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ABSTRACT

The fine spatial resolution of the ICESat-2 (IS2) satellite altimeter allows monitoring the evolution of sea ice
thickness with detailed dynamic information (e.g. ridges and leads). In this study, we first assess the ability of IS2
to estimate thermodynamic ice growth and dynamic thickening during the ice-growing season in the central
Arctic Ocean. As an indicator of the thermodynamic ice growth, we use 10 thermistor string-based sea ice mass
balance array (SIMBA) buoys deployed at a scale of ~50 km from the Icebreaker Polarstern during the Multi-
disciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition. We collect IS2 data within
20 km buffer distance from the individual buoys, and calculate the mode, median, and mean of the 1S2-derived
ice thickness. The IS2 modal thickness shows the least bias (—0.169 m) with the buoy ice thickness, representing
level ice thickness. In addition, the increasing rate of the IS2 modal thickness is close to the thermodynamic ice
growth with a small bias of —0.054 cm/day. However, the increasing rates of the IS2 median and mean thickness
are greater than the thermodynamic ice growth by about 0.114 cm/day and 0.198 cm/day, respectively, because
they also include ice growth caused by thickness redistribution during dynamic deformation. The dynamic
contributions may account for 26.1 + 10.3% and 34.4 + 10.1% of the total increase of the IS2 median and mean
thickness, respectively. Within a ~ 50 km radius area from the MOSAiC Central Observatory, IS2 measurements
exhibit that the ridge fraction increased from <2% in November to ~4% in March (~0.029%/day of average
increasing rate) and ridge height increased about 0.047 cm/day during the same period. However, lead for-
mation does not show significant contributions to the dynamic ice thickening because leads are temporary
features lasting only 2-3 days. Although there are considerable uncertainties in IS2 ice thickness estimation and
IS2-buoy thickness comparison, this study emphasizes the importance of combining measurements by IS2 and
SIMBA buoys to explain the regional sea ice mass balance with separating the thermodynamic and dynamic
contributions.

1. Introduction

stunning drop of 65% (Lindsay and Schweiger, 2015), and the mean SIT
in the melting season decreased by 2.0 m (66%) from 1958 to 2018

Sea ice extent (SIE) and sea ice thickness (SIT) in the Arctic Ocean
have both decreased significantly over the last few decades. A
decreasing trend of SIE was observed and has been maintained in recent
years (Cavalieri and Parkinson, 2012; Meier, 2017; Simmonds, 2015;
Stroeve and Notz, 2018). The decrease of SIT is also remarkable. The
annual mean SIT decreased from 3.6 to 1.3 m from 1975 to 2012, a
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(Kwok, 2018). Additionally, recent studies of satellite altimeters found a
decreasing trend of Arctic SIT after a sudden increase of SIT in 2014 (Li
et al., 2020; Tilling et al., 2018; Xiao et al., 2021, 2020). Given that the
decline of SIE and SIT has profound impacts on the atmosphere (Budi-
kova, 2009; Jaiser et al., 2012), oceanic circulation (Levermann et al.,
2007), and both local and global climate (Liu et al., 2012; Screen, 2013),
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Fig. 1. Trajectories (Oct 2019-Apr 2020) and distribution of 10 SIMBA buoys deployed during the MOSAiC expedition. The background map shows the sea ice extent
on November 8, 2019 (white = sea ice, sky blue = water, black = land). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

a continuous monitoring of SIE and SIT is of great importance.

In this respect, spaceborne remote sensing has significant advantages
to monitor SIE and SIT over the polar region regularly. However, it is
more challenging to measure SIT from satellites than SIE because higher
spatial resolution and precision are required for detecting SIT variability
due to its relatively large spatial heterogeneity compared to SIE (Kwok,
2010). NASA (National Aeronautics and Space Administration)’s ICESat-
2 (IS2) is the latest satellite laser altimeter that makes this possible with
advanced resolution and precision with a ~12 m laser footprint
(Magruder et al., 2020) and ~2-4 cm of vertical precision (Kwok et al.,
2019a). This high resolution and precision is particularly useful for
detecting sea ice topography, such as pressure ridges, leads, and melt
ponds (Farrell et al., 2020; Tilling et al., 2020). This eventually enables
us to distinguish the thermodynamic contributions (freezing or melting)
and dynamic contributions (formation of ridges by convergent move-
ment or leads by divergent movement) to SIT variations. Accurate
monitoring of the thermodynamic and dynamic behavior of sea ice in
the Arctic is of large importance in understanding the total ice mass
balance and its interaction with ocean, atmosphere, and climate change
(Hibler, 1979; Itkin et al., 2018; Zhang et al., 2000). Although recent
studies examined the Arctic SIT variations by using 1S2 (Kwok et al.,
2020a; Petty et al., 2020b) and validated that IS2 freeboard has only
<0.04 m of differences with the ATM (Airborne Topographic Mapper)
freeboard of the Operation IceBridge (OIB) (Kwok et al., 2019a), the
potential of IS2 to estimate thermodynamic and dynamic ice growth has
not been clearly assessed.

In this study, the ability of IS2 for estimating thermodynamic and
dynamic ice growth is assessed, with a focus on the central Arctic during
the ice-growing season from late autumn to spring. For this purpose,

thermistor string-based sea ice mass balance array (SIMBA) buoys
deployed as a part of the Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAIC) expedition are also used. A large
number of SIMBA buoys were deployed to measure snow depth and SIT
in the Arctic and Antarctic oceans (Hoppmann et al., 2015; Lei et al.,
2018; Provost et al., 2019, 2017). Considering that airborne or ship-
borne measurements provide only snapshot observations and have limits
on their data-collection periods (Wang et al., 2016), ice mass balance
buoys (IMB) buoys, such as SIMBA buoys and the traditional IMB
(Richter-Menge et al., 2006), are the most effective way for obtaining
seasonal variations of SIT and thermodynamic ice growth (Ackley et al.,
2020, 2015; Perovich et al., 2003). On the other hand, ice thicknesses
and ice growth rates have a large spatial heterogeneity (Perovich et al.,
2003), which cannot be completely captured by observations of the
buoys deployed individually. This limited representativeness of a single
point observation was an obstacle for using the previous SIMBA or other
IMB buoys to identify the average state of changes in SIT caused by
thermodynamic and dynamic processes at the local scale, and to verify
the SIT measured by satellite altimeters.

In this respect, the MOSAIC expedition is an unprecedented oppor-
tunity to obtain homogeneous in-situ observations over the central
Arctic Ocean (Shupe et al., 2020). As a year-round field expedition using
the German research icebreaker Polarstern, the MOSAIC expedition
provided massive in-situ observations over the central Arctic Ocean
from September 2019 to October 2020. The SIMBA buoys, as a part of a
distributed network (DN) of MOSAIC, were deployed in the region at a
scale of ~50 km from the Polarstern (Fig. 1). MOSAiC DN included both
multi-year ice (MYI) and first-year ice (FYI), a good representation of sea
ice under the new normal condition of the Arctic (Krumpen et al., 2020).
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Compared to the previous scattered buoys, the SIMBA buoys of the
MOSAIC expedition can provide local-scale information of SIT over the
study period.

Therefore, this study focuses on assessing the performance of IS2 for
estimating the temporal changes of SIT over the central Arctic using
MOSAIC SIMBA buoys data as a “ground truth”. Based on the under-
standing of SIMBA measurements that show the thermodynamic ice
growth, we evaluate the accuracy of IS2 for estimating SIT and its
growth rate by comparing the IS2 measurements with the SIMBA buoys
through later autumn to spring. Furthermore, by taking advantage of
IS2’s fine spatial resolution, we calculate the thermodynamic ice growth
and dynamic ice thickening and their relative contributions to the SIT
changes.

2. Data
2.1. ICESat-2 data

1S2’s Advanced Topographic Laser Altimeter System (ATLAS) uses
laser photons at 532 nm wavelength, with individual laser footprints of
~12 m separated by 0.7 m. It consists of three pairs of strong and weak
beams, and strong beams have ~4 times greater pulse energies than
weak beams (Magruder et al., 2020; Markus et al., 2017; Neumann et al.,
2019). The improved spatial resolution of IS2 guarantees significant
advantages for sea ice research compared to the previous ICESat
altimeter that had footprints of ~70 m with 170 m spacing (Zwally et al.,
2002) or CryoSat-2 radar altimeter that has ~400 m of along-track
footprint and ~ 1.65 km of across-track footprint (ESA, 2019). In this
study, we use the IS2 ATL10 sea ice freeboard product (release 003)
from NASA’s Earthdata (earthdata.nasa.gov).

The ATL10 freeboard product retrieves the surface heights by
aggregating 150 ATLO3 geolocated signal photons into a single height
segment. Photon rate, width of photon distribution, and background
rate were used to classify lead and ice for each height segment. Then the
total freeboard was calculated by subtracting the local sea reference
height from the surface height (Kwok et al., 2021). Given that strong
beams have a better along-track resolution (10-200 m) than weak beams
(40-800 m) for the surface heights estimation (Kwok et al., 2019b), here
we only use the 3 strong beams. Since IS2 laser photons do not sub-
stantially penetrate the snow layer, herein the IS2 total freeboard rep-
resents the height of the air-snow interface above the sea level (Kwok
et al., 2021; Kwok et al., 2020a).

2.2. SIMBA buoy data

We use the data from 10 SIMBA buoys that were deployed in the
vicinity of the MOSAIC Central Observatory (CO) in October and
November 2019. These buoys covered a spatial scale of about 50 km and
exhibited similar drift patterns (Fig. 1). Since the floes of the CO and DN
were formed around November to December 2018, the buoys were
dominantly deployed at the area of second-year ice (Krumpen et al.,
2021, 2020). The deployment sites had initial snow depth and ice
thicknesses ranging from 0.05-0.30 m and 0.40-1.70 m, respectively.
The average initial snow depth (0.16 m) and ice thickness (0.95 m) over
these buoy sites are close to the averages (0.10 m and 0.84 m) obtained
from on-ice survey along the sections of 27.4-km using a ground-based
electromagnetic induction and a magnaprobe over four ice stations of
the MOSAIC DN (Krumpen et al., 2020). This suggests that the deploy-
ment sites of buoys have a high representativeness.

SIMBA is a thermistor string based IMB, and the vertical environment
temperature (ET) profile was measured using a 4.8-m long string with
embedded thermistors every 2 cm. Each sensor was also equipped with a
resistor component in order to determine the temperature rise (heating
temperature, HT) after 60 s (HT1) and 120 s (HT2) after the pulsative
heating (Jackson et al., 2013). The thermistor string was deployed
vertically in a borehole through the snow and ice layer, so the
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Fig. 2. (a) Time series of the SIMBA (FMIO601) environment temperature (ET)
profile. (b) Time series of the SIMBA heating temperature (HT) ratio (HT1/HT2;
HT1 = HT at 60 s after pulsative heating, HT2 = HT at 120 s after heating). The
white lines are results from the automatic algorithm and the black lines are
results from the manual judgment.

temperature profiles in air, snow, ice, and water were measured. During
the ice-growing season between November 2019 and April 2020, the
buoys drifted along the Transpolar Drift Stream from north of the Laptev
Sea to north of Fram Strait. It should be noted that SIMBA buoys drifted
north of 88°N, where IS2 has no valid data (inside the blue circle in
Fig. 1), between late February and early March.

3. Method
3.1. SIMBA buoys ice thickness

From SIMBA buoys, we identify temporal variations of snow depth
and ice thickness. The primary output from SIMBA buoys are the vertical
ET or HT profiles, and various methods have been developed to extract
snow depth and ice thickness from SIMBA measurements based on the
difference of vertical gradient or daily amplitude of temperature and
temperature rise after the pulse heating among air, snow and ice (Cheng
et al.,, 2020; Liao et al., 2019; Zuo et al., 2018). In this study, we
manually determine the snow depth and ice thickness from the tem-
perature profiles based on the vertical ET gradient and vertical differ-
ence of HT1/HT2. The vertical ET gradient is the optimal criterion, and
the heating data is used when the judgment by ET is not clear. We cross-
check this manual detection by using an automatic algorithm developed
by Cheng et al. (2020). Our manual detection shows ~3 cm deviation of
snow depth and ~5 cm deviation of ice thickness from the automatic
method, while the manual method can effectively eliminate the
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Fig. 3. Average differences of ice thickness between IS2 and SIMBA buoys for
different buffer distances (every 2 km). The buffer distance of 20 km has the
minimum difference.

accidental noise brought by the automatic algorithm as shown in Fig. 2.
Fig. 2 illustrates one example of SIMBA ET and SIMBA HT1/HT2, as well
as the identified snow depth and ice thickness.

3.2. 1S2 ice thickness

Since IS2 measures the total freeboard, this freeboard measurement
should be converted to ice thickness to be compared with the buoy ice
thickness. Assuming hydrostatic equilibrium, IS2 total freeboard is
converted into sea ice thickness by using Eq. (1):

hy= Loy PPy o

Pu—Pi Py—Pi

where hyis total freeboard measured by IS2, p,, is the density of water, p;
is the density of ice, p; is the density of snow, and hs is the snow depth.
Since there are no individual density measurements for the buoys, we
assume 1025 kg/m3, 900 kg/m3, and 300 kg/m3 for py, pi, and ps,
respectively, based on the field measurements at the MOSAiC CO and
previous studies (Alexandrov et al., 2010; Kwok and Cunningham, 2015;
Laxon et al., 2003, 2013; Lindsay and Schweiger, 2015). For the snow
depth (hy) in Eq. (1), we use linear equations from Kwok et al., 2020a to
directly convert IS2 total freeboard into snow depth. Although each
SIMBA buoy measures snow depth individually, this represents only
local snow depth at the buoy deployment site but does not represent
larger snow depth near rough sea ice topography (i.e. ridges or hum-
mock) (Shalina and Sandven, 2018). Since herein the IS2 ice thickness
should include both level ice and ice with the topographical changes, IS2
ice thickness is calculated by only using the IS2 total freeboard and self-
retrieved snow depth from Kwok et al., 2020a method.

3.3. Comparison of satellite and buoy ice thickness

In this study, the IS2-retrieved ice thickness is compared with the
buoy ice thickness within a representative buffer distance; we set this
buffer distance to be 20 km. In general, we should obtain lower thickness
differences between IS2 and buoy for a shorter buffer distance. How-
ever, if this distance is too short, the number of overlapped satellite
tracks is not sufficient to represent the temporal variations of ice
thickness around the buoys. In addition, since the ice floe of the MOSAiC
CO shows 10.35 =+ 6.22 km per day of average displacement during the
study period, the buffer distance less than ~10 km can cause a spatio-
temporal discrepancy between IS2 sampled tracks and buoy sites. Fig. 3
shows the average differences of ice thickness between IS2 and buoys for
buffer distances from 2 to 50 km; IS2 and buoy points are paired if they
have <12 h of time gaps. It is noted that 5-15 km of buffer distance
shows a higher difference, which may be attributed to the drift of ice
floes between the acquisition times of IS2 and buoy data. Since 20 km
shows the minimum differences after this 5-15 km range, we collect the
IS2 data points that are located within 20 km from the buoys and with
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time gaps less than 12 h from the buoys.

After collecting the IS2 data within a 20 km radius around the buoys,
three statistical parameters of 1S2-derived freeboard and ice thickness
are calculated within this buffer distance: mean, median, and mode. For
example, as shown in Fig. 4, there is one IS2 track within the 20 km
distance from the buoy PRIC0905 on November 13, 2019 and March 30,
2020. After the IS2 data points within the buffer are selected, the mean,
median, and modal freeboard and ice thickness are calculated. Since the
modal thickness represents the thickness of the most frequently
observed ice or level ice (Farrell et al., 2012; Hansen et al., 2013; Petty
et al., 2016; Rack et al., 2021; Tian et al., 2020), we estimate the ther-
modynamic ice growth around the buoys by using the variations in the
modal thickness. On the other hand, since the mean and median thick-
ness potentially include the thickness of ridged or deformed ice, we
estimate the contributions of dynamic topographical changes to the IS2
mean and median thickness.

In order to quantitatively compare the IS2 measurements with buoy
measurements, two factors between them are calculated: root mean
square difference (RMSD) and mean biased difference (MBD). RMSD and
MBD are defined by Egs. (2) and (3), respectively.

n

1
RMSD = [~ (5152 = %) @

i=1

n

1
MBD =~ " (X152 — Xpuoy) 3

n i=1
where x;s2 is the IS2 measurement, Xpy0y is the buoy measurement, and n
is the number of comparison pairs. The relative RMSD and MBD can be
also calculated as a percentage by dividing them with the mean of the
buoy measurements. The accuracy of the IS2-derived SIT and ice growth
are evaluated from these factors.

Additionally, to quantify the dynamic contributions to sea ice
thickness, we calculate ridge fractions, lead fractions, and ridge heights
based on the IS2 freeboard measurements. According to Farrell et al.
(2020), pressure ridges can be defined as the parts with freeboard 0.6 m
above the level sea ice. This 0.6 m threshold distinguishes ridges from
lower-amplitude surface features such as snow dunes or sastrugi (Dun-
can et al., 2020, 2018; Farrell et al., 2020; Tan et al., 2012). Thus, the sea
ice segments above 0.6 m from the modal freeboard are regarded as
ridges, and the ridge fraction is then calculated (Fig. 5). Similar to the
ridge fraction, we calculate lead fraction from the detected leads from
the ATL10 products.

Lri e
Ridge fraction = —%¢ x 100 (%) 4)

total

Leﬂ
Lead fraction = —“ x 100 (%) ()

total

where Lyigge is the summed length of all ridges in the IS2 track, Lieq is the
summed length of all leads in the IS2 track, and Ly is the total length of
the IS2 track (Fig. 5). To obtain L4, we use the leads detected by the
ATL10 product. The ATL10 product determines leads from the decision-
tree algorithm based on photon rate, width of photon distribution, and
background rate (Kwok et al., 2019b). However, it should be noted that
this lead detection algorithm shows limitations in detecting dark leads
so the ATL10-based lead fraction could have been underestimated
(Kwok et al., 2020b; Petty et al., 2020a). In addition to the ridge fraction
and lead fraction, we calculate the changes of ridge heights (Hyigg),
which represent the mean heights of ridges above the level ice surface
(Fig. 5). The ridge fraction, lead fraction, and ridge height are regarded
as the indicators of dynamic sea ice deformation along the IS2 track.
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Fig. 4. The map of 20 km buffer area from the buoy PRIC0905 (green circle) and nearby IS2 freeboard tracks, histograms of IS2 total freeboard, and freeboard
profiles along the IS2 tracks on (a) November 13, 2019, and (b) March 30, 2020. As shown in the histograms, the modal, median, and mean freeboard increased by
0.160, 0.166, and 0.184 m, respectively, from November to March; the median and mean freeboards increased faster than the mode because they may include
dynamic ice thickening as well as thermodynamic ice growth. In addition, along-track freeboard profiles in March are rougher (standard deviation of 0.22 m) and
have more ridges (the parts above the red dashed lines of mode + 0.6 m freeboard) than in November (standard deviation of 0.13 m). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Results

consistent from November to April for most buoys, ranging from 0.07 m

to 0.29 m. However, large snow accumulations are observed in early

4.1. Temporal variations of buoy measurements

February for buoy PRIC0902 and PRIC0904. This snow accumulation of

approximately 0.1 m in early February was likely due to a snow-storm

Snow depth and ice thickness determined using the measurements
from all buoys are plotted in Fig. 6. The snow depth (Fig. 6a) is almost

event. Since these buoys were deployed close to a ridge with a rela-
tively large surface roughness,

blowing snow could be more
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accumulated near these buoys.

In terms of the ice thickness (Fig. 6b), all buoys show a mono-
tonically increasing trend from November to April. On the starting dates
in November, the ice thickness at the buoys ranged from 0.41 to 1.67 m,
while in mid-April, the thickness ranged from 1.54 to 2.27 m, with a
total increase of 0.50-1.20 m. In order to check if these ice growths
resulted from thermodynamic growths, we compare the measured ice
growths with the ice growths estimated by an analytic model based on
Stefan’s Law (Lepparanta, 1993). In the presence of the snow layer
above ice, the thermodynamic ice growth (dH/dt) can be expressed by
following:

dH (T, —T,)
piLE T H A+ (ki /x)h ©)
where «; is the heat conductivity of ice (assuming 2.3 W/m+«K), «; is the
heat conductivity of snow (assuming 0.3 W/m+K) (Lecomte et al., 2013;
Sturm et al., 2002b), L is the latent heat of freezing (assuming 334 kJ/
kg) (Lepparanta, 1993; Park et al., 2020), Ty is the freezing temperature
at the bottom, T is the snow surface temperature, H is ice thickness, and
h is snow depth.

Based on the Eq. (6), we calculate the modeled ice growths over the

Remote Sensing of Environment 267 (2021) 112730

ice-growing season using the vertical temperature profiles of the buoys,
and compare them with the measured ice growths (Fig. 7). Since the ice
growths measured by the 10 SIMBA buoys agree well with the modeled
ice growths, we conclude that the buoy ice growths are caused by
thermodynamic effects with negligible contributions from dynamic ice
thickening and the formations of snow ice or superimposed ice.

4.2. Temporal variations of IS2 thickness

The temporal changes in IS2-derived ice thickness related to indi-
vidual buoys are described in Fig. 8. As similar to the monotonic increase
trend of the buoy ice thickness, the corresponding IS2-derived ice
thickness also increased near linearly from November 2019 to April
2020. Although IS2 captures the increase in the ice thickness success-
fully, IS2 ice thickness shows some differences with the buoy ice
thickness (Table 1). The IS2 modal thickness shows the least differences
with the buoy thickness (RMSD 0.341 m and MBD —0.169 m), followed
by the IS2 median and mean thickness. While the IS2 median and mean

1.6
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124 RMSD=0.12m
)

0.8 - ‘0

Modeled ice growth (m)

0.4 T

0.0 T T T
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Fig. 7. The ice growths of 10 SIMBA buoys measured by buoy temperature
profiles and modeled by Stefan’s Law (Lepparanta, 1993).
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Fig. 6. Temporal variations of (a) snow depth and (b) ice thickness obtained from 10 SIMBAs deployed during the MOSAIC expedition.
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reader is referred to the web version of this article.)

Table 1

Overall RMSD and MBD of ice thickness between the IS2 measurements and the
SIMBA buoys.

measurements overestimate ice thickness (positive MBDs), the IS2 mode

underestimates (negative MBD). Given that the ice thickness measured

by the SIMBA buoys represents level ice, it is reasonable that the IS2

Ice thickness

RMSD

MBD

IS2 mode
1S2 median
1S2 mean

0.341 m (23.3%)
0.359 m (24.6%)
0.531 m (36.4%)

—0.169 m (—11.6%)
+0.190 m (13.0%)
+0.433 m (29.7%)

modal thickness is the closest to the buoy measurement. On the other
hand, the median and mean IS2 thicknesses are greater than the buoy
thickness because both of them also include the contribution of dynamic
sea ice deformation (i.e. ridges).

Based on the IS2 ice thickness measurements, we calculate linearly-
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Table 2
Overall RMSD and MBD between the ice growth rate (November-April) from the
IS2 measurements and the thermodynamic ice growth from the SIMBA buoys.

Ice growth RMSD MBD
1S2 mode 0.131 cm/day (24.8%) —0.054 cm/day (—10.3%)
1S2 median 0.179 cm/day (33.8%) +0.114 cm/day (+21.6%)
1S2 mean 0.248 cm/day (46.9%) +0.198 cm/day (+37.4%)
1.2
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©
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£
2
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g
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Fig. 9. Ice growth rate from November to April estimated by buoys and 1S2
(mode, median, and mean) corresponding to each buoy.

fitted ice growth rate from each IS2 measurement and compare it with
the thermodynamic ice growth from the buoys (Table 2). The ice growth
estimated from IS2 modal thickness shows the least difference with the
thermodynamic ice growth (RMSD 0.131 cm/day and MBD —0.054 cm/
day). However, the ice growth measured by the median and mean IS2
thicknesses are greater than the thermodynamic ice growth by more
than double of the mode estimation bias (+0.114 cm/day and + 0.198
cm/day of MBD, respectively). Hence, the modal IS2 thickness repre-
sents the thermodynamic ice growth, but the median or mean IS2
thickness includes both the thermodynamic and dynamic contributions.

By comparing the IS2 median and mean increasing rates with the IS2
mode increasing rate, we quantify the contributions of dynamic defor-
mation to the IS2 median and mean thickness. As shown in Fig. 9, the
median and mean IS2 increasing rates are greater than the mode by 0.17
+ 0.07 cm/day and 0.25 + 0.08 cm/day, respectively. This implies that
the dynamic thickening by sea ice deformation (i.e. increase of ridge
fraction and ridge height) accounts for about 26.1 + 10.3% and 34.4 +
10.1% of the total thickness increase for the median and mean,
respectively; the mean includes more dynamic contributions than the
median.
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Table 3

Comparison of ice thickness and ice growth between the IS2 measurements
within a 50 km buffer from the center of MOSAiC DN and the average of the 10
SIMBA buoys.

182 RMSD of ice MBD of ice Ice growth rate
measurements thickness thickness relative to the buoy-
average

1S2 mode 0.154 m (10.4%) —0.150 m —0.088 cm/day
(—10.1%)

1S2 median 0.214 m (14.4%) 40.208 m +0.148 cm/day
(14.0%)

1S2 mean 0.456 m (30.7%) +0.449 m +0.244 cm/day
(30.3%)

Indeed, as shown in Fig. 8b, the ridge fraction increased from
November 2019 to April 2020 for all the buoys. In late autumn to early
winter, ridged ice accounts for a smaller portion (<2%) of the sea ice
cover. As the sea ice becomes packed together during the ice-growing
season, however, the proportion of ridged ice reaches to approxi-
mately 4%. Whereas the ridge fractions increase, lead fraction does not
show any significant increase or decrease trends because the opening
due to the lead formation would refreeze soon during winter under the
cold atmospheric forcing. In terms of the ridge height (Fig. 8c), while the
IS2 measurements at four sites (FMI0O509, FMIO605, PRIC0901, and
PRIC0905) do not show significant increases (p-value > 0.05), those at
other six sites show significant increases in ridge heights (p-value <
0.05). Therefore, the higher increase rates of the median and mean IS2
thickness could be attributed to both the increase in ridge fraction and
ridge height.

In addition to the individual buoy comparison, we also compare the
regional variations of SIT around the MOSAiC DN over a 50 km area
surrounding the center of the SIMBA buoys network. The regionally-
averaged thermodynamic ice growth is calculated from the average of
the 10 SIMBA buoys. Then the IS2 data around 50 km buffer area from
the center of SIMBA buoy network are collected, and the variations of
IS2 modal, median, and mean thickness are calculated (Fig. 10).
Although the IS2 modal thickness underestimates the regionally-
averaged level ice thickness, it shows the lowest difference: RMSD
0.154 m and MBD —0.150 m. However, the median and mean over-
estimates the thickness of level ice with 0.253 m and 0.449 m of MBD,
respectively (Table 3). Therefore, as similar to the individual compari-
sons, the IS2 modal thickness represents the thickness of level ice, but
the mean and median also include the contributions from dynamic sea
ice deformation. In terms of the ice growth rate, the IS2 mode mea-
surement (0.447 cm/day) is the closest to the regional thermodynamic
ice growth (0.535 cm/day): only —0.088 cm/day of difference. How-
ever, the IS2 median and mean thickness overestimates the thermody-
namic ice growth by 0.148 cm/day and 0.244 cm/day, respectively

Fig. 10. (a) Averaged ice thickness of 10
3{Buoys: +0.535 cm/day +0.779 cm/day « buoy SIMBA buoys (black line), 152 modal thick-
) Ice | m 'ZZI* + Mean ness (orange crosses), IS2 median thickness
Thickness 2 w:: Cin T R ! L m—ey > o s + Median (brown crosses), and IS2 mean thickness
(m) , | :F ) g I (green crosses) within 50 km buffer distance

1 + Mod 8
(a) +0.447 cm/day +0.683 cm/day K ode from the center of MOSAiC DN; (b) temporal
0 T T T T T variations of ridge fractions (red dots) and
. Ridges: +0.029%/day (p=0.0) . lead fractions (blue dots) in the 50 km buffer
FraCt'?n 51 Leads: -0.00 1%/day p=0.04) “....ff_.. ..... ° e Ridges area; (c) temporal variations of ridge heights
(%) (b) o - #‘ """ e o o leads in the 50 km buffer area. Gray shading ver-
04 . S tical bars indicate the heavy storm events in
100 1 Ridge height: +0.047 cm/day (p=0.0) mid-November and mid-February. (For
Ridge . interpretation of the references to colour in
height(m) 0.75 - PSR VI 3 - '.:,.p -~ Py PGS this figure legend, the reader is referred to

’ (C) M "."‘. It 4 . ¢ the web version of this article.)
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Fig. 11. Sentinel-1 HH band images of the 50 km buffer area from the Polarstern for November 21-23, 2019, December 23-25, 2019, and March 18-20, 2020. Sea
ice leads (dark or bright elongated features) disappear in 2-3 days after they form, but general sea ice textures (i.e., overall distribution of dark and bright features)

stay consistent in the successive days.

(Table 3). The comparison between the IS2 mode, median, and mean
measurements implies that the dynamic thickening contributes to about
34.6% of the IS2-median increasing rate and 42.6% of the IS2-mean
increasing rate, which agrees with the range of dynamic contributions
estimated from the individual comparison.

As shown in the bottom two panels of Fig. 10, both ridge fraction and
ridge height increased significantly around the ~50 km MOSAiC DN
area. However, the lead fraction does not show any significant increase
or decrease trend during December to March, which agrees with the lead
fraction observations from Krumpen et al. (2021). Therefore, the in-
crease in ridge fraction and ridge height may contribute to the larger ice
growth from the median and mean IS2 thickness.

5. Discussion
5.1. SAR images around the buoys

We visually explore the changes of sea ice condition around the
MOSAIC DN by using the ESA (European Space Agency)’s Sentinel-1

synthetic aperture radar (SAR) images. These SAR images have been
used to detect open water or thin ice on sea ice leads (Murashkin et al.,
2018). Sea ice leads generally have low backscatter values on HH and
HV bands because they have low surface roughness and reflectance
(Longepe et al., 2019; Murashkin et al., 2018). However, open water on
leads can also appear bright on HH band under high incidence angles
because wind can roughen the water surface (Murashkin et al., 2018). In
addition to this feature of backscatter or brightness, leads should have
distinctive elongated shapes (Murashkin et al., 2018). Based on these
features of sea ice leads, therefore, we can readily identify opening and
closing of sea ice leads from the Sentinel-1 images.

Fig. 11 shows the Sentinel-1 HH band images with sea ice leads for
some successive days in November, December, and March. As shown in
these images, once leads form, they last only ~2-3 days and disappear
because open water and thin ice areas on leads are refrozen quickly in
the ice-growing season. However, while sea ice leads are such temporary
features, ridges are accumulated features. In Fig. 11, while sea ice leads
change fast even within one day, general sea ice textures (e.g. spatial
distribution of bright or dark part) remain similar without significant
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Fig. 12. Potential errors of the IS2 thickness estimation due to various snow/
ice density conditions at (a) hy = 0.2 m, (b) hy = 0.4 m. The bold gray dashed
lines indicate the assumed densities (p; = 300 kg/m®, p; = 900 kg/m®>).

changes. These ridge-like features would be steadily accumulated during
the ice-growing season as the sea ice become compacted. We provide a
short video clip of all Sentinenl-1 SAR images near the MOSAiC DN as
auxiliary data with the manuscript.

5.2. Uncertainty in IS2-buoy comparison

Although we find that the IS2 modal thickness represents well the
thermodynamic ice growth, we need to consider that there are some
sources of uncertainties for the IS2-buoy comparison.

First, in terms of the buoy thickness estimation, the precision of the
buoy measurement is ~2 cm since the SIMBA string measures the
temperature profile every 2 cm. Second, when we estimate ice thickness
from IS2 total freeboard, one of the major sources of uncertainty comes
from the retrieval of snow depth from the IS2 freeboard. In this study, we
employ the linear equations proposed by Kwok et al., 2020a to directly
convert IS2 total freeboard into snow depth. Although this approach can
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be useful for predicting snow depth where only total freeboards are
available and considering the impacts of sea ice deformation on snow
depth, these linear regressions have 2.5-3.0 cm of standard errors.
Additionally, the snow depths retrieved from IS2 freeboard potentially
have a few centimeters of errors when compared with the snow depths
from the OIB snow radar (Kwok et al., 2020a).

Another source of uncertainty can be introduced by the assumption
of a constant density of snow, ice and water. When the IS2 freeboard is
converted to ice thickness, snow, ice, and water density are assumed to
be 300 kg/m®, 900 kg/m?>, and 1025 kg/m>, respectively, because the in-
situ density measurements are not available for the individual buoys.
Considering snow or ice density can vary temporally or spatially even in
floe scales (Iacozza and Barber, 1999; King et al., 2020; Proksch et al.,
2015; Sturm et al., 2002a; Warren et al., 1999), the variations of ice and
snow densities can make a considerable difference on the thickness
calculation from the IS2 freeboard. Indeed, the initial deployed sites of
the buoys include the level ice and that close to ridges, the FYI and MYI,
and the ice with a large range of thickness, which can lead to significant
point-to-point differences in sea ice density and its seasonal variation. In
addition, the spatial change in surface roughness would lead to different
site-to-site snow accumulation processes (Wagner et al., 2021), and
potentially different snow stratification and density.

In order to quantify the uncertainty of SIT estimation caused by this
snow and ice density variation, the SIT is recalculated for different ice
density and snow density conditions (Fig. 12). Based on the previous
studies (Alexandrov et al., 2010; Sturm et al., 2002a; Timco and Fred-
erking, 1996), the ice density was simulated from 860 to 940 kg/ms, and
snow density from 240 to 400 kg/m>. Since the snow depth is nearly
consistent for each individual buoy (Fig. 6a), we assume a consistent
snow depth of 0.2 m and simulate the ice thickness for two different total
freeboards: 0.2 m (autumn to early winter) and 0.4 m (late winter to
spring). As shown in Fig. 12, if the ice density is lower than 900 kg/m?,
the ice thickness would be overestimated by IS2 compared to the real ice
thickness. On the contrary, if the ice density is higher than 900 kg/m°,
the thickness would be underestimated by IS2. In addition, the IS2-
derived thickness is overestimated if the real snow density is lower
than 300 kg/m?>, and vice versa. Since these uncertainties increase with
a larger freeboard, ice thickness in later winter could be more affected
by snow and ice density. Moreover, the 1S2-derived thickness is more
sensitive to the ice density variations than the snow density variations.

In Fig. 8a, FMI0601 and PRIC0903 show somewhat different patterns
with the other buoys: the mode, median, and mean IS2 thickness
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Fig. 13. (a) An 85-km IS2 track and level ice thickness (modal thickness) for every 5 km in this track. In this 85-km track, the standard deviation of level ice thickness

is 0.22 m; (b) Standard deviation of level ice thickness by track length.
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measurements underestimate ice thickness so the mean shows the lowest
bias with the buoy ice thickness. Considering that these two buoys are
deployed over the sites with the relatively large initial ice thickness close
to the ridge (Fig. 6b), these sites might have different snow or ice density
conditions with the other buoys. In addition, according to Kwok and
Cunningham (2008), climatological snow density continuously increase
from ~250 kg/m® in November to ~350 kg/m® in March over the Arctic.
Considering the increase of snow density during the ice-growing season,
there is a possibility that IS2 overestimates ice thickness in early winter
and underestimates in late winter; therefore, IS2 could underestimate
overall ice growth. This can explain the negative bias of IS2-derived ice
growth in Table 2 and Table 3.

Another possible source of uncertainty is the spatiotemporal
discrepancy between IS2 tracks and buoy deployment site. In this study,
we assume that the modal IS2 thickness represents level ice thickness
within the 20 km buffer area from the buoy deployment site. Although
we collect the I1S2 data within 12 h of time gaps from the buoys, the
buoys drifted with ~10.35 km/day on average. Since the buoy and IS2
measurements are not exactly co-located in space and simultaneous in
time, therefore, the level ice thickness measured by IS2 could be
different from the buoy ice thickness. In addition, given that the IS2 data
is track data, they only represent a certain part of the 20 km circle, not
the entire circle area. Thus, the sampled area where the IS2 tracks pass
through is different whenever the overlapped IS2 data are sampled. For
example, as shown in Fig. 4, the IS2 tracks in the 20 km buffer have
different coverage area on November 13 and March 30.

Indeed, the thickness of level ice can vary over a few km scales.
Fig. 13a shows one 85-km IS2 track. We calculate the modal thickness
every 5 km, and this 5-km modal ice thickness changes even within a
single IS2 track (standard deviation of the 5-km modal ice thickness ~
0.22 m for this 85-km track). As shown in Fig. 13b, the standard devi-
ation of the level ice thickness generally increases with a longer track
distance. For a track distance longer than 50 km, however, the standard
deviations stays consistent value of ~0.25 m. Thus, if the sampled IS2
track and the buoy site are not exactly coincident, IS2 and buoy mea-
surements are likely to be different. This issue of different sampling
principle between IS2 and buoy can be mitigated by combining and
averaging multiple data. In Section 4.2, both individual buoy compari-
son (~20 km scale) and regional average of the 10 buoys (~50 km scale)
are checked. As shown in Table 1, Table 2, and Table 3, the regionally-
averaged comparison has a lower RMSD and MBD than the individual
comparison. This also implies that the deployment scale of the MOSAiC
SIMBA buoys is suitable for comparison with the IS2 measurements.

5.3. Outlooks for the application of IS2

This study demonstrates the ability of IS2 to capture thermodynamic
and dynamic ice thickening based on its high resolution. However, for a
clearer explanation of the thermodynamic and dynamic sea ice thick-
ening processes in our study area (central Arctic Ocean across the
Transpolar Drift Stream), various data sources are required: e.g.,
divergence, convergence, or shear stress of sea ice, ocean temperature,
air temperature, ocean current, wind direction, etc. A series of various
satellite data or other field observations from the MOSAiC expedition (e.
g. drilling data, airborne observations, and underwater robot observa-
tions) would provide detailed information about these factors. Once
these data are combined to analyze, which is ongoing, they will help us
better understand the mechanism of thermodynamic and dynamic ice
thickening over the Arctic Ocean. Moreover, there might be a significant
difference in sea ice conditions between our study area and other regions
(e.g. the Beaufort Gyre) and by season. Therefore, by further examining
the spatiotemporal changes in thermodynamic or dynamic ice thick-
ening for different regions and years using IS2, we will be able to
characterize and compare how various atmospheric and oceanographic
factors affect the sea ice thickening processes for different regions and
seasons.

11

Remote Sensing of Environment 267 (2021) 112730

6. Summary and conclusions

This study demonstrates the ability of IS2 for measuring the seasonal
variations of ice thickness and distinguishing thermodynamic and dy-
namic ice thickening through the comparison with the MOSAiC SIMBA
buoys. While most of the previous studies focused on the validation of
the satellite freeboard or thickness value itself based on an airborne
measurement in a short time period (one or a few days) (e.g. OIB), we
focus on assessing the temporal variations of ice thickness and ice
thickening during the ice-growing season, by taking advantage of the
long-term and continuous measurements from the IMB buoy data. Our
results show that IS2 is able to detect the increases of sea ice thickness
during the ice-growing season of the Arctic.

In addition, it is noted that the three different measurements of 1S2
thickness (i.e. mode, median, and mean) show significant differences in
estimating ice thickness and ice growth. The IS2 modal thickness shows
the least difference (RMSD 0.341 m and MBD —0.169 m) with the buoy
ice thickness. However, the median and mean IS2 thickness over-
estimate the buoy ice thickness by around 0.190 m and 0.433 m,
respectively. In addition, while the ice growth estimated by the IS2
modal thickness shows a similar increasing rate with the thermody-
namic ice growth estimated by the buoys (—0.054 cm/day of MBD), the
median and mean IS2 thickness are greater than the thermodynamic ice
growth by 0.114 cm/day and 0.198 cm/day, respectively. Consequently,
this result implies that the IS2 modal thickness represents the thermo-
dynamic ice growth. On the other hand, the median and mean IS2
measurements explain the dynamic contributions from sea ice defor-
mation, accounting for averagely 26% and 34% of the total increasing
rate, respectively.

Indeed, the IS2 measurements around ~50 km area from the
MOSAIiC CO show that ridge fraction increased from <2% in November
to ~4% in late March, with about +0.029%/day of increasing rate.
Along with the increase of ridge fraction, ridge height also shows a
significant increase trend with +0.047 cm/day of increasing rate.
However, lead fraction does not show any significant trend during the
same period. This is because sea ice leads appear only 2-3 days and they
are refrozen quickly during the ice-growing season, whereas ridges are
generally accumulated. The weathering of ice ridges is obviously weaker
than the cumulative strengthening of dynamics. Both the temporary
formation of leads and long-term existence of ridges are observed in a
series of the Sentinel-1 SAR HH band images.

Despite the good correlation between IS2 and buoy data in esti-
mating sea ice thickness and its growth rate, we need to consider various
sources of uncertainties. First, buoy measurements have ~2 cm of im-
plicit uncertainty. Second, there can be significant uncertainties in
converting IS2 total freeboard into ice thickness, which is associated
with the retrieval of snow depth, snow density and ice density. Finally,
there is a spatiotemporal discrepancy between IS2 and buoy data: the
sampling time and location of the IS2 data and buoys are not exactly the
same due to the drift of sea ice. Since the thickness of level ice can vary
within a few km scale, the comparison between IS2 and buoy has
inevitable uncertainties. Based on the findings of this study, IS2 will be
able to provide important clues for the thermodynamic and dynamic ice
thickening processes over the Arctic Ocean.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rse.2021.112730.
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