converting total
freeboard to thickness. The comparable thickness from ICESat-2 with previous literature
helps in validating and thus, explaining the changes in sea ice thickness since 2019. The
improved One Layer Method (OLMi) was applied to estimate sea ice thickness using
ICESat-2 data from [39]. In Table 3, the mean thickness shows a difference of 0.2-0.3 m
in the months of Jan-Mar in the eastern Weddell, whereas the western Weddell shows a
difference of 0.1-0.4 m (Table 3) when compared to the Improved BOC method used here.

Table 3. Comparison of mean thickness estimates and Standard Deviation (SD) in meters with [39]
from January 2019 to July 2020. Icesat-2 as IS2 and eastern Weddell and western Weddell as EW and
WW. Xu 21 study from [39].

Mean £ SD (EW) Jannuary February March April May June July August September October
182 084088 1.01+097 089+08 0.86+0.71 088+07 0844066 089+064 1.01+064 1.04+069 1144077
Xu 21 1.03 £ 0.82 111+ 09 086+08 083+068 081+058 078+055 0.83+051 0.83+051 0.94 £0.6 0.95+0.7
Mean =+ SD (WW)
1S2 1.13 £ 1.02 1.06 £ 1.0 112+09 131+£105 143+1.1 135 +1.1 154 +£1.1 164 +£1.1 154 +1.1 128+12
Xu 21 119 +0.88 1.05+0.85 1.084+08 1.24+088 125+087 1244084 1454097 148+1.02 139+1 15+ 1.04

3.3. Comparing ICESat-2 Estimates of Sea Ice Properties with Field Data

The ICESat-2 thickness, snow depth, and freeboard values are compared to the corre-
sponding Polarstern’s measurements from the field campaigns of 2019, in the northwestern
Weddell, and snow depth values of 2021 from the southeastern Weddell. In addition, the
ICESat-2 sea ice thickness is compared to the corresponding S.A. Agulhas 1I icebreaker
observations of 2022 in the western Weddell region. Figure 4 shows the locations of the
field measurements (blue dots) and of the ICESat-2 satellite observations (red dots) taken
around the same time and using the minimum distance varying between 10 and 100 km to
the field data.

In the 2019 comparison, the data in the northwestern Weddell is divided into north-
western] (NW1) and northwestern2 (NW2), referred to as southwestern and northwestern
in [42]. The field measurements are from airborne and ground observations. The mean
thicknesses observed in NW1 and NW2 from airborne measurements are 4.12 £ 1.87 m
and 1.62 £ 1.05 m, with a modal thickness of 3.9 m and 0.9 m, respectively. Ground mea-
surements using GEM showed a similar tendency, with mean thickness decreasing from
4.08 £2.03 m in NW1 to 1.5 £ 0.48 m in NW2. The ICESat-2 data observed a consistent lat-
itudinal gradient, with mean thickness of 1.58 £ 0.81 m in NW1 and 1.16 & 0.79 m in NW2.
The snow depth values in NW1 and NW2 from the Magna Probe were 0.46 + 0.29 m and
0.05 =+ 0.06 m, while those from ICESat-2 using an empirical equation were 0.41 £ 0.2 m
and 0.31 & 0.19 m. Notably, mean snow depth values compare better in the NW1 location
where values are higher, while in the NW2 location, the snow depth is overestimated by
the empirical equation. This discrepancy could be attributed to the superimposed ice not
being considered in the empirical equation. The total freeboard values, however, compare
reasonably well at the two locations. In NW1, the freeboard from ice core measurements
is 0.5 + 0.4 m and from ICESat-2 is 0.46 & 0.22 m. In NW2, the freeboard from ice core
measurements is 0.43 £ 0.18 m and from ICESat-2 is 0.34 & 0.22 m. There were two dates
when the ICESat-2 tracks and the field measurements were taken around the same time and
area: 1 March 2019 and 16 March 2019. The freeboard and thickness values from 1 March
2019 are close to field measurements showing 0.5 + 0.4 m and 1.86 & 0.95 m, and ICESat-2
showing 0.46 & 0.22 m and 1.58 & 0.81 m, respectively. However, there is no consistent
pattern in field and ICESat-2 data showing similar values around lower or higher snow
depth areas.
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Figure 4. Location of ICESat-2 tracks in red with field data in blue. Field data from 2019 and 2021 are
point measurements. The data from 2022 are thickness measurements on board Endurance 22 ship
EM data.

In the 2021 comparison, the snow depth values from the field were 0.35 & 0.22 m,
whereas ICESat-2derived values were 0.17 &= 0.19 m. The differences could be due to the
uncertainties introduced by the sampled areas not being the same. The sampling bias
and time of day around which ICESat-2 and field values are considered can add to the
differences in the measurements.

In the 2022 comparison, the sea ice thickness modal values are similar: 0.54 m for field
and 0.6 m for ICESat-2 data. The mode of sea ice thickness depicts the growth of level
ice. The agreement indicates that the field measurements of sea ice thickness from the EM
provide some validation of the empirical approach used to estimate sea ice thickness from
ICESat-2 freeboard. ICESat-2 does show a similar ice type, as described in the field data. To
better understand the discrepancies in the dataset, it is essential to have field measurements
taken at the same time as ICESat-2 data. This approach, as seen from the comparison on 1
March 2019, would help us use satellite data and modeling to better understand sea ice
conditions on a larger scale.

3.4. Analysis of the Estimated Variability from 2019 to 2022

The extent of the ICESat-2 tracks decreases towards the spring of 2021 and the summer
of 2022 because of the low sea ice extent (SIE) that occurred then. In [43], they discussed
the low SIE observed in 2022 in the Southern Ocean. According to [43], the SIE has been
decreasing since October 2021. The minimum extent in the Weddell Sea in 2022 was
1.09 x 10° km?, which was the 12th lowest SIE, with the lowest being 0.78 x 10° km? on
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20 February 1999 [43]. This can also be observed in Figure 2, where the extent of ICESat-2
tracks during Oct-Dec is less in 2021 (Figure 21) and 2022 (Figure 2p) as compared to 2020
(Figure 2h). However, there were not any significant changes in the mean freeboard and
thickness values during the same periods. Long term data are needed to establish the
relationship between lower SIE and thickness values. Southwestern Weddell exhibits higher
freeboard values, indicating the transport of sea ice from the southeastern Weddell towards
the southwestern Weddell. Despite the decrease in SIE in 2022, [43] discusses the thinning
of sea ice in the northwestern Weddell due to strong warm air over the Antarctic Peninsula.
However, the mean thickness may not be affected due to the presence of multiyear sea ice
in the western Weddell Sea.

For a more detailed understanding of the region, we divided western Weddell at 68°S
into northwestern and southwestern Weddell. The western Weddell is the region with
older ice, and thus, only the western Weddell is further divided into the northern and
southern regions. Figure 5 shows the thickness difference between the northwestern and
southwestern Weddell. Both regions show a decrease in thickness in 2020. In the summer
of 2022 in northwestern Weddell, the mean thickness values are significantly lower (0.75 m)
than in the previous year’s summer thickness of 2021 (1.04 m) in that region. This indicates
that, although the overall mean might not be affected because of the multiyear sea ice, parts
of the region are experiencing low thickness values along with a decrease in SIE.

Northwestern Weddell Southwestern Weddell
2.00 2.00
. 2019 . 2019
- 2020 - 2020
1.751 mm 2021 1.75 mm 2021
(a) - 2022 (b) - 2022
1.50 1.50
E125 g125
a @
¢ 1.00 21.00
x X
] o]
£0.75 £0.75
0.50 0.50
0.25 0.25
0.00 0.00
Jan-Mar Apr-jun Jul-Sept Oct-Dec Jan-Mar Apr-Jun Jul-Sept Oct-Dec
Year Year

Figure 5. Mean thickness from (a) northwestern and (b) southwestern Weddell Sea.

To understand the changes in the sea ice during the year 2020, as discussed in the
results and Figure 5, monthly averaged air temperature data from ERA5 reanalysis data are
analyzed qualitatively from 2019 to 2022. The temperature in the western Weddell region
in 2020 shows higher mean temperature during the months Jan, Feb and Mar (Figure 6a),
and this can also be seen in the mean thickness value decreasing from the previous year’s
summer of 2019. However, the eastern Weddell Sea ice thickness does not show any
apparent pattern with temperature (Figure 6b).

Along with the comparison with the field values, the ice thickness estimates are
compared with previous studies in the Weddell region using the original ICESat mission,
CryoSat-2, and Operation IceBridge data [7,9]. In [9], the study discusses the sea ice motion
dataset from the National Snow and Ice Data Center (NSIDC) to better understand the
results of sea ice thickness. They observe the clockwise pattern during the wintertime,
the Weddell Gyre. Sea ice is formed in the eastern Weddell region and is advected clock-
wise around the southwestern Weddell, and the older sea ice is transported towards the
northwestern Weddell [28]. Thus, we observe thicker ice during winter and spring in the
northwestern Weddell region. This circulation also makes western Weddell one of the
regions in Antarctica where multiyear sea ice is observed [26,40]. The multiyear ice is seen
in Figure 2a—p, where the higher freeboards are observed in the northwestern Weddell. The
OIB and ICESat estimates of freeboard and thickness show a higher value from 2003 to
2017 in late October in the western Weddell region in [26], as compared to the ICESat-2
data in the present study. The thickness value ranges from 1.25 to 2.31 m in late October
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from 2003 to 2017, and the ICESat-2 thickness from 2019 to 2022 in October ranges from
1.36 & 1.1 to 1.87 &+ 1.31 m. The limited sampling from OIB may suggest uncertainty in
interpreting higher thickness values in the earlier period. The Oct-Nov values from ICESat
in [5] also suggest a similar trend. The sea ice thickness range was 2.2-2.3 m for both
the IceBridge and ICES in the same period, whereas the Oct-Nov period in the present
study in the Weddell shows a decreased thickness value in the range of 0.98-1.88 m. The
study in [23] estimates sea ice thickness from 2003 to 2009 using ICESat, and the regional
averages for western and eastern Weddell are 2.17 £ 0.72 m and 1.35 £ 0.54 m, respectively.
This range of thickness has decreased from 2019 to 2022, where the regional averages are
1.41 m and 0.98 m for western and eastern Weddell, respectively. Thus, there is support for
a decreasing trend in the sea ice thickness from 20032017 to 2019-2022 (Figure 7).
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Figure 6. ERA5 monthly averaged 2 m air temperature in Kelvin for the (a) western and (b) eastern
Weddell, 2019-2022.
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Figure 7. Comparison of ICESat and IceBridge mean thickness results in blue from [7] using the same
method, with ICESat-2 results from this study in orange.
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4. Conclusions

In this paper, we analyzed the sea ice thickness variations in the Weddell Sea region
using ICESat-2 total freeboards from 2019 to 2022. The results were compared with the
previous studies in the same region. We found that there was a decrease in the mean sea
ice thickness observed from 2003-2017 to 2019-2022. Previous studies from 2003-2017
using ICESat, CryoSat-2, and OIB observed higher mean thickness values. These studies
were done in the months of October and November when the sea ice reaches its maximum.
However, as observed in recent years, the sea ice thickness has decreased in the same
months, along with its maximum being observed in September 2023.

The interannual sea ice thickness variations observed from 2019 to 2022 demonstrate
two components. First, in the summer, autumn and winter of 2020, lower mean thickness
values are observed compared to the other 3 years’ estimates in both western and eastern
Weddell Sea. Second, there was a decrease in SIE towards the spring of 2021 and summer
of 2022. These did not show a direct relation with a decrease in sea ice thickness around
that time; however, the western Weddell, on further division into northwest and southwest,
demonstrates a decrease in the mean thickness values in the summer of 2022. The northwest
Weddell shows a decrease in thickness estimates in the summer of 2022 when compared
with other years from 2019 to 2022.

In this study, we compared the field and satellite measurements with respect to snow
depth, as that is one of the major uncertainties while understanding the thickness-related
changes in the Antarctic region from freeboard. There is some agreement between the field
and ICESat-2 data sets, but it is time- and location-dependent. Still, ICESat-2 is informative
about the ice type in the region, and this information can be used to better understand
the changes on a larger scale. The data used in this study are from the last four years due
to the limited availability of ICESat-2, as it was launched in October 2018. As more data
become available in the coming years, the evolution of ice thickness in the region could be
better understood. The goal of this paper was limited to one region in Antarctica; however,
this method can be applied to other regions to better understand the changes in sea ice
conditions in Antarctica since 2019. This higher-resolution thickness data can be used by
the modelers to better understand and predict the changes in sea ice in the future.
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