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Abstract Using airborne measurements, we provide a first direct glimpse of the sea ice thickness
distribution in the western Ross Sea, Antarctica, where the distinguishing sea ice process is the regular
occurrence of the Ross Sea, McMurdo Sound, and Terra Nova Bay polynyas. Two flights in November
2017 over a length of 800 km reveal a heavily deformed ice regime with a mean thickness of 2.0 + 1.6 m.
Supported by satellite image analysis, we identify regional variability in ice thickness based on formation
history. Sea ice thickness gradients are highest within 100 and 200 km of the Terra Nova Bay and
McMurdo Sound polynyas, respectively, where the mean thickness of the thickest 10% of ice is 7.6 m.
Overall, about 80% of the ice is heavily deformed, concentrated in ridges with thicknesses of 3.0-11.8 m.
This is evidence that sea ice is much thicker than in the central Ross Sea.

Plain Language Summary Antarctic sea ice is a stabilizing factor for global climate but

has an unknown mass trend as thickness is particularly hard to measure. The western Ross Sea is an
important region of sea ice formation; here, persistent off-shore winds form so called coastal polynyas
enabling continued freezing by pushing new ice out into the pack ice zone. Using a specialized instrument
on a fixed wing aircraft, we measured in this region a mean sea ice thickness of 2 m over a distance of
800 km, which is much thicker than measured in the central Ross Sea. Making use of high-resolution
satellite images and aerial photos, we found that narrow deformational ridges grow up to 16 m in
thickness and more rapidly than level ice. Such deformed ice holds up to 80% of the ice mass, which

is quite easily overlooked by satellite sensors. Our observations hold a link between wind driven ice
dynamics and the ice mass exported from the western Ross Sea, which with this new thickness data could
be higher than previously thought. Providing this information, we establish a basis for change detection
and the evaluation of computer simulations of Antarctic sea ice in a changing climate.

1. Introduction

Sea ice along the Antarctic coastline adjacent to ice shelves and fast ice is a highly sensitive and variable
interface between the ocean and the atmosphere (Dale et al., 2017; Tamura et al., 2016). Coastal latent
heat polynyas are areas of temporarily open water regularly kept free of sea ice by strong off-shore winds
(Kern, 2009). High freezing rates make latent heat polynyas focal points of sea ice formation (Ohshima
et al., 2016). It is estimated that 10% of the total Southern Ocean sea ice mass is produced in only 1% of the
sea ice area by polynya processes (Tamura et al., 2016). Small changes in polynya activity can therefore sig-
nificantly influence sea ice trends, the formation of High Salinity Shelf Water (HSSW), and Antarctic Bot-
tom Water (Ohshima et al., 2016; Smethie & Jacobs, 2005). Polynya processes play an important role in the
development of the ice thickness distribution, as their margins represent areas of dynamic ice deformation
(Comiso et al., 2011; Hollands & Dierking, 2016; Nakata et al., 2015).

The western Ross Sea is a notable area for polynya activity as sea ice formation is driven by the complex
interaction of three significant polynyas (Dai et al., 2020; Hollands & Dierking, 2016). By supplying a north-
ward drift of sea ice, away from the Ross Ice Shelf, the Ross Sea Polynya (RSP), interrelates closely with the
adjacent McMurdo Sound Polynya (MSP) to its west and Terra Nova Bay Polynya (TNBP) to its northwest.
The RSP and MSP normally occur simultaneously, as they are caused by strong Ross Air Stream (RAS)
events with southerly surface winds split by Ross Island into a western and eastern airflow (Brett et al., 2020;
Coggins et al., 2014). The TNBP is a result of katabatic winds, which reach the coast from the East Antarctic
plateau channeled through the valleys of the Transantarctic Mountains (Van Woert, 1999). The Ross Sea
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sector has experienced the most positive increase in ice extent over the satellite era of 5,800 + 2,900 km? yr‘1
(Parkinson, 2019) which is thought to have been driven by an increase in meridional winds forced by a
change in the synoptics of the wider region (Holland & Kwok, 2012). The ice volume is poorly known, but
the proportion of deformed ice as a consequence of wind driven shearing, rafting, and ridging processes
can be substantial (Hollands & Dierking, 2016). Springtime assessments using an autonomous underwater
vehicle suggest that a large percentage of coastal Antarctic sea ice is strongly deformed and thicker than
commonly assumed (Williams et al., 2015).

Estimates of the sea ice thickness in the Ross Sea and the volume flux into the wider Southern Ocean exist
(Comiso et al., 2011; Dai et al., 2020), but the sea ice mass balance in the Ross Sea basin is not well quanti-
fied (Drucker et al., 2011). The thickness of thin polynya ice can be evaluated from passive microwave and
SAR data (Aulicino et al., 2019; Kaleschke et al., 2012), but estimates of thicker ice rely on the freeboard
evaluation from satellite altimeters (Kurtz & Markus, 2012; Paul et al., 2018) or aircraft (Tian et al., 2020;
Weeks et al, 1989). Satellite observations are only available for intermittent periods and uncertainties of de-
rived ice thicknesses are large because of snow on sea ice and variable sea ice topography (Price et al., 2015,
2019). Nonsatellite-based observations of thickness are still extremely sparse (Worby et al., 2008) but are
necessary to validate satellite-based methods (Fons & Kurtz, 2019). Reliable thickness observations are ur-
gently needed to guide model development to assess simulated sea ice volume (Mackie et al., 2020; Uotila
et al., 2019).

We describe the first airborne ice thickness measurements over pack ice in the Ross Sea and how the meas-
ured ice thickness relates to the observed sea ice morphology as seen in satellite and optical imagery. We
evaluate our findings in relation to previous assumptions on ice thickness in the region.

2. Area of Investigation and Datasets

Our study area in the western Ross Sea stretches for 700 km from Ross Island to near Adare Peninsula
(72.09°S, 171.53°E; Figure 1). We used an Airborne Electromagnetic Induction (AEM) ice thickness sensor
towed by a Basler BT-67 aircraft (Haas et al., 2010) sampling total (ice plus snow) thickness (referred here-
after as ice thickness) every 6 m along the flight track with a signal footprint of 45 m (Haas et al., 2009). The
accuracy for ice thickness in the applied measurement set-up is +0.10 m over level ice (Haas et al., 2009;
Pfaffling et al., 2007). However, the maximum thickness of pressure ridges is generally underestimated due
to their three-dimensional shape and porosity and the EM footprint diameter of up to 3.7 times the instru-
ment altitude (Reid et al., 2006). The retrieved thickness of unconsolidated ridges can be less than 50% of
the “true” thickness (e.g., Haas & Jochmann, 2003). Therefore, obtained thickness distributions are most
accurate with respect to their modal thickness and amount of deformed ice, while mean and maximum ice
thickness can still be used for relative comparisons between regions (Haas et al., 2010).

Two profiles were flown with a combined length of 800 km (Figure 1c). The Southern Profile was flown
from 9 November 2017 22:19 UTC to 10 November 2017 00:25 UTC beginning in McMurdo Sound and went
for 300 km to the north, before turning west into Terra Nova Bay for another 100 km. The Northern Profile
was flown on 11 November 2017 from 1:21 UTC to 3:04 UTC from the Adare Peninsula in a southerly direc-
tion for 215 km before turning southwest toward Cape Washington for another 140 km.

In addition to the ice thickness data, we make use of airborne photography taken from an altitude of 100 m.
A Landsat-8 image (panchromatic band at 15 m resolution; 7 November 20:45 UTC) is used to support the
interpretation of the sea ice morphology. The ice drift during the week before the survey flights was small
(on the order of a kilometer per day), and the Landsat-8 image (Figure S1) was shifted approximately 4 km
by coregistration to fit the MODIS image in Figure 1c, which was acquired only a few minutes before the
first survey flight.

To provide further context, we make use of auxiliary satellite imagery to reveal the sea ice history over a
period of 40 days prior to the AEM survey flights. ESA Sentinel-1 Synthetic Aperture Radar images were ac-
quired (processed to 20 m ground resolution) and used alongside NASA Aqua/Terra corrected reflectance/
true color MODIS images (250 m resolution—https://worldview.earthdata.nasa.gov). Small icebergs and
sea ice floes of consistent shape are used to manually track sea ice motion to shed light on the formation
history of the surveyed ice.
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Figure 1. Study region showing ice thickness profiles flown from 9 to 11 November 2017 with ice drift trajectories prior to the airborne survey. (a) and (b)

4 Oct 2017
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show ice drift between the start (orange dots) and end (orange crosses) of the polynya event plotted on Sentinel-1 SAR images, and (c) shows selected ice drift
trajectories (orange with start date if later than 4 October) before the survey flights (white lines) as well as ice thickness histograms of flight sections A to L.
Inset in (a) displays 3-hourly mean wind speed from AWS Laurie II.
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The 2 October 2017 marks the start of a RAS event that activated the RSP and MSP. Mean 3-hourly surface
wind speed upwind of the RSP exceeded 10 m s™* (automatic weather station Laurie IT; 77.52°S, 170.81°E) and
peaked at about 30 m s~ 2 days later (inset in Figure 1a). Conditions prior to this event are shown in Figure 1a
on 30 September which allows us to identify ice floes and begin tracking sea ice drift. There is a gap in useful
imagery until the 4 October 2017 marking the final stage of this polynya event (Figure 1b). At this time the
RSP and MSP covered an area of about 6,100 km? and 3,690 km?, respectively. The ice drift trajectories shown
in Figure 1 are representative for the displacement history in individual sections of the flight tracks. The
trajectories south of the Drygalski Ice Tongue (DIT) show two main phases of drift: the extensive mean drift
of about 20 km d™" during the 4-day period surrounding the polynya opening (between dots and crosses in
Figures 1a and 1b), followed by a much slower and gradual drift over the following 36 days when the polynyas
were less active (orange lines Figure 1c). South of Franklin Island, the total ice drift to the northwest between
30 September and 4 October was about 85 km. This pack ice region, with an initial area of 14,000 km* was
compressed against the DIT, forcing a reduction in area of 50% over this initial 4-day period. This process and
the presence of the DIT split a 30 km wide band of pack ice (Zone 1) into two sections, the first into a triangu-
lar shaped fast ice area between the southern DIT edge and the continental coast and the second into a pack
ice area north of the DIT in Terra Nova Bay (Figure 1b). Two 4 October Sentinel-1 images, acquired 1 h apart,
show that ice drift south of DIT had ceased, while the ice to the north was pushed an additional 20 km into
Terra Nova Bay creating a Shear Zone (SZ) to the south which is visible as a brighter band of radar reflectivity
(Figure 1b). After the 4 October, the compressed pack ice in the northern segment of Zone 1 gradually drifted
eastward out of Terra Nova Bay into the Southern flight profile. Further to the southwest around pack ice
Zone 2 the polynya event forced slower drift rates of about 64 km over 4 days. West of Beaufort Island the drift
turned north and decreased to about 30 km over 4 days about 10 km off the coast. After the polynya event,
ice south of the DIT slowly drifted north parallel to the coastline before drifting northeast as it approached
the DIT. Upon rounding the terminus of the DIT it was deflected east by the obstructing ice from Terra Nova
Bay forming a confluence zone. Just east of the terminus of the DIT, new sea ice formed in between these two
zones. This time series of satellite imagery provides context for the deformational history of the pack ice sam-
pled during the flights. A final MODIS image acquired minutes before the southern flight links this image time
series to the thickness dataset (Figure 1c). In the following section we discuss the sea ice regime using satellite
images to delineate areas with specific sea ice characteristics in support of the statistical analysis.

3. Analysis of Sea Ice Statistics and Volume

The complete Southern and Northern ice thickness profiles and distributions are shown in Figure 2. The
length fraction describes the proportion of the profile distance with thicknesses above or below a certain
threshold. The cumulative volume fraction is calculated from the histogram by

Zf:l Tin;

V(1) = N—Tn’k =12,...,N 1)
i=14i"%

where k < N is the number of the kth bin with thickness T}, n; the number of observations with thickness T;,
Vi the volume fraction of ice with T; < T, and N the total number of thickness bins.

Drawing on the analysis of distinct ice regions from radar backscattering and drift trajectories as derived
from the satellite image sequences, we split the profiles into 12 sections (A to L; Figures 1c and 2). The
following measures are presented to characterize the ice thickness statistics (Figure 3 and Table S1); mean
thickness with standard deviation (Tine.n), the most frequently observed ice thickness (Tpode), maximum
ice thickness (Tm,x), and the mean of the lowest (1) and highest (T410) 10% of measured ice thicknesses.
The histograms show non-normal distributions with one or two modes (Figures 1c and 2). Where there is a
bimodal ice thickness distribution, two modes (Tpode1 and Tioqez2) are determined. The first mode typically
represents very young level ice (e.g., refrozen leads), and the second mode represents the older level ice; Ty10
is a useful statistic to assess pack ice deformation, with larger Ty, values suggestive of ice that has been
subject to increased ice deformation (Thorndike et al., 1975). Also calculated was the percentage of meas-
urements identified as open water (where ice thickness is <0.10 m), and the volume fraction of deformed
ice Vpr =1 — Vyassuming a threshold thickness 7.
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Figure 2. The (a) Southern and (b) Northern ice thickness profiles at full resolution with corresponding histograms (bin size 0.10 m) in the area between
McMurdo Sound and Adare Peninsula. The 5 km running mean of ice thickness is shown in blue. For the geographical extent of sections A-L see Figure 1. The
vertical line in the histogram marks Tyoqe, for separating fractions of deformed and undeformed ice.

Thickness (m)

The combined mean sea ice thickness of the two profiles was 1.99 + 1.57 m with open water represent-
ing 2.9% of the measurements. The mean ice thicknesses along the Southern and Northern Profiles were
1.72 = 1.59 m and 2.35 + 1.45 m, respectively, with large spatial variations and strong gradients in the mean
ice thickness from very thin ice in the polynya areas to much thicker ice in areas that have been subject to
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Figure 3. Key sea ice thickness statistics for sections in south-north direction with a linear fit for the first 190-220 km (also see supplementary information). For
bimodal distributions, the second mode is plotted. Also plotted is the estimated total fraction of ice volume contained in deformed sea ice. Section H was flown
west of G into Terra Nova Bay and is omitted from this plot.
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convergent drift. The maximum thicknesses are much higher than expected from thermodynamic growth
alone (Smith et al., 2012), indicating that significant dynamic processes are occurring in the area. The first
mode of the Southern Profile is 0.15 m and is representative of thin, young ice in the MSP and TNBP (sec-
tions A, B, and H). Low percentages of open water in other sections can be associated with either active
leads or leads which were refrozen and covered with thin nilas.

Near the transitions of the southern sections, we observe significant step changes between different ice
regimes. Section A is the only area where the mode is similar to the mean, indicating a small amount of
deformation. Both modal and mean ice thickness increase markedly at the transition to section B (Figure 2),
which marks the transition from the relative shelter of McMurdo Sound to the wider Ross Sea area north of
Ross Island. The mode is still relatively small (0.7 m), but Ty is almost 4 times larger. The MODIS image in
section B (Figure 1c) is relatively dark, indicating that this section is covered with thin thermodynamically
grown ice interspersed with thick ice floes of dynamic origin. Passing Beaufort Island at the transition to
section C we observe another rightward shift in the thickness distribution with the mean, mode and Ty
increasing by a factor of 2. In this section, only 100 km from the fast ice in McMurdo Sound, 44% of the
measured ice thicknesses are greater than 2 m with a maximum recorded thickness of 8.25 m. Sections
D, E, and G exhibit the highest values for Ty, and Tyio. Section E starts at a point just between Franklin
Island and the terminus of the DIT, which formed a shear zone during the polynya event. This section in-
cludes a mixture of thick ice, as well as thinner, younger ice in its northern segment. The thickest ice on the
Southern Profile is observed north and south of the DIT (>11 m in section E and G). The distribution of the
Northern Profile is more uniform, but the thickest ice (>15 m) is observed in sections I, J, and K.

Of particular interest is the latitudinal change in sea ice thickness in the region. We describe this by plotting
key statistics from section A through section L with the exception of section H avoiding complexity in the
latitudinal thickness distribution via the TNBP (Figure 3). A near-linear increase for the mean, mode and
Tt is observed over the first 200 km of the Southern Profile. The maximum Ty, of the whole profile is
also observed in section E (7.60 m), which is very similar to section G (7.58 m). The modal thicknesses for
sections D, E, and G are within 0.30 m of one another, but the mean drops in section F because of the dra-
matic decrease in Tyyo. The near-linear decrease in modal thickness from section D to G (Figure 3) can be
explained by divergent flow, forcing the opening of leads and subsequent thin ice formation near the start of
section F. The ice in F is likely younger than in E and G and not as heavily deformed. The drift trajectories
near section E confirm that this ice is much older, originating in Zone 2, which was pushed against the coast
before drifting to this position (Figure 1), whereas ice in section G originated in Zone 1. Apart from section
F, northeast of DIT, the mean thickness north of section C remains higher than 2 m for the remainder of
the latitudinal transect to the Adare Peninsula. The analyzed trajectories north of Cape Washington are
oriented in a meridional direction, indicating that the ice, which has reached a maximum mean thickness
around 75°S, is advected from the southern sections directly north parallel to the coast with no subsequent
significant change in its mean thickness.

The sea ice regime of section H running east to west into Terra Nova Bay has been omitted from the analysis
in Figure 3, as it is controlled by the TNBP. This 100 km long section is a mixture of extremely deformed ice
at the eastern end, and very thin level polynya ice in the west. The relatively high percentage of open water
(2.6%) is very thin ice in the west of Terra Nova Bay. There was no significant polynya event observed in the
month before the survey flights, and the ice drift trajectories in the area suggest a slow and steady easterly
drift pattern. Like the MSP, the thickness gradient cannot be explained by thermodynamic growth alone,
but requires mechanical deformation as highlighted in a previous study (Hollands & Dierking, 2016). The
eastern end of this profile is likely to be ice that has been repeatedly deformed.

From the visual inspection of high-resolution optical imagery, we attempt to draw conclusions about the
proportion of ice volume in deformed ice (Figure S1). We find that major ridges can be identified if the
width is at least 15 m, the maximum thickness is around 10 m or more, and the minimum thickness at the
ridge margin is about 3 m. Taking the deformed volume fraction as Vp 31, 15% of the length of the Southern
Profile can be classified as major ridges holding 43% of the total ice volume (Figure 2).

Bimodal histogram distributions are a common feature originating from relatively large areas of thinner
level ice interspersed with a network of thick ridges (sections C, D, E, 1, J, K; Figure 1c). Calculating Vp rmodez
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for these regions, 75-87% of the ice volume is incorporated in deformed ice dominated by ridges (Figure 3).
Some areas show unimodal distributions, either because of a high proportion of thin ice measurements in
polynya areas (sections A and H), or the absence of larger regions of thin ice (sections B, F, and G). Vp rmode
for these regions is between 71% (section A) and 98% (section G and H). The local V;; minimum of section
F (76%; Tmode = 1.05 m) can be explained with a relatively large proportion of undeformed ice between here
and the DIT. The high proportion of deformed ice in section A is due to increased thickness by rafting at the
transition to section B. The bimodal distribution for the entire Southern profile (including section H) reveals
Vb, tmode2 = 80% distributed over 48% (171 km) of the profile length.

The interpretation of the Northern profile is more difficult given the ice is older and its origin is more uncer-
tain. There is a marked rightward shift in the distribution and very little thin ice is observed. Comparing the
frequency histograms in Figure 2, it appears that the total observed ice volume is similar, but the second modal
ice thickness has increased from 1.45 to 1.95 m. This suggests that all the thin ice has now been compacted into
the heavily ridged pack ice. The low first mode for sections I and J (0.15 m) and the presence of open water is
indicative of a divergent drift pattern in these sections just before the surveys. The largest ice thickness of the
whole survey line (15.6 m) is observed in section K about 120 km south of the Adare Peninsula.

4. Context of Sea Ice Thickness Observations

By providing ice thickness information, we confirm the existence of a significant sea ice convergence zone
in the western Ross Sea as suggested by Hollands and Dierking (2016). A polynya event at the beginning of
October conditioned the observed sea ice morphology driving ice from the RSP directly toward the DIT and
Terra Nova Bay. Assuming mass conservation, a uniform compression in size by 50% would have effectively
doubled the mean sea ice thickness south of DIT by this single short-lived event. However, we find that
within about 200 km from the start of the southern profile Ty, increases 1.9 and 2.3 times more strongly
than Tiean and Tmode, T€Spectively, suggesting that compression was not uniform but occurred preferentially
along ridges. In the dynamically grown fast ice area south of the DIT, we can identify a combination of new-
ly, heavily deformed ice embedded within much older ice. This implies that many ice floes in Zone 1 and
two were already well developed and strong enough to withstand the pressure when pushed against each
other and toward the coastline. Given the frequency of polynya events through winter, we assume that the
sea ice, especially in Zones 1 and 2, has been subjected to multiple deformation events.

Our observations demonstrate that pack ice thickness in the western Ross Sea can increase over short spa-
tial scales (100 km and less) to thicknesses greater than 2 m. The study has also revealed that the sea ice
thickness in the western Ross Sea is much thicker than in the central Ross Sea despite the underestimation
of thick ridges by AEM measurements (Jeffries & Adolphs, 1997). This general picture is supported by sat-
ellite observations between 2003 and 2008 with a thin ice area driven by the activity of the RSP with thicker
ice adjacent to the west (Kurtz & Markus, 2012).

Satellite derived snow depths in the measurement area are mostly less than 10% of the observed ice thick-
ness (Fons & Kurtz, 2019). Studies assuming an equality of freeboard and snow (e.g., Tian et al., 2020) there-
fore likely underestimate the ice thickness. A more detailed analysis of the airborne EM and coincident
laser freeboard data would be required to explore this further.

Our measurements are only a snapshot in time but the processes leading to the thickness distributions
reported here are frequently observed in the south-western Ross Sea (Dai et al., 2020; Hollands & Dierk-
ing, 2016). Apart from the area in the lee of Ross Island (sections A to C) we observed a distinct drift pattern
transporting ice to the north. Common ice export estimates from the region, which are typically based on
assumptions of thin ice in the whole area (Drucker et al., 2011; Ohshima et al., 2016), could be biased low
in the west given the thickness distribution observed by us. The increasing trend in Ross Sea ice extent is
highest for winter and spring (Parkinson, 2019), during a period when very thick sea ice of the western
region is exported to the north. Near coastal reanalysis of wind and high-resolution sea ice drift in this area
has been shown to be underestimated (Dale et al., 2017; Farooq et al., 2020), processes which are important
to understand the thickness distribution we have observed. Large scale sea ice models need to be evaluated
against observations and processes described in this study in order to fully explain volume trends in this
region of sea ice growth.
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5. Conclusions

The region’s first direct assessment of ice thickness in the western Ross Sea reveals substantial deformation
processes in a convergent sea ice regime. Ice was significantly thicker than expected from thermodynamic
growth alone and further to the east in the central Ross Sea. A thickness of 16 m was measured in multiple
sections along the flight profile north of Terra Nova Bay. Maximum thicknesses of narrow ridges are biased
low because of the AEM signal footprint, which might explain lower maximum values along the Southern
Profile compared to the north. From comparison with aerial photographs and satellite images, we conclude
that ice preferentially grows in deformational ridges; about 43% of the sea ice volume in the area between
McMurdo Sound and Terra Nova Bay is concentrated in more than 3 m thick ridges which cover about 15%
of the Southern Profile. Our observations are in general agreement with the expected sea ice formation his-
tory in this important region driven by three major polynyas. Strong southerly winds with wind speeds up to
25 m s~ in early October deformed the pack ice, which was surveyed one month later. The thickest 10% of
ice increased sevenfold within 200 km from the McMurdo Sound Polynya, which persisted for the remain-
ing 500 km north of Drygalski Ice Tongue. We only captured a relatively short longitudinal transect in Terra
Nova Bay, but additional direct measurements across the complete Ross Sea are required to fully capture
the ice thickness distribution in the region. Only then will it be possible to constrain the large uncertainties
surrounding sea ice production and export in this important area of sea ice formation.
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