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Abstract: The duration of ice-free periods in different parts of the Arctic Ocean plays a great role in
processes in the climate system and defines the most comfortable sea ice conditions for economic
activity. Based on satellite-derived sea ice concentration data acquired by passive microwave instru-
ments, we identified the spatial distribution of the dates of sea ice retreat (DOR), dates of sea ice
advance (DOA), and the resulting ice-free period duration (IFP) between these days for the Kara
and Laptev seas during 1979-2022. The monthly decline in sea ice extent was detected from June to
October in both seas, i.e., during the whole ice-free period. The annual mean sea ice extent during
2011-2021 decreased by 19.0% and 12.8% relative to the long-term average during 1981-2010 in the
Kara and Laptev seas, respectively. The statistically significant (95% confidence level) positive IFP
trends were detected for the majority of areas of the Kara and Laptev seas. Averaged IFP trends
were estimated equal to +20.2 day/decade and +16.2 day/decade, respectively. The observed DOR
tendency to earlier sea ice melting plays a greater role in the total IFP extension, as compared to later
sea ice formation related to the DOA tendency. We reveal that regions of inflow of warm Atlantic
waters to the Kara Sea demonstrate the largest long-term trends in DOA, DOR, and IFP associated
with the decrease in ice coverage, that highlights the process of atlantification. Also, the Great Siberian
Polynya in the Laptev Sea is the area of the largest long-term decreasing trend in DOR.

Keywords: Arctic Ocean; Kara Sea; Laptev Sea; sea ice coverage; ice-free period; passive microwave
remote sensing

1. Introduction

Sea ice is among the key features of the Arctic Ocean and plays a great role in the
regulation of Earth’s climate. The decline in Arctic sea ice, which has been registered during
the last two decades, has been addressed in many studies [1-8]. Satellite-derived sea ice
concentration, which has been available since 1979, has been used to assess inter-annual
variability of ice coverage and calculate the related long-term trends [9-13]. Ice coverage in
the Arctic Ocean was relatively stable till the end of the 1990s, which was followed by a
distinct negative yearly trend in ice coverage [1,10,12]. In particular, 18 minimal values of
the mid-September ice extent have been registered during the last 18 years.

Many studies have demonstrated that the decline in ice coverage in the whole Arctic
Ocean, as well as in its certain regions is governed by large-scale atmospheric processes in-
cluding the changes in atmospheric thermodynamic forcing, advection of moist air masses,
increase in downward longwave radiation, decline in snowfall, etc. [14-18]. Another im-
portant factor is the amplification of Arctic warming by reduced ice coverage associated
with the decreased albedo, increased heat loss from the ocean, changes in cloud conditions,
etc. [19-25].

The Kara and Laptev seas, in contrast to the Barents Sea, are completely covered by
ice during winter and spring. In summer and autumn, the ice coverage in both seas has
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demonstrated a distinct negative trend during the two last decades [11,26]. Only some
studies have focused on the inter-annual variability of ice conditions in the Kara Sea [26-31]
and the Laptev Sea [31-34]. They described its dependence on atmospheric conditions
mainly by straightforward statistical analysis, e.g., correlation and /or empirical orthogonal
function analysis.

In this study, we also analyze the influence of external forcing conditions on the inter-
annual variability of ice coverage in the Kara and Laptev seas. In contrast to previous
studies, we focus on specific regional oceanographic and atmospheric processes and do not
deal with general large-scale climate indices such as the North Atlantic Oscillation (NAO),
Atlantic Multidecadal Oscillation (AMO), etc. These climate indices are calculated over
spatial scales that are larger than the spatial scales of the water bodies we are studying.
A simple comparison of NAO/AMO or other indices with sea ice time series would not
provide much information on a regional scale, which is our main focus. The influence
of atmospheric and oceanic changes in the Atlantic Ocean is different for the Kara and
Laptev seas. Based on our expertise in regional processes, which govern the temperature
of the sea surface layer in the study area, we distinguish different regions of the Kara and
Laptev seas with different ice conditions. For these regions, we analyze yearly trends of
earlier ice melting and later ice formation and describe their relation with the inter-annual
variability of regional oceanographic and atmospheric conditions. The novelty of our
research lies in the detailed description and quantitative and qualitative analysis of changes
in sea ice conditions and the duration of the ice-free period in the Kara and Laptev seas
on a regional scale, based on remote sensing microwave climate data records. Due to the
observed decline in sea ice extent and the high inter-annual variability of sea ice conditions,
comprehensive regional studies are necessary. And such studies are difficult to imagine
without the basic statistical analysis provided by our research.

This paper is organized as follows. In Section 2, we describe the features of the study
area and provide general information about the satellite sea ice concentration and extent
datasets used in this study. Also the procedure of ice-free period detection is described
in Section 2. In Section 3, the detailed analysis of ice-free period key dates and duration
(long-terms means and trends), as well as spatial distribution of these parameters in the
Kara and Laptev Seas, are provided. The discussion is given in Section 4 followed by the
summary and conclusions in Section 5.

2. Materials and Methods
2.1. Study Area

The regional boundaries of the Kara and Laptev seas applied in this work are similar
to those used in many other studies [35,36] and were taken from [37]. In accordance with
the National Snow and Ice Data Center’s (NSIDC) polar stereographic projection, 1431 and
1329 cells from an irregular grid were selected to describe ice-free period key dates in the
Kara and Laptev seas, respectively. Using annual data, the long-term annual means (LTM)
and linear trends were calculated for every grid cell. The LTMs were also spatially averaged
over the whole sea domains to provide averaged statistics for both seas. Linear trends
were estimated by the least-squares best fit and tested with the original two-tailed t-test
for the null hypothesis of no trend against the alternative of a trend significant at the 5%
level. The chosen 95% confidence level (or 5% significance level) is good because it strikes
a balance between accuracy and conservatism. A higher confidence level, such as 99% (1%
significance level), would provide a more conservative estimate of potential decline but
may not reflect the true risks for economic activity or biological sustainability. On the other
hand, a lower confidence level, such as 90%, would provide a more optimistic estimate
of potential sea ice losses but may not adequately account for severe and extreme events.
Also, a 95% confidence level aligns with academic standards and regulatory requirements,
making it easier to compare and evaluate risks across different studies. Confidence levels
of 99% and especially 99.5% seem too high to us for adequate statistical description.
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2.2. Sea Ice Concentration Data

For the 1979-2022 period, the following annual ice-free period characteristics were cal-
culated: dates of sea ice retreat (DOR), dates of sea ice advance (DOA), and the total ice-free
period duration (IFP), defined as the number of days between the DOA and DOR. The DOR
and DOA were identified using the daily sea ice concentration (SIC) time series from the
NOAA /NSIDC Climate Data Record of Passive Microwave Daily Northern Hemisphere
Sea Ice Concentration dataset, NSIDC-G02202, version 4 [38]. The dataset is based on ob-
servations from NASA’s Scanning Multichannel Microwave Radiometer (SMMR), and the
series of the Defense Meteorological Satellite Program’s (DMSP) Special Sensor Microwave
Imager (SSM/I) and Special Sensor Microwave Imager/Sounder (SSMIS) sensors.

SIC data in this dataset were calculated from a combination of ice concentration
estimates from state-of-the-art algorithms, namely, the NASA Team algorithm [39] and the
NASA Bootstrap algorithm [40]. The NSIDC-G02202, version 4, dataset covers the time
period from 1979 to 2022 with a spatial resolution of 25 km. Monthly data from the NSIDC
Sea Ice Index, G02135, version 3 [41], were used to estimate the sea ice extent (SIE, the
summed area of grid cells where SIC > 15%) changes in both seas during 1979-2022. The
dataset provides monthly SIE values for the Arctic seas, including the Kara and Laptev
seas. Following NSIDC recommendations, we used SIE instead of area to analyze the sea
ice decline in the Kara and Laptev seas. SIE does not require precise measurements of
SIC at every grid cell, because it deals with the threshold value. Also, simply counting
the grid cells that meet the threshold, which includes most grid cells within the sea ice
perimeter, reduces day-to-day variability in sea ice numbers [42]. The sea ice charts
from the Arctic and Antarctic Research Institute (AARI, Russia, St. Petersburg, http:
//old.aari.ru/odata/_d0015.php?lang=1&mod=1&yy=2024, accessed on 20 May 2024)
were considered as a reference source for sea ice conditions during the melt and freeze
periods in 1996-2022, with records taken every 7-10 days. The fast ice data were processed
from AARI sea ice charts (http:/ /wdc.aari.ru/datasets/d0015/arcice/, accessed on 20 May
2024). The sea ice charts are presented in SIGRID-3 format, which is close to the ESRI
shapefile vector data storage format [43]. These ice charts are available from 1997 in a
coarse resolution only and from 2008 in spatial resolution, as at present. We analyzed
the homogeneous (in terms of used methods) period 20082022 to identify the fast ice
long-term spatial distribution for the Kara and Laptev seas [44].

2.3. Ice-Free Period Detection Procedure

For each grid cell, SIC daily time series during 1979-2022 were calculated. DOR
and DOA were determined using the 15% threshold method as described in [45,46]. This
SIC threshold is commonly used to define open water cells from those covered by sea
ice [40,42]. In most cases in the Kara and Laptev seas, the ice-free period could be clearly
determined from SIC time series. But some annual SIC time series are complicated with
several relatively small periods within the melting/freezing seasons, especially during
the spring—summer season, when SIC values could drop above/below the threshold for
several days. The length of these episodes varies from 1 day up to several weeks. In
addition, the day-to-day noise (ranged as 0-60%) in SIC time series could be found even in
September. Such outliers in SIC time series can be smoothed by filters, e.g., rolling N-days
mean windows. Instead of using running means [46], we applied a 7-day boxcar running
median to the SIC time series to reduce the noise, which is caused by short-term sea ice
drift [47,48] or “spill-over” problems near the coastal zones [49].

In this study, we focus on the longest consecutive ice-free periods reconstructed in
individual grid cells. In cases when several open water episodes during cold seasons oc-
curred, we used a conservative approach, based on an estimation of the longest consecutive
ice-free period. In particular, we selected the first day when the SIC was above/below
15% within the longest consecutive time period to define DOA/DOR. Episodes with early
retreat followed by the presence of sea ice were excluded from the analysis. If DOR was
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registered earlier than 15 March, or DOA was registered later than 31 December, such
values were also excluded.

3. Results
3.1. Sea Ice Extent Decline

Since 1979, SIE in the Arctic Ocean has reduced dramatically [1,11,35]. Intense SIE
decline was particularly observed in the Kara and Laptev seas at the beginning of the
21st century (Figure 1). According to the NSIDC Sea Ice Index, G02135, version 3 [41], the
mean SIE for the 2011-2020 period decreased by 18.7% and 12.8% relative to the long-term
values during 1981-2010 in the Kara and Laptev seas, respectively. Statistically significant
negative trends in annual mean SIE were found for both seas (Figure 2). More rapid decline
in annual mean SIE is observed in the Kara Sea (—5.2 x 10° km?/year) than in the Laptev
Sea (—3.7 x 10° km?/year).
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Figure 1. SIE variability in the (a) Kara and (b) Laptev seas during 1979-2022. Black solid line
indicates annual mean values, gray shade indicates monthly minimum and maximum SIE, and
dashed lines indicate long-term trends.
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Figure 2. Monthly SIE values in the (a) Kara and (b) Laptev seas during 1979-2022.

In the Kara Sea, statistically significant negative trends were found in monthly SIE
for all months except April, and their values vary from —0.3 x 10% km?/year in March to
—13.6 x 10% km? /year in July. In the Laptev Sea, statistically significant negative trends
were found in monthly SIE from May till October. SIE monthly linear trends vary from
—0.2 x 10° km? in May to —11.5 x 10° km?/year in October (Figure 3). The negative trends
are grouped near September with very similar values, namely, —10.3 x 103 km?/year in
August, —11.2 x 10° km?/year in September and —11.5 x 103 km?/year in October.
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Figure 3. SIE trends in the (a) Kara and (b) Laptev seas during 1979-2022. Black dots indicate
statistically significant trends at a 95% confidence level.

The monthly distribution of SIE trends in the Kara Sea could be described by a “W-
shaped” form, while in the Laptev Sea this distribution has a “U-shaped” form. Relatively
weak SIE monthly trends in September in the Kara Sea could be interpreted as a relative
melting limit under very low sea ice area and volume. In the Laptev Sea, every next
month within the ice-free period shows higher SIE trends until November, followed by low
changes in December (Figure 3).

In the Laptev Sea, the highest inter-annual variability of the monthly mean SIE is ob-
served in August and September (standard deviation is 191.4 x 103 km? and 202.1 x 10% km?,
respectively), while the greatest variability of the monthly mean SIE in the Kara Sea is
detected in July and October (standard deviation is 210.4 x 10% km? and 212.0 x 103 km?,
respectively) (Figure 4).
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Figure 4. Boxplot for the monthly SIE in the (a) Kara and (b) Laptev seas during 1979-2022. The
orange line represents the median.

3.2. Frequency of Annual Sea Ice Retreat

The rapid increasing of the ice-free area in the Arctic Ocean in summer accelerated
in the 2000s. After 2007, more than 50% of the Arctic Ocean became free from sea ice
during warm seasons [50]. However, the regions to the north of 75° N in the Kara Sea and
especially in the Laptev Sea did not become totally ice-free every year. Using SIC data from
the NSIDC G02202 archive, we estimated the frequency of annual sea ice retreat during
1979-2022 in the Kara and Laptev seas. The frequency of annual sea ice retreat is the ratio
of the number of years when the open water season was at least 10 days to the total number
of years covered by observations (44 years for the 1979-2022 period). This ratio is expressed
as a percentage and is shown in Figure 5.
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Figure 5. Frequency of annual sea ice retreat in the Kara (a) and Laptev (b) seas during 1979-2022.
Numbers indicate locations of geographical objects or in situ measurements at stationary polar
stations: 1—Baydaratskaya Gulf, 2—Buor-Khaya Gulf, 3—Chelyuskin Cape, 4—Golomyanii Island,
5—Gyda Yuribey Gulf, 6—Kara Gates Strait, 7—Khatanga Gulf, 8—Kigiliakh, 9—Kotelny Island,
10—Lena Delta, 11—Novaya Zemlya, 12—Gulf of Ob, 13—Sannikov Strait, 14—Severnaya Zemlya,
15—Sterlegova Cape, 16—Vaigach Island, 17—Vilkitsky Strait, 18—Vize Island, 19—Yamal Peninsula,
20—Yenisei Gulf.

The resulting frequency of annual sea ice retreat has a sub-latitudinal distribution
for both seas and decreases from south to north. Near the shoreline, the regular retreat is
observed, i.e., the frequency of annual sea ice retreat is 100% (Figure 5).

According to coastal observations of sea ice at stationary polar stations in the Laptev
Sea (Figure 5), the frequency of annual retreat during 1985-2015 for the Sannikov Strait
is 80%, for the Kotelny it is 80%, and for the Kigilyah it is 93% [51]. In the Kara Sea, the
frequency of annual retreat for the same time period for the Sterlegova station is 87%, for
the Vize it is 50%, for the Golomyanniy it is 40%, and for the Cheluskin it is 49% [52]. These
examples show that, even during the past four decades when sea ice has been observed to
be declining, the northern Arctic regions can still be covered by sea ice for the entire warm
season in certain years. In comparison, the same frequency, but for longer periods, for the
Cheluskin (1946-2015) is 49%, for the Vize (1933-2014) it is 37%, for the Kotelny (1937-2014)
it is 73%, and for the Kigilyah (1935-2014) it is 86%.

Anomalously low frequencies (<40%) were observed in the Baydaratskaya Gulf, the
Gulf of Ob, and the Gyda Yuribey Gulf in the Kara Sea and in Khatanga Gulf in the Laptev
Sea (Figure 5). These anomalies were also found in the NSIDC Sea Ice Index images, but
not proved by sea ice charts provided by AARI. Such low frequencies were marked as
“invalid data” and were not taken into account for further calculations. After filtering the
invalid data in the frequency of annual sea ice retreat, 1342 and 1313 grid cells for the Kara
and Laptev seas, respectively, remained for the analysis of the duration of ice-free periods.

3.3. Regional Distribution of LTM for DOR, DOA, and IFP

SIE decline naturally leads to an increase in the durations of ice-free periods. Based on
the filtered data, the LTM of DOR, DOA, and IFP were calculated for the Kara and Laptev
seas during 1979-2022. The main statistical parameters averaged over the sea domains
for key dates and duration of ice-free periods are presented in Table 1. In the Kara Sea,
the LTM ice-free period starts on 22 July and ends on 24 October. In the Laptev Sea, the
ice-free period is shorter and starts later on 31 July and ends on 8 October. The averaged
over the sea domains LTM IFP is estimated as 69 &+ 13 days (mean =+ standard deviation) in
the Laptev Sea and as 94 £ 22 days in the Kara Sea for 1979-2022.
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Table 1. The main statistical parameters (mean, standard deviation, and five-number summary) of
LTM for IFP, DOA, and DOR during 1979-2022.

IFP, Days DOA DOR
Kara Laptev Kara Laptev Kara Laptev
Mean 94 69 24 October 8 October 22 July 31 July
Standard 5, 13 13 3 11 12
deviation
Minimum 33 28 24 September 22 September 25 June 26 June
Q1, 25% 77 61 14 October 6 October 15 July 23 July
Q2, 50% 91 71 19 October 8 October 21 July 30 July
Q3, 75% 109 77 30 October 10 October 1 August 9 August
Maximum 151 107 4 December 16 October 23 August 29 August

The LTM DOR varies from the second ten-day period of June to the second ten-day
period of August and covers more than two months in the Kara and Laptev seas (Figure 6).
For the majority of the area of the Laptev Sea, in the southern regions, the DOR begins
between the last ten-day period of July and the first ten-day period of August. In the areas
to the north of 80° N, the DOR occurs in the third ten-day period of August or later. In
the Kara Sea, an earlier LTM for DOR is occurring in the first ten-day period of July. The
earliest LTMs for DOR are observed near the Ob and Yenisei gulfs, which is equal to the
last ten-day period of June.

55°E 60°E 65°E 70°E 75°E 80°E 85°E 90°E 95°E 100°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E 135°E 140°E
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Figure 6. Spatial distribution of LTM for DOR (monthly ten-day periods) in the Kara (a) and Laptev
(b) seas during 1979-2022.

The influence of flaw polynyas on LTM for DOR in both seas is detected even using
satellite data with a spatial resolution of 25 km. Large flaw polynyas are formed during
the cold season, seaward from the fast ice (Figure 7), and provide favorable conditions, i.e.,
thin ice, for earlier sea ice retreat [53].

In the Kara and Laptev seas, the LTM for DOA varies from the first ten-day period
of October to the third ten-day period of November and covers more than two months
(Figure 8). In the majority of the area of the Laptev Sea, DOA occurs in the first ten-day
period of October. Starting from the second ten-day period of October, the Laptev Sea is
already covered by sea ice. The LTM for DOA in the Kara Sea occurs later. Most of the
northeastern part of the Kara Sea freezes during the second ten-day period of October. In
regions adjacent to the Vilkitsky Strait and Severnaya Zemlya, DOA occurs in early October,
while near the northern cape of Novaya Zemlya DOA is observed in the last ten-day period
of October. At the same time, in the southwestern part of the Kara Sea, DOA varies from
the first ten-day period of December in the south near Vaigach Island, to the last ten-day
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period of October near the northern part of Novaya Zemlya. DOA in the southwestern
part of the Kara Sea decreases from south to north. Note that near the Kara Gates Strait,
the observed LTM for DOA occurs later than in the surrounding areas, namely, in the first
ten-day period of November. This feature is caused by the influence of warmer and saltier
Barents Sea waters, which inflow into the Kara Sea in this area [54,55]. The late occurrence
of DOA near the northern cape of Novaya Zemlya is associated with the spreading of warm
surface water from the Barents Sea caused by eastward propagation of the Barents Sea
branch of Atlantic water [56].

55°E 60°E 65°E 70°E 75°E 80°E 85°E 90°E 95°E 100°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E 135°E 140°E 100
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Figure 7. Spatial distribution of fast ice frequency (%) in the first ten-day period of April in the
(a) Kara and (b) Laptev seas during 2008-2022.
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Figure 8. Spatial distribution of LTM for DOA (monthly ten-day periods) in the (a) Kara and
(b) Laptev seas during 1979-2022.

The spatial distribution of LTM for IFP directly depends on the spatial distribution of
DOR and DOA trends (Figure 9). According to NSIDC G02202, version 4, SIC data, the IFP
varied from 33 to 151 days in the Kara Sea and from 28 to 107 days in the Laptev Sea during
1979-2022. There is a significant difference in distribution of the LTM for IFP between the
northeastern and southwestern regions of the Kara Sea. The averaged LTM for IFP for the
northeastern part of the Kara Sea is near 86-89 days, which is 31-34 days less than in the
southwestern part.
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Figure 9. Spatial distribution of LTM for IFP in the Kara (a) and Laptev (b) seas during 1979-2022.

In the southwestern part of the Kara Sea, the LTM for IFP decreases from south to
north. Near Vaigach Island, the LTM for IFP reaches more than 140 days, while in the area
of Novaya Zemlya it is only 100 days. At the same time, a shorter IFP equal to 90-100 days
is observed near the Ob and Yenisei river estuaries. In the northeastern part of the Kara Sea,
the LTM for IFP decreases from west to east. The longest LTM for IFP (more than 110 days)
is observed near the northern cape of Novaya Zemlya, at the border with the Barents Sea.
In the east, near the Chelyuskin Cape at the same 77° N latitude, the LTM for IFP is less
than 70 days.

3.4. Trends in DOR, DOA, and IFP during 1979-2022

SIE decline naturally leads to an increase in ice-free duration. The observed significant
SIE decline in July and October in the Kara Sea and in September—October in the Laptev Sea
is correlated with DOR and DOA. To estimate the rate of ice-free period change, DOR, DOA,
and IFP trends were calculated for the Kara and Laptev seas during 1979-2022. Strong
negative trends in DOR and positive trends in DOA were found for both seas. Such a
combination of statistically significant trends leads to high ice-free period duration trends.
The main statistical parameters averaged over the sea domains for ice-free period key dates
(DOR, DOA) and duration (IFP) are presented in Table 2.

Table 2. The main statistical parameters (mean, standard deviation, minimum, percentiles, and
maximum) for IFP, DOA, and DOR linear trends (day/decade) during 1979-2022.

IFP DOA DOR
Kara Laptev Kara Laptev Kara Laptev
Mean 20.2 16.0 8.7 6.7 -119 -9.5
Standard deviation 5.0 43 2.4 22 3.2 2.8

Minimum -17.5 6.8 41 1.6 —22.7 —234
25% 17.2 12.3 7.1 51 -13.5 -11.3

50% 19.9 16.3 8.8 6.7 -11.3 -9.5

75% 229 19.0 10.1 7.9 -9.9 -7.0
Maximum 39.8 35.6 23.1 13.3 12.8 -3.8

DOR decadal trends indicate that ice-free periods start earlier for the majority of
areas in the Kara and Laptev seas. A statistically significant shift in DOR to earlier dates
(negative trends) is noted in 88% of the considered grid cells of the Kara Sea, except in
the north-easternmost regions (to the east of 85° E and north of 77° N). In the Laptev Sea,
statistically significant negative DOR trends are observed in 66% of grid cells and only to
the south of 79-80° N and east of 100° E (Figure 10). Statistically significant DOR trends in
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the seas vary from —3.8 days/decade to —23.4 days/decade. The averaged DOR trends are
—11.5 and —9.5 days/decade in the Kara and Laptev seas, respectively.
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Figure 10. Spatial distribution of DOR trends (days/decade) in the (a) Kara and (b) Laptev seas
during 1979-2022.

The largest negative DOR trends, which are less than —20 days/decade, are observed
at the border with the Barents Sea near northern part of Novaya Zemlya. This area of rapid
DOR change extends up to 81° N and violates the relatively homogeneous distribution of
DOR trends in the Kara Sea. Smaller trends (greater than —7 days/decade) are observed
near the Ob and Yenisei gulfs, as well as in the northeastern part of the sea. In the areas
adjacent to Vaigach Island and the western coast of the Yamal Peninsula, DOR trends are
estimated to be less than —12 days/decade.

In the Laptev Sea, negative DOR trends increase from south to north. South of
74° N, where great volumes of fast ice is formed, the distribution of DOR trends is fairly
uniform, and the rates are smaller than in the open sea areas and exceed —8 days/decade.
Increased DOR trends (less than —12 days/decade) are observed in the area, where the
Great Siberian Polynya (stretching from the Lena Delta to Kotelny Island) is formed during
cold seasons [57].

DOA decadal trends indicate that ice formation occurs later for the majority of areas in
the Kara and Laptev seas (Figure 11). A statistically significant shift in DOA to later dates
(positive trends) is noted in 97% of the considered grid cells of the Kara Sea. In the Laptev
Sea, statistically significant changes in DOA are observed in 78% and only to the south
of 80° N. Statistically significant DOR trends in both seas vary from +1.6 days/decade to
+23.1 days/decade. The average DOR trends are +8.7 and +6.7 days/decade in the Kara
and Laptev seas, respectively.

In the Laptev Sea, the DOR trends increase from south to north. Thus, the lowest
statistically significant trends, less than +3 days/decade, are observed to the east of the Lena
Delta. In the southern regions and coastal areas, DOA trends increase to +5 days/decade.
To the north of 75° N, DOA trends are up to +9 days/decade. The highest changes, which
exceed +10 days/decade, are observed to the north of 79° N. North of 80° N, DOA trends
are statistically insignificant at the 95% confidence level.

In the Kara Sea, the DOA trends are higher than in the Laptev Sea. The lowest
statistically significant DOA trends, equal to +3 + 6 days/decade, are observed to the
north of the Ob and Yenisei gulfs, as well as along the northeastern coast. The highest
DOA trends, which are greater than +10 days/decade, are observed at the border with the
Barents Sea, near the northern cape of Novaya Zemlya and also near Vaigach Island. In
both cases, the warm inflow from the Barents Sea contribute to high change rates. Thus,
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the rapid reduction in the winter ice cover in the Barents Sea significantly affects the timing
of the ice-free period end in the Kara Sea [8,58].
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Figure 11. Spatial distribution of DOA trends (days/decade) in the (a) Kara and (b) Laptev seas
during 1979-2022.

Statistically significant negative DOR trends (earlier retreat) and statistically significant
positive DOA trends (later advance) simultaneously contribute to significant IFP increase.
Trends toward later DOA are consistent with the effects of earlier DOR that increase the
amount of solar radiation absorbed by the ocean and increase sea surface temperatures,
which delay freeze-up [59]. A statistically significant IFP increase (positive trends) is noted
in 94% and 77% of the considered grid cells in the Kara and Laptev seas, respectively
(Figure 12). In the Laptev Sea, statistically significant IFP trends are observed only to the
south of 80° N. The IFP increases statistically significantly over the majority of the area of
the Kara Sea, except the eastern part adjacent to Severnaya Zemlya.

55°E 60°E 65°E 70°E 75°E 80°E 85°E 90°E 95°E 100°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E 135°E 140°E

Figure 12. Spatial distribution of IFP trends (days/decade) in the (a) Kara and (b) Laptev seas during
1979-2022.

Statistically significant IFP trends in both seas vary from +6.8 days/decade to more
than +30 days/decade. The averaged IFP trends are +20.2 and +16.2 days/decade in the
Kara and Laptev seas, respectively. The spatial distribution of IFP trends crucially depends
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on the spatial distribution of DOR and DOA trends. Despite the fact that DOR/DOA trends
are comparable, the DOR trends contribute more to the total IFP extension in both seas.

In the Laptev Sea, IFP trends mainly increase from south to north. The lowest statisti-
cally significant trends, which are less than +10 days/decade, are observed to the east of
the Lena Delta. At the border of statistically significant IFP trends, near 79° N, the trends
are estimated to be greater than +20 days/decade. The Kara Sea has a greater increase
in IFP from east to west, especially in the northeastern part of the sea. The highest IFP
trends are observed at the border with the Barents Sea and exceed +30 days/decade. At
the same time, at the east part of the Kara Sea near Severnaya Zemlya, IFP trends are
less than +10 days/decade, up to statistically insignificant values. In the southwestern
part of the Kara Sea, the highest IFP trends are observed near Vaigach Island and exceed
+25 days/decade. In the areas adjacent to the Ob and Yenisei gulfs, there are noticeably
lower IFP trends, which are less than +15 days/decade.

4. Discussion

The IFP LTM and trend spatial distribution features mostly depend on the DOR spatial
distribution rather than on the DOA. We determine three processes that increase IFP in the
Kara and Laptev seas. First, early DOR are observed in the areas adjacent to the large river
mouths, namely, the Ob and Yenisei gulfs in the Kara Sea and the Lena Delta in the Laptev
Sea (Figure 6). This feature is caused by the inflow of warm river water to the seas and the
related intensification of sea ice melting in spring and early summer. However, discharges
of these rivers significantly decrease by late autumn; therefore, they do not affect DOA
(Figure 8). Note that winter and spring discharge rates of these rivers have been growing
during the last decades, and river temperatures have also been growing [60,61]. However,
these processes result in only a slight decrease in DOR and increase in IFP LTMs at the
areas adjacent to river mouths (Figures 10 and 12). Also, the lowest DOA trend is observed
in the central and northeastern part of the Kara Sea and in southern and southeastern parts
of the Laptev Sea (Figure 11). These areas correspond to spreading areas of the Ob-Yenisei
and Lena plumes [62,63] and, therefore, they are the areas of early ice formation in autumn
due to strong vertical stratification [64,65]. The inflow of warm water from the Barents Sea
to the Kara Sea is the most important process that causes sea ice reduction in the study
area [55,56]. This process affects both DOR and DOA and its influence is localized along
the eastern coast of Novaya Zemlya (Figures 6 and 8). The area with the latest DOA in the
Kara Sea is associated with inflow through the Kara Gates Strait, while the shift of DOR
is similar for both the inflow of the Barents Sea water through the Kara Gates Strait and
to the north from Novaya Zemlya. Atlantification, i.e., the increased influence of warm
Atlantic water on the surface layer, which has been observed in the Barents Sea during the
last decades [66] results in positive DOA and IFP LTMs (the largest in the study area) and a
negative DOR LTM northward from Novaya Zemlya (Figures 10-12).

Early DOR and the smaller IFP values in the Laptev Sea are also associated with
areas of the formation of flaw polynyas [53,57] (Figures 6 and 9). These polynyas provide
favorable conditions for earlier sea ice retreat due to low ice thickness. Note that they do
not affect DOA (Figure 8). Polynyas have demonstrated significant influence on sea ice
decrease during the last decades [67], resulting in negative DOR and positive IFP LTMs
(Figures 10 and 12).

During the last decades, an increase in the ice-free period duration has been observed
in most areas of the Kara and Laptev seas. While maintaining the current rate of global
warming, it could be predicted with a high degree of confidence that the seasonal sea ice
extent in the Kara and Laptev seas will continue to decrease. And, as a result, the ice-free
period duration will continue to increase too. The potential for IFP expansion remains, but
this expansion cannot continue indefinitely. It is unlikely that in the next decade, even in
the western part of the Kara Sea, the sea ice cover will significantly decrease in winter and
will cease to be continuous. With a high degree of confidence, we can say that if the current
rates of sea ice cover decline during the winter season in the Barents Sea will continue in
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winter, the western part of the Kara Sea will continue to be cleared of sea ice earlier due to
the influence of the warm waters of the Barents Sea. For the Laptev Sea, we can expect with
high confidence a continued IFP duration extension and a spatial decrease to the north of
the sea ice zone during the warm period.

Sea ice conditions play a great role in the coastal dynamics of the Kara and Laptev
seas [68]. Sea ice limits the interaction between the land and seawater, and fast ice pro-
tects the coasts from wave and thermal impacts. Observed advection of warmer air and
significant increases in the summer air temperature with wind-wave activity accelerate the
thermal abrasion and thermal denudation processes in the Kara and Laptev seas’ coastal
zones during the extended ice-free period.

5. Summary and Conclusions

A regional qualitative description and detailed statistical analysis of changes in sea ice
conditions and the duration of the ice-free period in the Kara and Laptev seas with a focus
on regional features are presented.

Based on the NSIDC Sea Ice Index, version 3, dataset, we have analyzed the SIE
changes in the Kara and Laptev seas. We examined the annual values of SIE and found
a rapid decline in both seas (Figure 1). The average change rates are similar, but the
decline in the Kara Sea is 40% faster than in the Laptev Sea. For the last decade 2011-2020,
SIE decreased by 18.7% in the Kara Sea and 12.8% in the Laptev Sea compared to the
average values for the 1981-2010 period. Additionally, statistically significant negative
trends (95% confidence level) were found in the monthly SIE during the ice-free months
(Figures 3 and 4), indicating an extension of the ice-free period. The observed changes in
sea ice conditions are closely related to the average long-term IFP values. Based on the
NSIDC G02202 dataset, version 4, the averaged IFP long-term values were calculated and
compared between the two seas. The spatial features of these LTM IFPs has been described
(Figures 6, 8 and 9). It was found that the averaged LTM IFP is longer by about 40% in the
Kara Sea compared to the Laptev Sea. This difference in LTM IFP corresponds to a similar
difference in the annual SIE trends.

We examined the regional IFP features in the Kara and Laptev seas, focusing on the
annual changes in IFP duration. The research includes a baseline statistical analysis of
regional change for the 1979-2022 period in DOR and DOA, based on the NSIDC G02202,
version 4, sea ice concentration dataset. The difference between DOA and DOR, expressed
in days, determines the IFP duration. We showed that the ice-free period duration IFP
experienced a statistically significant (95% confidence level) increase over 94% and 77%
of the considered grid cells in the Kara and Laptev seas, respectively. The average IFP
trends are +16.2 days/decade in the Laptev Sea and +20.2 days/decade in the Kara Sea.
Statistically significant negative trends in DOR and positive trends in DOA combine
and contribute to significant increases in IFP. Despite the same scale, the earlier retreat
contributes more than later advance to the total reduction in the ice-free period duration.
The average DOR trends are +6.7 and +8.7 days/decade and the average DOR trends are
—9.5 and —11.5 days/decade in the Laptev Sea and the Kara Sea, respectively. Neither of
these processes plays a decisive role, as both contribute equally to the overall increase in
the ice-free duration.
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