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ABSTRACT: Polynyas, thin-ice or open water regions within the sea ice, have regularly been observed in the Arctic since
satellite observations began in the 1970s. Their opening, in response to complex interactions between several drivers,
significantly influences the regional weather and climate, ecosystem, and ocean circulation. Yet their monitoring at the pan-
Arctic scale is rare since their detection is not trivial. Here, we use three sea ice satellite data products to detect and investi-
gate major Arctic polynya events since 1978, focusing on their winter locations and total area. We compute the polynyas’
recurrence percentage, total number, and area, varying the sea ice concentration (30%—-60%) and thickness (10-30 cm)
thresholds to enhance our analysis robustness. We find that the most active polynya regions are along the coasts of the Lap-
tev Sea, Kara Sea, Franz Josef Land, northwestern Greenland, and Chukchi Sea. Both total and cumulative polynya areas
have significant increasing trends in these regions and at the pan-Arctic scale between 1978 and 2024. In these regions, we
find that wind speed and direction have a prominent 1-day lag effect on polynya openings, suggesting that they are latent
heat polynyas. The air temperature plays a preconditioning role in many regions but seems to impact most the daily area ex-
tent, after the polynyas formed. Under rising temperatures and stronger extreme winds, our results suggest an increase in
Arctic polynya activity, although polynyas might then extend into the open ocean, where different processes would drive
their opening.

KEYWORDS: Arctic; Sea ice; Atmosphere-ocean interaction; Climate change; Climate variability;
Satellite observations

1. Introduction 2004). This sea ice production enhances the upper-ocean
salinity via brine rejection; polynyas are, therefore, crucial
for deep-water formation (Aagaard et al. 1981; Martin and
Cavalieri 1989). The vigorous air-sea interaction also modifies
the surface heat and moisture budgets, intensifying the local
turbulent mixing, influencing regional atmospheric dynamics,
and promoting Arctic cloud formation (Gultepe et al. 2003;

Polynyas, open water regions within the sea ice cover, are
crucial sites for ice and deep-water formation as well as air—
sea surface energy exchanges in polar regions. Since satellite
passive microwave observations became available in polar re-
gions four decades ago, this natural phenomenon has been

observed regularly in the open ocean and coastal areas

(Gordon and Comiso 1988; PreuBer et al. 2016). Polynyas Boisvert et al. 2012; Monroe et al. 2021). Biogeochemistry
were classified into two major types in early studies: coastal ~PTOCCSSes are also affected by polynya openings, with more

(latent heat) polynyas and open water (sensible heat) poly-  3S€0US exchange in winter and primary productivity in early
nyas. Coastal polynyas form where there are divergent ice spring at the open water surface (Else et al. 2013; Marchese
motions driven by dynamical drivers (e.g., wind, ocean cur- et al. 2017; Moore et al. 2023). Determining and understand-
rents), usually along the coast (Smith et al. 1990; Morales ing the causes of the precise polynya locations is essential, as
Magqueda et al. 2004). Meanwhile, open water polynyas form this is the required first step to quantify their contributions to
away from the coast due to abnormal thermodynamic drivers the local and regional climate in the Arctic. However, these
(e.g., oceanic heat intrusion), causing sea ice to melt at the locations and formation frequency may change: The Arctic is
ocean surface (Smith et al. 1990; Morales Maqueda et al. Warming significantly, nearly 4 times faster than the rest of
2004). In addition, it is possible that mechanical and thermal ~ the world (Rantanen et al. 2022). The wind strength is also
forcings have similar contributions to the polynya formation, likely to increase, according to model projections, as sea ice
and this type is, therefore, called hybrid latent and sensible ~retreat reduces surface roughness (Mioduszewski et al. 2018).
polynyas (Bailey et al. 2004; Hirano et al. 2016). In an increasingly uncertain Arctic climate, it is crucial to es-
Most Arctic polynyas are coastal polynyas, known for their tablish with more certainty the relationship between winter
high ice production on site (Tamura and Ohshima 2011). Arctic polynyas and their drivers.
Polynyas expose the relatively warm water surface to cold air, Early Arctic polynya research relied mainly on passive mi-
and the strong heat loss from the ocean to the atmosphere crowave satellite-retrieved sea ice concentration (SIC), as
causes subsequent ice refreeze (Morales Maqueda et al. they are ground-truth data with good spatial and temporal
coverage (Martin and Cavalieri 1989; Cavalieri and Martin
1994; Bareiss and Gorgen 2005). The data are on a daily scale,
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TABLE 1. Summary of the passive-microwave-based satellite product datasets used in this study.
Satellite data product Spaceborne sensor Temporal coverage (resolution) Spatial resolution (km) Data range

SIC SMMR, SSM/I, and SSMIS 1978-2024 (daily) 25 0%-100%
AMSR-E and AMSR2 2002-11 (daily, AMSR-E) 6.25
2012-24 (daily, AMSR2)
SIT SMOS and SMOS-SMAP 2010-24 (daily) 12.5 0-50 cm

2011). With the improvement of satellite measurements, re-
cent polynya research has put more emphasis on thin sea ice
thickness (SIT) retrieval as ice production and salt flux at po-
lynya sites can be quantified at the same time (Tamura and
Ohshima 2011; Iwamoto et al. 2014; PreuBer et al. 2016).
These studies, however, often focus on the regional scale
along the Arctic coast, predominantly along the Laptev coast,
Canadian coast, and Chukchi coast, where polynyas recur al-
most every year and concurrent in situ data (e.g., moorings)
are available (Ingram et al. 2002; Willmes et al. 2011; Hirano
et al. 2016). Long-term, pan-Arctic polynya research is still
rare. The last pan-Arctic polynya mapping was conducted
around a decade ago by Preufler et al. (2016), covering the pe-
riod 2002-18, with the objective of quantifying ice production
rather than investigating polynya dynamics. Here, we not only
conduct an updated pan-Arctic polynya mapping but also
quantify trends and variability in this crucial natural phenom-
enon using satellite-retrieved winter sea ice concentration and
thickness during the period 1978-2024. Furthermore, to ex-
plain the trends that we observe in the different regions of the
Arctic Ocean, we determine the relationship between polynya
openings and total area and their atmospheric drivers.

Section 2 describes the sea ice satellite products and atmo-
spheric data used in this study. Section 3 describes our novel
Arctic polynya detection method and the methodology for
the calculated results and climate variables. Section 4 presents
the spatial and temporal polynya trends from a pan-Arctic to
a regional perspective, as well as the analysis of their atmo-
spheric drivers. We then briefly summarize our results and
add concluding remarks in section 5.

2. Satellite products and atmospheric reanalysis data
a. SIC

We use two daily SIC datasets from the National Snow and
Ice Data Center (NSIDC) and the University of Bremen Sea
Ice Remote Sensing group (Table 1). Data are accessible on-
line at the NSIDC (https://nsidc.org/data/nsidc-0051/versions/2)
and the University of Bremen Sea Ice Remote Sensing website
(https://seaice.uni-bremen.de/start/). NSIDC SIC data are de-
rived from the brightness temperature 7}, data received by the
Nimbus-7 Scanning Multichannel Microwave Radiometer
(SMMR) and the Defense Meteorological Satellite Program
(DMSP) Special Sensor Microwave Imager (SSM/I)-Special
Sensor Microwave Imager/Sounder (SSMIS). The multichan-
nel satellites of these observation programs measure the fre-
quency from 6 to 91 GHz horizontally and vertically (NSIDC
2024). The raw data are then processed by the NASA Team
algorithm, using the horizontal and vertical polarizations of
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the 18/19-GHz channel, as well as the vertical gradient ratio
between frequencies of 18/19 GHz and 37 GHz (Cavalieri et al.
1984; Comiso et al. 1997; Cavalieri et al. 1999). The SIC prod-
uct has a daily temporal coverage from 1978 to 2024 with a
25-km spatial resolution.

The other SIC dataset that we use is obtained from the Uni-
versity of Bremen Sea Ice Remote Sensing group. It is also
derived from 7}, data captured by the Advanced Microwave
Scanning Radiometer for EOS (AMSR-E) and the Advanced
Microwave Scanning Radiometer 2 (AMSR2) (Spreen et al.
2008). It has an observation period from 2002 to 2024, during
which there is a 9-month data gap between 2011 and 2012
(Spreen et al. 2008). AMSR-E and AMSR?2 take measure-
ments in six frequency bands from 6.9 to 89 GHz. SIC is de-
rived from the Arctic Radiation and Turbulence Interaction
Study (ARTIST) Sea Ice algorithm using 89-GHz data, which
has a higher spatial resolution than the NASA Team algo-
rithm (Spreen et al. 2008). The SIC retrieval algorithm also re-
solves the influences of clouds and water vapor by introducing
weather filters which are calculated from data at 18-, 23-, and
37-GHz channels (Spreen et al. 2008). The retrieved SIC is pro-
vided on 6.25 km X 6.25 km grid cells (Table 1).

b. SIT

The SIT product that we use, which is provided by the
University of Bremen Sea Ice Remote Sensing group, is de-
rived from the spaceborne passive microwave sensors Soil
Moisture Ocean Salinity (SMOS) and Soil Moisture Active
Passive (SMAP) brightness temperature data at 1.4 GHz
(L band; Huntemann et al. 2014; Tian-Kunze et al. 2014;
Patilea et al. 2019, see Table 1). SMOS measurements started in
2010, providing more than 10 years of 7}, data for SIT retrieval
thus far. The SMOS SIT is retrieved from an empirical algorithm
by Huntemann et al. (2014), utilizing the L band at incident angles
of 40° and 50°. After SMAP was launched in 2015, a novel SIT re-
trieval algorithm combining 7, data from SMOS and SMAP was
derived by Patilea et al. (2019). The SMOS-SMAP algorithm
complements the original SMOS algorithm by Huntemann et al.
(2014) as SMOS-SMAP T, data have a 6% increase of spatial
coverage (Patilea et al. 2019). This combined daily SIT dataset
covers the period 201024 with a 12.5-km spatial resolution. In
general, SIT is retrieved up to 50 cm; most research agrees that
50 cm is the maximum ceiling to have reliable SIT results and a
reasonable uncertainty range (Kaleschke et al. 2012; Huntemann
et al. 2014; Patilea et al. 2019).

c. Atmospheric drivers

We use the fifth generation European Centre for Medium-
Range Weather Forecasts atmospheric reanalysis (ERAS)
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hourly data for our trend and climatology analyses of the po-
tential polynya drivers (Hersbach et al. 2020). ERAS data
have a spatial resolution of 0.25° X 0.25°, which is approxi-
mately equivalent to 25 km X 25 km in the Arctic. Given that
the satellite products used in this study have a daily temporal
resolution, we use the hourly data at 0000, 0600, 1200, and
1800 in UTC time stamps, averaging them to produce a daily
mean value. The precise values of hourly atmospheric data
are not critical to our overall trend analysis, and the diurnal
cycle of the Arctic Ocean in the polar winter is negligible.
Most Arctic polynyas have been identified as coastal or hybrid
polynyas in previous studies (e.g., Tamura and Ohshima 2011;
Ren et al. 2022), which means that wind is an essential factor
driving polynyas to open. Meanwhile, Pease (1987) found that
the near-surface air temperature has a strong impact in deter-
mining the size of a polynya. Therefore, we use the 2-m air
temperature (T2m), 10-m u component of wind (U10), 10-m v
component of the wind (V10), and the wind speed (WS) com-
puted from U10 and V10 to identify potential drivers of
polynya activity. Additionally, we also use the downward
surface thermal radiation (DLR), surface sensible heat flux
(SSHF), and surface latent heat flux (SLHF) to investigate
the interplay of atmospheric temperature and wind on po-
lynya opening, before and after the opening.

3. Arctic polynya retrieval
a. Data analysis period

The data analysis period is based on the availability of the
three satellite datasets we just described: 1978-2024 (SMMR,
SSM/T & SSMIS), 200224 (AMSR-E & AMSR?2), and 2012—
24 (SMOS & SMOS-SMAP). We only analyze polynyas
formed in wintertime for each year. In this study, we define
the winter period from December to March as the sea ice
cover is most stable in this time period and to reduce seasonal
sea ice uncertainty close to the ice edge.

Due to an observation gap between AMSR-E & AMSR2,
the 2011/12 winter is skipped for the AMSR-E & AMSR2
SIC results. As we explain in the next section, our SIT-based
polynya retrieval requires concurrent AMSR-E & AMSR2
data, so we do not show SMOS & SMOS-SMAP results for
the 2011/12 winter either. Additionally, we did not process
SMOS & SMOS-SMAP data in the 2010/11 winter because of
the large areas with missing data within the study region.

b. Polynya detection each winter

The polynya detection algorithm is summarized in Fig. 1.
We separate the sea ice regions from open oceans and land
with a flood-fill algorithm. Flood-fill algorithms change adja-
cent values to a common value if they are similar, starting
from a “seed” point. Due to the geometry of the Arctic, the
flood filling has to be initiated with several seeds in the open
Atlantic and Pacific Oceans (Fig. 1a, orange stars). The algo-
rithm masks grid cells below a certain sea ice threshold as be-
ing part of the open ocean, filtering out the sea ice cover. The
study area is then limited to latitudes 65°-90°N, and only open
water regions within the sea ice cover are analyzed (Fig. 1b).
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In the next step, we apply a SIC or SIT threshold to the analy-
sis region: Grid cells with values below the threshold will be
defined as open water (potential polynyas) and those above
as sea ice (Fig. 1c). Threshold values are determined by a sen-
sitivity test, as we describe in the next subsection. Finally, we
want to ensure that the potential polynyas are within the sea
ice cover, where the maximum extent is usually defined as
SIC = 15%. For the SIC products, the SIC threshold range is
always above 15%. For the SIT products, we need an extra
step and keep only the SIT grid cells where SIC is above 15%,
i.e., within the sea ice extent. To do so, we downgraded the
spatial resolution of the AMSR-E/AMSR2 SIC data from
6.25 to 12.5 km to match the SIT product’s horizontal resolu-
tion. If any potential polynya as detected by SIT is outside the
sea ice extent from the downgraded AMSR-E/AMSR?2, it is
removed from the results (Fig. 1d).

We create a base map to indicate all the polynya locations
for each day. We use the label() function from the Python
SciPy package (Virtanen et al. 2020) to count the cumulative
number of polynyas on the base map. This function considers
grid cells that are adjacently connected and diagonally con-
nected as part of the same polynya. From the daily base maps,
we generate winter base maps and calculate the recurrence
percentage at each grid cell. A high recurrence percentage
means high polynya activity. We use the recurrence percent-
age maps to investigate the polynya spatial distribution across
the Arctic for the last 46 winters. For pan-Arctic and regional
analyses, we also compute polynya area time series. The cu-
mulative winter polynya area is the sum of all open water grid
cells across the study region on the daily base map for one
winter; the total winter polynya area is the sum of all grid cells
that have been identified at least once as a polynya in one
winter.

c. Sea ice threshold sensitivity test

SIT and SIC are each sensitive to different ice processes,
and their products have different resolutions and observation
periods. Therefore, it is essential to determine a SIC-SIT
threshold pair to make our results consistent over their com-
mon time period (i.e., after 2010). We conduct a sensitivity
test on the downscaled AMSR-E & AMSR?2 SIC (12.5 km),
used to determine whether SIT-retrieved polynyas are inside
the sea ice extent each day (see section 3b), and the SMOS &
SMOS-SMAP SIT dataset. Theoretically, the cumulative po-
lynya area for each winter extracted by SIC and SIT should
be the same. SIC and SIT will not have the same values in
practice due to different satellite sensors, frequency bands,
and retrieval algorithms. Therefore, we calculate the area dif-
ferences of SIC and SIT to decide which threshold pairs have
the least deviation in area. We compute the winter cumulative
polynya area over the common time period (2012-24) using
the different thresholds mentioned in the literature (Table 2):
We vary the SIC thresholds from 30% to 60% with an interval
of 10% and the SIT thresholds from 10 to 30 cm with an inter-
val of 5 cm. The SIC-SIT threshold pair with the smallest
area deviation can produce consistent results. The average
yearly area differences are then normalized relative to 0,
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FIG. 1. Flowchart of the polynya detection process: (a) use a flood-fill algorithm to separate sea ice and open ocean
and land, (b) limit the analysis region to 65°-90°N, (c) identify potential polynya locations using our detection algo-
rithm with specific sea ice product thresholds, and (d) an extra step for SIT: use SIC 15% sea ice extent to verify po-

lynya locations.

which is the most ideal case without area differences between
SIC and SIT. The normalized results are presented in Fig. 2.
As expected, some pairs have differences close to or of 1, i.e.,
are impossible, for example, thick sea ice but low concentra-
tion. Similarly, thin ice with a high concentration returns an
error of nearly 0.5. The pair with the smallest cumulative area
difference is 30% SIC and 10-cm SIT, as well as 50% SIC and
20-cm SIT (error of 0.04). Most previous studies used the
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higher threshold values for sea ice products as they identify
more, connected grid cells as open water, resulting in a more
robust polynya count (Campbell et al. 2019). Therefore, SIC
50% would be a better choice than SIC 30%. Additionally,
the 50% SIC and 20-cm SIT threshold pair is also the most
prevalent threshold option in earlier studies (Table 2). There-
fore, 50% SIC and 20-cm SIT is the one we choose for the
rest of our analysis.
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TABLE 2. Summary of SIC/SIT thresholds applied in previous Arctic or Antarctic polynya studies.

Sea ice products Threshold Reference

SIT 10 cm Martin et al. (2004)
12 cm Nakata et al. (2015), Mohrmann et al. (2021)
15 cm Tamura and Ohshima (2011)
20 cm Martin et al. (2004), Adams et al. (2013), PreuBer et al. (2015, 2016), Ren et al. (2022)
25 cm —
30 cm Smedsrud et al. (2006)

SIC 30% Kawaguchi et al. (2011), Tamura and Ohshima (2011), Mohrmann et al. (2021)
40% Campbell et al. (2019)
50% Dokken et al. (2002), Campbell et al. (2019), Shen et al. (2021), Bennett et al. (2024)
=60% Massom et al. (1998), Campbell et al. (2019), Monroe et al. (2021), Zhou et al. (2022),

Landrum et al. (2024)

d. Trends and driver analysis in the polynya regions

We examine the evolution of all winter Arctic polynyas
and, for each region, the correlation with atmospheric varia-
bles potentially driving this evolution across the study period.
To do so, we determine the specific regions of interest by
computing the polynya recurrence percentage of the spatial
distribution map for each satellite dataset, for the observation
period of that dataset. Then, a general area is identified both
visually as having a high percentage of recurrence (purple re-
gions) and also based on regions frequently studied in previ-
ous research (listed in Table 2). We quantify the trend in
polynya opening frequency (i.e., opening recurrence for each
winter), total polynya area, and cumulative polynya area by
linear least squares regression over the entire dataset period
for the pan-Arctic and regional values.

To explain the trend results, we perform a lagged correla-
tion analysis between the daily on-off opening state and
the daily polynya area with atmospheric variables, using the
Pearson correlation. The on—off state of a polynya grid cell in-
dicates whether, on that day, the polynya is open (value of 1)
or closed (0). We also compute the trends for four atmospheric

1a
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FIG. 2. Sea ice product threshold sensitivity results. Normalized
values represent the average yearly area differences between SIC
and SIT retrieval results.
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drivers: T2m, WS, U10, and V10 (see section 2c), using the
same method as for the polynyas. The time for a winter po-
lynya to form and become stable typically takes between half
a day and 4 days, which implies that there is a time lag for at-
mospheric forcings to impact the development of a polynya
(Pease 1987). Thus, we perform a lagged correlation analysis,
with a slightly longer time lag of up to 7 days. We test both in-
stantaneous and lagged correlations to investigate the lag ef-
fect of atmosphere and fluxes on polynyas and of polynya
openings on atmosphere and fluxes. For each grid cell, we cal-
culate the correlation coefficient for all lag days and select the
day with the highest absolute coefficient value to represent the
time with the most significant lag effect. After that, we obtain
the total number of grid cells for each lag day. All results pre-
sented are statistically significant at or above the 90% level,
verified by the Student’s ¢ test.

4. Results and discussion
a. Spatial distribution of Arctic winter polynyas

The Arctic polynya recurrence for all years is consistent
among all three satellite products, showing that most polynyas
are formed along coastlines (Fig. 3). For most of the regions
considered (all except regions five—East Siberian Sea, seven—
Beaufort Sea, and nine—North East Water), the satellite prod-
ucts result in 50% or more recurrence (Fig. 3a). Spatial
patterns are consistent, but the recurrence magnitude differs
between products due to their different spatial resolutions
and time periods. Note that most of these purple regions
along the coast have previously been identified as major
Arctic polynyas, in terms of high ice production rate, by pre-
vious studies that applied different retrieval methods based on ra-
diation emission (Tamura and Ohshima 2011; Iwamoto et al.
2014; PreuBer et al. 2016). More locations are identified as poly-
nyas by our algorithm when the spatial resolution of the sea ice
product increases: 40.7% of the grid cells have a nonzero polynya
frequency in the 6.25-km resolution AMSR-E & AMSR2; 35.8%
in the 12.5-km SMOS & SMOS-SMAP; and 19.6% in the
25-km SMMR, SSM/I & SSMIS. AMSR-E & AMSR?2 (Fig. 3d)
and SMOS & SMOS-SMAP results (Fig. 3e) both reveal a band
of strong polynya activity from east of Greenland to north of
Svalbard, a location close to the ice edge. Our algorithm differ-
entiates polynyas from the sea ice edge using a SIC threshold
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FIG. 3. Arctic polynya recurrence frequency for the three satellite datasets over their respective analysis period using a SIC threshold of
50% or SIT threshold of 20 cm. (a) SMMR, SSM/I & SSMIS have an analysis period of 1978-2024; (d) AMSR-E & AMSR?2 have an anal-
ysis period of 2002-24; () SMOS & SMOS-SMAP have an analysis period of 2012-24. SMMR, SSM/I & SSMIS results over the same pe-
riod as (b) AMSR-E & AMSR?2 and (c) SMOS & SMOS-SMAP are also shown. Blue boxed regions in (a) indicate our regions of interest
for the next section’s analysis; their numbers match the regions in Table 3.
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FIG. 4. (a) Cumulative polynya number, (b) total area with polynya formation, and (c) cumulative polynya area in winter (December—
March) from 1978 to 2024 for the three different satellite products (colors, see section 2 for more details). Total polynya refers to area that
has been identified as a polynya once in one winter, while cumulative area is the sum of daily polynya area in one winter. Note the broken
y axis in (a) because of the different orders of magnitude for the products.

of 15%, yet the possibility remains that noise from the mar-  (2020), and thus, high-resolution data may overestimate po-
ginal ice zone (MIZ) is incorrectly identified as polynyas. lynya recurrence near the ice edge. There are some locations
There is a considerable uncertainty exceeding 10% in MIZ re-  with high polynya formation signal but outside of the major
trieval in satellite observation, according to Rolph et al. polynya regions previously mentioned in the literature. For
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TABLE 3. SMMR, SSM/I & SSMIS Arctic and regional winter polynya total area trend and cumulative area trends since 1978. All
results are at or above the 90% statistical significance level, and “—” indicates that trends are under the significance level.

Total polynya area trend (10* km? decade ™)

Cumulative polynya area trend (10° km? decade ™)

1978/79-2001/02  2002/03-2023/24

1978/79-2001/02  2002/03-2023/24

Region 1978/79-2023/24 (period 1) (period 2) 1978/79-2023/24 (period 1) (period 2)
Arctic 7.08 11.0 — 5.79 8.31 —
1) Svalbard — — — 0.23 0.33 —
2) Franz Josef Land 2.07 1.92 1.92 2.07 2.00 —
3) Kara Sea 1.08 324 — 0.87 1.96 —
4) Laptev Sea 0.66 — — 0.25 — —
5) East Siberian Sea 0.54 — — 0.13 — —
6) Chukchi Sea 1.67 4.12 243 0.48 1.67 1.16
7) Beaufort Sea 0.26 — — — — —
8) NOW 0.87 0.77 -1.37 1.00 0.77 —
9) NEW 0.18 — — — — —

example, at Disko Bay and Scoresby Sund in Greenland, the
percentage of polynya recurrence also reaches over 50%; how-
ever, since these locations are close to the seasonal ice edge,
we exclude these locations in our study to minimize the uncer-
tainties induced by the MIZ.

The length of the satellite data period also influences the
spatial patterns observed in Fig. 3. For SMMR, SSM/I &
SSMIS, which has the longest SIC period (47 yr), locations
with low (Fig. 3a, yellow—orange) and high recurrence (pur-
ple) are more distinguishable than for AMSR-E & AMSR2
(Fig. 3d) and SMOS & SMOS-SMAP (Fig. 3e). All three re-
sults show the major polynyas; however, in the Laptev Sea
and the Kara Sea regions, the AMSR-E & AMSR2 and
SMOS & SMOS-SMAP results show a higher percentage of
recurrence (=50%) along the entire coastline than SMMR,
SSM/T & SSMIS. A similar situation can also be observed in
the North East Water (NEW) and the East Siberian Sea. To
facilitate comparison, we also produced a map using SMMR,
SSM/I & SSMIS over the same time period as AMSR-E &
AMSR2 (2002-24, Fig. 3b) and SMOS & SMOS-SMAP
(2012-24, Fig. 3c). This shows the same result: The recurrence
signal after the 2000s from the shortened SMMR, SSM/I &
SSMIS (Figs. 3b,c) is stronger in the Laptev Sea, Kara Sea,
and NEW than in the full time series (Fig. 3a). Despite the
data resolution causing inconsistencies in the MIZ as men-
tioned above, this finding suggests that polynyas in those re-
gions have occurred more frequently over the last two
decades as AMSR-E & AMSR2 and SMOS & SMOS-SMAP
satellite observations started after the 2000s. We, therefore,
now conduct a temporal analysis of polynya activity.

b. Temporal variability and trends in winter polynyas, at
the pan-Arctic and regional scales

The cumulative polynya number is inconsistent among the
products (Fig. 4a). The cumulative polynya number from the
6.25-km resolution AMSR-E & AMSR?2 is continuously ex-
ceeding 75000 (Fig. 4a, turquoise). The SIT-based, 12.5-km
resolution SMOS & SMOS-SMAP has a range of 6000-9000,
constantly exceeding that of the SIC-based, 25-km resolution
SMMR, SSM/I & SSMIS which fluctuates between 500 and
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2000 over their common time period (Fig. 4a, orange and dark
blue lines, respectively). This difference in the cumulative
number caused by the resolution of the satellite products
aligns with the differences in spatial distribution found in
section 4a.

Both the total pan-Arctic winter polynya area and cumu-
lative polynya area have an increasing trend for the past
47 years (Figs. 4b,c). The total area of polynyas calculated
from AMSR-E & AMSR2 and SMOS & SMOS-SMAP is
around double that from SMMR, SSM/I & SSMIS, and the
cumulative area is nearly triple (Figs. 4b,c). It is logical that
AMSR-E & AMSR2 and SMOS & SMOS-SMAP have larger
area values than SMMR, SSM/I & SSMIS since more grid
cells are identified as polynyas. Focusing on SMMR, SSM/I &
SSMIS, which is the only time series with more than 20 years
of uninterrupted results and, therefore, enhances the robust-
ness of any trend analysis, we find a positive trend of
7.1 X 10* km® decade™' for the total polynya area and
5.8 X 10° km? decade ! for the cumulative area (Table 3).
However, we find no significant trend in the polynya number;
this indicates the regions where polynyas form and the extent
of the polynyas have expanded over the past four decades.

From section 4a, we suspect that the more intense recurrence
signal for the two more recent datasets is due to more active po-
lynya formation after the 2000s. On a pan-Arctic scale, the total
area has a positive trend of 11.0 X 10* km? decade™! over 1978/
79-2001/02, after which the trend disappears in 2002/03-2023/24.
The cumulative area has a larger increase over 1978/79-2001/02
(8.3 X 10° km? decade ™) than over 2002/03-2023/24 (no trend).
These results suggest that the increase in both potential polynya
location and area extent may have slowed down the same since
the 2000s.

We hypothesize that the regional trends for the main poly-
nyas may differ from each other based on our spatial findings
(section 4a). We, therefore, define nine regions of interest
based on our winter base map result where an intense recur-
rence signal was detected (Fig. 3), highlighted in Fig. 3a; their
locations are stated in Table Al in the appendix. Franz Josef Land
(2.1 X 10* km? decade '), Chukchi Sea (1.7 X 10° km? decade 1),
and Kara Sea (1.1 X 10° km® decade™') have the largest
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FIG. 5. The trend of (a) winter-cumulated opening frequency, (b) winter mean T2m, (c) winter mean WS, (d) winter
mean U10 90th percentile, and (e) winter mean V10 90th percentile for 1978/79-2023/24. Positive (negative) values of
U10 indicate wind direction toward the east (west), and positive (negative) values of V10 indicate wind direction to-
ward the north (south). All results are at or above the 90% statistical significance level.
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TABLE 4. Area-weighted winter mean trends of all atmospheric drivers. All results are at or above 90% statistically significant level.

Area-weighted winter mean trend (1978/79-2023/24)

U10 90th percentile V10 90th percentile

Region T2m (K decade ™) WS (m s ! decade™!) (m s~ ! decade™ 1) (m s~ decade ™)
Arctic 0.71 — — —
1) Svalbard 1.57 — — —
2) Franz Josef Land 1.85 — — —
3) Kara Sea 1.35 0.08 — 0.18
4) Laptev Sea 0.94 — — —
5) East Siberian Sea 0.68 — — —
6) Chukchi Sea 0.67 — — —
7) Beaufort Sea 0.61 — — —
8) NOW 0.37 — — —
9) NEW 0.39 — — —

increase in polynya area and contribute more than half of the
increase in the pan-Arctic total polynya area trend (Table 3,
see also Figs. Al and A2 in the appendix). As discussed previ-
ously, in section 4a, we speculated that polynya formation is
more active after the 2000s. Yet, when it comes to the trend
differences over the two halves of the satellite record, only
Franz Josef Land retains the same increasing rate in total po-
lynya area over the period 2002/03-2023/24. For other regions
such as the Kara Sea, Chukchi Sea, and North Open Water
(NOW), the total polynya area trend is lower or even no lon-
ger significant between periods 1 and 2. PreuBer et al. (2019)
computed the average polynya area using a sea ice thickness
threshold of 20 cm between 2002/03 and 2017/18, a similar
time period to our period 2. Their increasing trend in area in
Franz Josef Land (region 2) and Chukchi Sea (region 6) is con-
sistent with our findings, albeit not directly comparable since
they produced an average over the season. The other regions
cannot be compared since PreuBer et al. (2019) used different
regional masks, but like us, they find regions with positive and
others with negative trends. One region that featured in their
study but not in ours is the Canadian Archipelago, in which they
found a moderate increasing trend. It is also possible that the dif-
ferences in significance are caused by the different time periods
between our two studies, with trends disappearing when we added
6 years of data. Figures Al and A2 in the appendix suggest a po-
tential increase in the variability of polynya activity over period 2,
which would be consistent with the observed increase of variabil-
ity of the Arctic sea ice (Dorr et al. 2023). This would explain why
trends are disappearing over period 2, but investigating this fur-
ther is beyond the scope of this paper. In terms of the cumulative
area, regions that contribute most to the trend are Franz Josef
Land (2.1 X 10° km? decade '), NOW (1.0 X 10° km? decade ™),
and the Kara Sea (0.9 X 10° km? decade '); however, they do
not have an accelerated positive trend in their second period un-
like what we suspected from section 4a. We also find a decrease
in the Chukchi Sea cumulative polynya area trend over the second
period, and no trend exists in other regions after the 2000s.

Most polynya regions have an increase in their polynya
opening frequency of 1-2 times per decade, whereas Franz
Josef Land and NOW show a more evident increase of more
than 6 times per decade (Fig. 5a). Regions with a higher
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cumulative opening frequency trend also have a positive trend
in either temperature, wind, or both. For example, regions
next to the Barents—Kara Sea have a significant increase in air
temperature (T2m) of 1-3 K and WS of 0.1-0.3 m s~ decade ™
(Figs. 5b,c). This is further shown in Table 4: The area-
weighted mean T2m trend and recent studies have indicated
that most Arctic regions have an increasing air temperature
trend over the past few decades, especially for regions near the
Atlantic Water inflow (e.g., Franz Josef Land; Kohnemann
et al. 2017; Rantanen et al. 2022). The increasing air tempera-
ture trend also reveals that the warming atmosphere may be
preconditioning the region for polynya opening by thinning the
sea ice. Previous studies observed that sea ice transition begins
around —20°C (Shupe et al. 2022). The yearly winter mean
T2m of the Arctic for the past four decades is close to this
threshold, and the yearly winter maximum T2m has even ex-
ceeded —20°C (Fig. A3). Arctic sea ice may be becoming easier
to open by the wind in the warming Arctic. The area-weighted
WS trend is not statistically significant in all regions except the
Kara Sea. Looking at U10 and V10 at 90th percentile, an indi-
cator for extreme wind activity crucial for dynamical forcings,
there is a positive trend in the Kara Sea for U10 and V10. This
strengthening of the southerly winds may be due to the higher
frequency of winter extreme cyclone activity in the Eurasian
sector in recent years (Rinke et al. 2017). Although area-
weighted results do not show an evident trend for any of the
wind variables in most regions, significant wind trends are
present in some grid cells of the regions (Figs. 5c-e). In
addition, the strong positive trend in southerly winds ex-
ceeding 0.4 m s decade™! locally over the Kara Sea may be
leading to increased opening frequency in the north of neighbor-
ing Franz Josef Land (Figs. Sa,e). We present the full correlation
analysis in section 4c to further investigate the relationship be-
tween these positive trends.

We finish the temporal analysis with an analysis of its
monthly variability and whether this variability has changed
as well. The maximum cumulative polynya area usually occurs
in December or March at the pan-Arctic scale, but this varies
across the different regions (Fig. 6). The area is maximal in
early winter for regions on the Pacific side (East Siberian Sea,
Chukchi Sea, and Beaufort Sea). For regions on the Atlantic
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FIG. 6. The temporal distribution of the month of maximum cumulative polynya area from 1978 to 2024 for the Arctic and the various
subregions. The red line is the year 2002, before and after which different trends in cumulative polynya area are calculated. One dot repre-
sents one winter if polynyas are formed during that winter period.

side (Svalbard, Franz Josef Land, Kara Sea, NEW), their depends on the region. Most noticeably, at the pan-Arctic
maximum months are more widely spread but occur mainly in  scale, the maximum area is mainly found in either December
mid- or late winter. There has been a shift in the month of  or March in period 1, and yet, it becomes more evenly distributed
maximum area after the 2000s, but the direction of the shift within wintertime after 2002. At the subregional scale, the
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FIG. 7. Percentage of total polynya grids with maximum absolute correlation coefficient between the on—off polynya state and the poten-
tial atmospheric drivers and their respective fluxes: T2m in red; WS in orange; u and v component of wind U10 and V10 in dark blue and
turquoise, respectively; DLR in brown; SSHF in pink; and SLHF in purple for the nine regions of interest. The x axis is the number of
days of lag tested: Positive lag values mean before the polynya opens, i.e., the atmosphere leads; negative values means after the polynya

opens, i.e., the polynya leads.

maximum area month consistently is December, with occa-
sionally some other winter months, on the Pacific side; how-
ever, on the Atlantic side, it is clear that there is a maximum
cumulative area month shift from period 1 to period 2. For ex-
ample, in the NEW, the maximum cumulative area occurs in
December or March in period 1, but it becomes 5 out of 10 in
January and February in period 2. In Franz Josef Land and
the Kara Sea, the maximum month is spread more evenly in
period 1 but is now more concentrated in February or March
in period 2.

The different shifts in seasonality and trends in different re-
gions, despite an overall warming Arctic, suggest competing
effects from the atmospheric drivers. We suspect that there
may be a correlation between polynya events and atmo-
spheric conditions; however, it is difficult to quantify the ef-
fect of the atmosphere on a winter-averaged time scale.
Therefore, in the next section, we will examine the correlation
from a daily scale perspective.

c. Atmospheric forcings on polynya openings

We conduct a lagged correlation analysis between the on—
off polynya state and the time series of the four potential driv-
ers at the same location (air temperature in red, wind speed
in orange, and u and v winds in dark blue and turquoise,
respectively, in Fig. 7), as well as three fluxes to better
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distinguish the relative role of temperature and wind (DLR in
brown, SSHF in pink, SLHF in purple in Fig. 7). For each lag,
we determine the percentage of grid cells where the correla-
tion is maximal for that lag in each region. Positive lag values
(to the right) are days before the polynya opens; negative lag
values (to the left) are after the polynya has opened. In half
of the regions (Svalbard, Franz Josef Land, East Siberian Sea,
and NEW), all atmospheric variables, i.e., both wind and tem-
perature, have a maximum correlation 1-2 days prior to the
openings (red, orange, blue, and turquoise lines on day 1/2 in
Fig. 7). If they are drivers for the opening, DLR, SSHF, and
SLHF would have the highest correlation on day 0 for their
overlaying effect. In the East Siberian Sea, DLR (brown line),
SSHF (pink line), and SLHF (purple line) indeed peak on
day 0, suggesting that both temperature and wind may have
an impact on the polynya opening. In Franz Josef Land, only
SLHF peaks on day 0, while SSHF is lagged by —1 day. This
may be a signal that wind triggers the Franz Josef Land poly-
nyas to open, which increases upward latent heat flux instan-
taneously. The T2m may have some preconditioning effect on
the opening by thinning the ice, but the opening happens due
to the wind. The opening enhances the local temperature and
downwelling radiation, which would explain the SSHF peak
on day —1. Svalbard and NEW do not show this distinct high
correlation of the fluxes on day 0. Instead, SSHF peaks 2 days
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TABLE 5. Lagged correlation between potential drivers and daily polynya area, with atmospheric variables (polynya areas) first on
positive (negative) lag days. All results are at or above the 90% statistical significance level. Full lagged correlation tables can be
found in Tables A2-AS in the appendix. Correlation with the fluxes is in the next table.

T2m WS U10 90th percentile V10 90th percentile
Region Day -1 Day0 Dayl Day -1 Day0 Dayl Day -1 Day0O Dayl Day -1 Day0 Dayl
Arctic 0.25 0.25 0.24 0.09 0.15 0.19 0.10 0.12 0.12 0.10 0.16 0.20

1) Svalbard 0.05 0.05 0.06 —0.03 — 0.03 0.06 0.08 0.09 — — —
2) Franz Josef Land 0.36 0.42 0.43 0.18 0.29 0.36 -0.03 —-0.03 -0.03 0.16 0.25 0.33
3) Kara Sea 0.25 0.27 0.26 0.11 0.18 0.22 0.08 0.10 0.10 0.07 0.12 0.14
4) Laptev Sea 0.17 0.19 0.19 0.11 0.18 0.21 0.11 0.17 0.19 0.08 0.11 0.15

5) East Siberian Sea 0.05 0.06 0.07 0.05 0.06 0.05 -0.04 -0.03 -0.03 — — —
6) Chukchi Sea 0.14 0.16 0.15 0.11 0.15 0.16 -0.06 —0.07 -0.07 — 0.04 0.04
7) Beaufort Sea 0.07 0.07 0.05 — 0.05 0.06 — — —0.03 0.04 0.08 0.07
8) NOW 0.24 0.24 0.21 0.17 0.33 0.32 — 0.09 0.09 — -0.09 -0.17
9) NEW 0.11 0.14 0.14 0.03 0.06 0.07 — -0.04 -0.07 0.11 0.18 0.20

before the opening in these two regions. Along with the stron-
ger correlation for V10, this suggests that the warm southerly
winds are the main drivers in these two regions. In the other
regions (Kara Sea, Laptev Sea, Chukchi Sea, Beaufort Sea,
and NOW), all wind variables have a maximum correlation 1
day before polynya opening, and SLHF peaks on day 0 or day
—1, i.e., after the opening, suggesting that these are most
likely traditional latent heat polynyas. The significant instan-
taneous correlation of T2m may be explained as the instanta-
neous effect of polynya opening on the local atmosphere,
consistent with the increase in SSHF.

The radiative fluxes also suggest a delayed effect of polynya
openings on the atmosphere. In some regions, for example,
Franz Josef Land and the Beaufort Sea, the high SSHF and
SLHF correlations can last for 2-3 days after the opening. Feed-
back effects on the wind, suggested by the increasing correla-
tions several days after the opening (orange, blue, and turquoise
lines in the East Siberian Sea, Chukchi Sea, and Beaufort Sea in
Fig. 7), are beyond the scope of this paper but would be worth
investigating further, for example, using model simulations.

Besides the polynya state, we also determine the relationship
between polynya area and its potential atmospheric drivers, in-
cluding the longwave radiation and sensible and latent heat

fluxes, to try and detangle the contribution of temperature and
wind. The correlation values are listed in Tables 5 and 6, limiting
our results to day —1, day 0, and day 1 only since we found the
lag effect to be the most prominent 1 day before and after
the opening (Fig. 7). The T2m is more positively correlated to
the daily total polynya area than WS in all regions. From a pan-
Aurctic perspective, the correlation with T2m is higher than those
of any wind parameter, regardless of the lag (Tables 5 and A2).
The correlation of T2m reaches up to 0.24 on lagged day 1 on a
pan-Arctic scale but only 0.2 for V10 90th percentile, which is
consistent with the higher correlation for DLR than for the other
fluxes on days —1 and 0. As expected, the correlations vary be-
tween the regions though. There is a relatively stronger correla-
tion between T2m and WS with daily polynya (R > 0.2) in Franz
Josef Land and NOW than in other regions on lag day 1 (Table 5).
The U10 and V10 90th percentile correlations are smaller than
T2m and WS in general, but in Franz Josef Land, the V10 90th per-
centile correlation is similar to the WS correlation. This may sug-
gest that the effect of V10, the meridional wind, is significant in
polynya area extent at the Franz Josef Land, as we suspect for the
neighboring Svalbard region from the lagged analysis. The impor-
tance of the air temperature is also visible from the correlation for
DLR on day —1 and day 0. Most of the regions have low

TABLE 6. Lagged correlation between the daily polynya area and the DLR, SSHF, and SLHF, with flux variables (polynya areas)
first on positive (negative) lag days. All results are at or above the 90% statistical significance level. Full lagged correlation tables can

be found in Tables A6—AS in the appendix.

DLR SSHF SLHF

Region Day —1 Day 0 Day 1 Day —1 Day 0 Day 1 Day -1 Day 0 Day 1
Arctic 0.26 0.27 0.25 0.09 0.10 0.10 — — —-0.02
1) Svalbard 0.06 0.05 0.06 — — — — — —
2) Franz Josef Land 0.30 0.36 0.38 —-0.16 —-0.07 — -0.31 -0.27 -0.21
3) Kara Sea 0.22 0.25 0.24 0.11 0.15 0.17 0.04 0.06 0.07
4) Laptev Sea 0.14 0.16 0.17 — 0.10 0.15 -0.19 -0.19 -0.15
5) East Siberian Sea 0.03 0.05 0.05 —-0.03 —-0.03 — -0.17 —-0.20 -0.19
6) Chukchi Sea 0.12 0.14 0.12 -0.18 -0.16 -0.15 -0.27 -0.29 -0.28
7) Beaufort Sea 0.05 0.04 — — — — -0.15 —-0.18 -0.17
8) NOW 0.19 0.15 0.10 —-0.16 —0.09 —0.03 -0.51 —0.58 —0.48
9) NEW 0.04 0.07 0.08 0.05 0.10 0.13 -0.09 —-0.07 —0.04
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FIG. 8. The 1-day-lag correlation of on—off state with daily (a) WS, (b) U10, and (c) V10. Colored areas are at or above the 90% signifi-
cance level. The U10 is positive toward the east, and V10 is positive toward the north.

correlation values with SSHF (R < 0.15) but more evident correla-
tion values with SLHF (R > 0.15), implying most of them are la-
tent heat polynyas (Table 6). To summarize, our results suggest
that wind is crucial for opening the polynyas, most of which are la-
tent heat polynyas, although in half the regions, the air temperature
plays a preconditioning effect. But once the polynya is open, air
temperature is essential to maintain the polynya extent. The role of
the ocean in maintaining the polynya can unfortunately not be as-
sessed due to a lack of observations.

Finally, since we found in Fig. 7 that in all regions it is not
only the strength of wind that matters but also the wind direc-
tion, we finish with a spatial analysis of the wind speed and
direction’s correlation, with a 1-day lag. We again find a posi-
tive correlation between polynya opening and the previous
day’s wind speed (Fig. 8a) for most of the major polynyas,
with R = 0.3. For regions with a high WS correlation, most
polynya openings align with the wind direction from the conti-
nent to the Arctic region, as shown by the correlation with the
two wind components (Figs. 8b,c): Polynyas formed in the
Barents—Kara Sea mainly correlate with both U10 and V10
(wind from the Eurasian continent), while on the side of the
Chukchi Sea, they correlate with U10 only (eastward wind
along the Canadian archipelago). In NOW, where winds flow
parallel to the Nares Strait due to the channeling effect of the
local topography, polynya activity is more strongly correlated
with V10 (correlations exceeding —0.3); a negative value
means that polynya openings are associated with stronger
southerly winds or weaker northerly ones. Franz Josef Land is
the only region where all three wind parameters have a high
correlation (Fig. 8). The dipoles in correlations (Figs. 8b,c),
negative in the south or west and positive in the north or east,
are consistent with findings from, e.g., Tamura and Ohshima
(2011) and Preufler et al. (2015) who showed enhanced ice
production in the lee of the islands. Although the wind in the
region showed no trend (Table 4), it did in the neighboring
Kara Sea, which may explain the strong increase in polynya
area around Franz Josef Land. The Chukchi Sea region is
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more correlated with U10, while NOW is more correlated
with V10. From Fig. 5, the increasing opening trend in NOW
aligns with the stronger northerly wind along the Nares Strait,
whereas the weak opening frequency trend in the Chukchi
Sea may be implied by the absence of wind trends in that
area. Combining all our findings, we can conclude that in
agreement with past studies, wind plays a significant role in
the opening of most Arctic polynyas, and that the inconsistent
trends in space and time of the winds is the reason for the
complex, nonlinear polynya trends we quantified.

5. Conclusions

The main purpose of this study was to examine the spatial
and temporal distributions of most Arctic polynyas that oc-
curred in the past 47 years, with existing passive microwave
satellite sea ice products. We also quantified the correlation
between polynya events and atmospheric variables. Our main
findings can be summarized as follows:

¢ Regardless of the sea ice product, the regions with the high-
est polynya recurrence are the western Laptev Sea, the
western Kara Sea, Franz Josef Land, eastern Svalbard,
North Open Water, and the Chukchi Sea. The detected po-
lynya area and polynya numbers are affected by the prod-
uct’s horizontal resolution, with high resolution resulting in
noise in the marginal ice zone. For now, the short time cov-
erage and uncertainty in the data product limit the useful-
ness of the sea ice thickness retrievals.

e Both the total and cumulative winter polynya areas have
an increasing trend in the Arctic of approximately 71000
and 580000 km? decade !, respectively, over 1978-2024.
Total winter polynya area is dominated by trends in Franz
Josef Land, the Chukchi Sea, and the Kara Sea, whereas
the cumulative area is more influenced by trends in Franz
Josef Land, NOW, and the Kara Sea.
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e The correlation analysis indicates that wind speed and di-
rection are most related to the opening of a polynya, up to
2 days prior to opening; sensible and latent heat fluxes con-
firm that most polynyas in the Arctic are latent heat poly-
nyas. The air temperature also has a large correlation with
opening in half the regions, suggesting an important pre-
conditioning role of the temperature (which is also sug-
gested by the longwave downward radiation). Temperature
is, however, most correlated with the polynya area, after
the opening.

Our results suggest that polynya activity will increase further
as air temperatures continue to rise and extreme wind events be-
come more frequent, particularly in some regions that already
have a high recurrence signal of polynyas (Fig. 5a). We acknowl-
edge that the correlation coefficients, although significant, are
not large (Tables 5, 6, and A2-A8), showing that polynyas are a
complex natural phenomenon resulting from the interplay of ge-
ography, preconditioning, and triggering. Moreover, the lack of
observations in the Arctic Ocean means that we have to assume
but cannot confirm that the ocean is fully mixed and, therefore,
not contributing to the preconditioning. As winter Arctic sea ice
cover continues to decrease (Cavalieri and Parkinson 2012), the
number of Arctic polynya may be reduced due to sea ice retreat
or may soon extend to the open ocean where they would be af-
fected by different drivers, both in the atmosphere and the
ocean; their study might, however, become even more complex
owing to data paucity in the open Arctic Ocean. Yet, under-
standing the drivers and impacts of polynyas is not only benefi-
cial for understanding their local effects on the climate but also a
prerequisite for accurate monitoring and projections of local bio-
logical activity, pan-Arctic air-sea exchanges of carbon and oxy-
gen, and the global oceanic circulation.
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APPENDIX

Full Regional Analysis Results

Figures A1l and A2 show the regional total area with po-
lynya formation and cumulative daily area with polynya for-
mation in winter during 1978-2024, respectively. Figure A3
presents a scattered boxplot of the yearly winter mean T2m
and yearly winter maximum T2m for Arctic and all regions.
Table Al lists the spatial information of the nine regions of
interest. Tables A2-A8 present the full lag correlation re-
sults of meteorological variables and daily polynya area.
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FIG. Al. Regional total area with polynya formation in winter (December—March) from 1978 to 2024. Orange lines
show the area trend with above 90% significance.
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FIG. A3. Scattered boxplot of the (top) yearly winter mean T2m and (bottom) yearly winter maximum T2m for
Arctic and all regions. One dot represents the winter mean or maximum of one winter from 1978/79 to 2023/24. Red
lines present the median of the mean/maximum distribution. Dotted lines refer to a temperature of 253 K, which is
equivalent to —20°C when sea ice transition occurs during MOSAIC (Shupe et al. 2022).

TABLE Al. Spatial information of the nine regions of interest for the lag correlation analysis.

Region Lat, lon

1) Svalbard 76°-81°N, 2°-34°E
2) Franz Josef Land 78.5°-83.5°N, 35°-73°E
3) Kara Sea 68°-78°N, 49°-88°E
4) Laptev Sea 70°-82°N, 89°-136°E
5) East Siberian Sea 68°-78°N, 137°E-176°W
6) Chukchi Sea 65°-73°N, 153°-175°W
7) Beaufort Sea 67°-75°N, 108°-150°W
8) NOW 74°-83°N, 57°-90°W
9) NEW 79°-85°N, 3°-40°W
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TABLE A2. Lag correlation results of T2m with daily polynya area. All results are at or above the 90% statistical significance level.

Day
Region -7 ) -5 —4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic 019 020 021 022 023 024 025 025 024 023 021 019 018 017 0.16
1) Svalbard — 003 003 003 004 005 005 005 006 005 004 003 003 — —
2) Franz Josef Land 020 021 021 023 026 030 036 042 043 040 036 032 029 026 024
3) Kara Sea 013 014 o015 017 019 022 025 027 026 023 020 018 015 012 0.11
4) Laptev Sea 011 012 o012 012 013 014 017 019 019 017 015 013 012 011 0.10
5) East Siberian Sea ~ — — — — 003 004 005 006 007 006 006 006 006 006 0.06
6) Chukchi Sea 0.06 0.07 008 009 010 012 014 016 015 013 012 011 011 011 0.11
7) Beaufort Sea 0.03 0.03 0.04 004 005 006 007 007 005 004 004 003 003 003 0.04
8) NOW 011 013 016 018 020 023 024 024 021 018 016 015 014 013 012
9) NEW — 003 004 005 007 008 011 014 014 014 013 012 011 0.09 0.08

TABLE A3. Lag correlation results of WS with daily polynya area. All results are at or above the 90% statistical significance level.

Day
Region =7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic — — — — — 0.05 009 015 019 017 014 011 0.08 0.05 0.04
1) Svalbard —0.02 — — — —  -003 -003 — 003 003 — — — — —
2) Franz Josef Land  0.04 0.04 0.04 006 007 011 018 029 036 033 027 021 016 013 0.12
3) Kara Sea — — — — 0.03 005 011 018 022 020 017 012 0.07 004 —
4) Laptev Sea 0.04 0.05 0.06 0.05 005 0.07 011 018 021 019 015 011 0.08 0.06 0.06
5) East Siberian Sea  0.04 0.04 0.03 0.04 004 0.05 0.05 0.06 005 0.03 003 002 — — —
6) Chukchi Sea 0.07 0.06 0.06 0.07 008 0.09 011 015 016 014 011 008 0.05 003 —
7) Beaufort Sea — — — 0.03 0.03 — — 0.05 0.06 004 — — — — —
8) NOW 0.02 0.03 0.04 0.05 007 0.09 017 033 032 023 018 013 0.08 0.05 0.04
9) NEW -0.03 -0.03 — — — — 0.03 0.06 007 0.07 005 003 — — —

TABLE A4. Lag correlation results of U10 90th percentile with daily polynya area. All results are at or above the 90% statistical
significance level.

Day

Region =7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic — — — — — 005 010 012 012 012 012 011 010 0.08 0.07
1) Svalbard — — — — — 004 006 008 0.09 009 008 007 008 0.08 0.07
2) Franz Josef Land — — — — —0.03 -0.03 -0.03 —-0.03 —0.03 — — — 003 003 —
3) Kara Sea — — — — 003 005 008 010 010 010 010 007 005 003 —
4) Laptev Sea 0.04 005 006 005 005 007 011 018 021 019 015 011 0.08 0.06 0.06
5) East Siberian Sea —0.02 —0.04 —0.04 —0.04 —0.04 —0.05 —0.04 —0.03 —0.03 —0.03 — — —003 -003 —
6) Chukchi Sea — — —0.02 —-0.03 —-0.04 —-0.05 -0.06 —0.07 —0.07 —0.06 —0.04 —0.05 —-0.04 — —
7) Beaufort Sea — — — — 002 — — — —003 -003 — — — — —
8) NOW — 003 003 — — — — 009 009 006 004 003 002 — —
9) NEW — — — — 003 — — —0.04 —0.07 —0.08 —0.08 —0.06 —0.04 —0.03 —0.02
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TABLE AS. Lag correlation results of V10 90th percentile with daily polynya area. All results are at or above the 90% statistical
significance level.

Day
Region =7 -6 =5 —4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic — — — — 003 006 010 016 020 021 019 017 015 013 0.11
1) Svalbard — — =003 — — — - - — — — — — — —
2) Franz Josef Land 0.03 0.03 0.03 0.04 006 010 016 025 033 034 032 028 024 021 0.20
3) Kara Sea — — — — 003 005 007 012 014 015 014 012 010 0.08 0.06
4) Laptev Sea 003 003 0.04 005 005 006 008 011 015 015 013 010 008 0.07 0.08
5) East Siberian Sea —0.07 —0.06 —0.05 —0.03 -0.03 —-0.02 — — — — — — — — —
6) Chukchi Sea — — — — — — — 0.04 0.04 — — — — — —
7) Beaufort Sea — — — — — — 0.04 0.08 0.07 0.04 — — — — —
8) NOW — — — — 0.02 — — —0.09 -0.17 —-0.16 -0.12 —-0.09 —0.08 —0.05 —0.05
9) NEW — — — — 002 006 011 018 020 018 016 013 011 0.09 0.08

TABLE A6. Lag correlation results of DLR with daily polynya area. All results are at or above the 90% statistical significance level.

Day
Region -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic 019 020 021 022 023 024 026 027 025 024 022 020 019 017 015
1) Svalbard 0.04 0.04 004 005 005 005 006 005 006 005 005 004 003 — 002
2) Franz Josef Land  0.16 0.16 016 0.17 020 024 030 036 038 035 032 028 025 023 021
3) Kara Sea 012 013 014 016 018 020 022 025 024 022 019 017 015 012 011
4) Laptev Sea 010 011 o011 o011 o011 012 014 016 017 016 015 013 011 0.09 0.08
5) East Siberian Sea ~ — — — — — 003 003 005 005 005 006 006 006 005 006
6) Chukchi Sea 0.06 0.06 007 008 009 010 012 014 012 010 009 008 0.07 0.07 0.07
7) Beaufort Sea 0.03 0.03 003 003 004 004 005 004 — — — — — — —
8) NOW 0.09 010 012 014 016 018 019 015 010 008 008 008 0.09 0.09 0.09
9) NEW — — — — — — 004 007 008 009 0.09 008 007 005 005

TABLE A7. Lag correlation results of SSHF with daily polynya area. All results are at or above the 90% statistical significance level.

Day
Region -7 -6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6 7
Arctic 0.05 0.06 006 005 006 007 009 010 010 010 011 012 012 012 0.11
1) Svalbard — — — — — — — — — — =002 -003 — -003 —
2) Franz Josef Land —0.07 —0.10 -0.13 -0.16 —0.18 —0.18 —0.16 —0.07 — 007 0.08 007 0.06 0.05 0.03
3) Kara Sea 0.03 0.03 004 005 007 009 o011 015 017 017 016 015 013 011 0.10
4) Laptev Sea — — — — — — — 010 015 014 012 0.09 0.08 007 0.08
5) East Siberian Sea —0.05 —0.04 —0.04 —0.03 —0.03 —0.03 —0.03 —0.03 — — — — — —0.02 -0.03
6) Chukchi Sea -0.06 -0.08 —0.11 -0.14 -0.16 —0.17 —0.18 —-0.16 —0.15 —-0.15 —-0.16 —-0.15 —-0.12 —-0.11 —-0.09
7) Beaufort Sea -0.03 —0.03 —0.03 —0.03 —0.03 —-0.03 — — — — — — — —0.03 -0.03
8) NOW -0.08 -0.10 -0.10 -0.11 -0.12 -0.15 —0.16 —0.09 —0.03 — — — — — —

9) NEW -0.03 -0.03 — — — 003 0.05 010 013 013 011 0.09 0.08 007 0.06
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TABLE AS8. Lag correlation results of SLHF with daily polynya area. All results are at or above the 90% statistical significance level.

Day
Region -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

Arctic — — — — — — — — =002 — — 0.03 0.05 005 0.05
1) Svalbard — — — — — — — — — =002 -0.03 -0.04 —-0.03 —-0.04 —
2) Franz Josef Land -0.16 —0.18 —-0.21 -025 -0.28 -030 —-0.31 -0.27 -021 -0.16 —0.12 —0.10 —0.08 —0.08 —0.08
3) Kara Sea — — — 0.02 0.03 004 004 006 0.07 007 0.08 009 0.09 008 0.08
4) Laptev Sea -0.06 —0.08 -0.09 -0.10 —-0.11 -0.14 -0.19 -0.19 -0.15 -0.10 —0.06 —0.03 —0.03 —0.03 —0.03
5) East Siberian Sea —0.06 —0.07 -0.08 —-0.10 —-0.12 -0.14 -0.17 -0.20 -0.19 -0.17 -0.15 —-0.11 —-0.09 —0.08 —0.08
6) Chukchi Sea -0.10 —-0.12 -0.14 -0.18 —-0.21 —-0.23 -027 —-0.29 -028 —-0.26 —0.25 -024 —-0.20 —0.18 —0.16
7) Beaufort Sea -0.04 —-0.07 -0.09 —-0.10 -0.12 -0.14 -0.15 -0.18 —-0.17 —-0.14 —-0.10 —0.08 —0.06 —0.05 —0.06
8) NOW -0.17 =020 —-0.23 -0.27 -032 —-040 —-0.51 -0.58 —-0.48 —-0.36 —0.27 -021 -0.15 —0.12 —-0.10
9) NEW — — =003 -0.04 -0.06 —0.09 —-0.09 -0.07 —0.04 — — 0.05 0.05 0.05 0.06
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