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Abstract This study investigates the synoptic Arctic sea ice variation during the summer half year based on a regional daily
sea ice concentration (SIC) tendency index during 1979-2021. Results indicate an enhancement in synoptic SIC variation over
the Pacific sector of Arctic Ocean, with the maximum amplitude concentrating along the sea ice edge to covering a larger
domain. Most synoptic severe sea ice variations occur for a single day or 2-3 d, typically starting after mid-June and ending in
mid-November over Beaufort—Chukchi seas. However, there is a clear shift in ending time over the East Siberian—Laptev seas
from early October to early November. Further analysis suggests that wind-driven sea ice drift may significantly contribute to
the amplification of synoptic sea ice variation. This result contributes to our understanding of regional Arctic sea ice

predictability, particularly in relation to the Arctic northeast shipping passage.
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1 Introduction

Arctic sea ice, as an important part of earth system, has
profound impacts on human activities and ecosystems in the
Arctic and midlatitude (Bhatt et al., 2010; Chen and Sun,
2024; Chen et al., 2021; Liu et al., 2017; Post et al., 2013;
Wu and Li, 2021; Zhang et al., 2022). It is noteworthy that
Arctic sea ice is declining and thinning during the period of
satellite observations, whose decline has been accelerating
since around 2000 (Comiso et al., 2008; Lee et al., 2017,
Serreze and Stroeve, 2015; Serreze et al., 2007; Stroeve et
al., 2007), with the most extreme decline seen in September
(Simmonds, 2015). The Arctic is expected to become
essentially ice-free during summer by about midcentury
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(Holland et al., 2006; Notz and Stroeve, 2016), and even
earlier (Guarino et al., 2020).

There is a lot of literature that examines sea ice loss on
the interannual to decadal time scales (Bi et al., 2021;
Blackport et al., 2019; Comiso et al., 2017; Francis and Wu,
2020; Kwok, 2018; Liang et al., 2018; Park H S et al., 2015;
Parkinson and Cavalieri, 2012; Wang et al., 2023; You et al.,
2022), and recently on the intraseasonal time scale (Chen et
al., 2018; Gong and Luo, 2017; Jiang et al., 2021; Luo et al.,
2017; Mohammadi-Aragh et al., 2018; Qian et al., 2020;
Tian et al., 2022; Wang et al., 2020; Yang et al., 2022;
Zheng et al., 2022). Younger and thinner sea ice melts faster
(Tschudi et al., 2016), which may have played a role in the
dramatic reduction in Arctic sea ice in recent September
(Stroeve et al., 2008; Yang and Magnusdottir, 2017).
Though great progress has been achieved that links sea ice
decline on the intraseasonal time scale to large scale
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atmospheric circulation, in most Arctic regions in the
summertime, sea ice forecast skill is lower on extreme sea
ice loss days than on nonextreme days (McGraw et al.,
2022). Therefore, it is necessary to present a qualitative
estimation of synoptic sea ice variation, so as to better
understand the predictability of Arctic sea ice on the
intraseasonal time scale.

The paper is organized as follows. Section 2 describes
the data and methods used in this study. Section 3 shows the
general changes of regional sea ice concentration (SIC). The
characteristics of synoptic regional SIC variation under
different climatic backgrounds are explored in Section 4.
Summary and concluding remarks are presented in Section 5.

2 Data and method

2.1 Data

In this study, the daily SIC (> 15%) with a spatial
resolution of 25 km from the National Snow and Ice Data
Center (NSIDC) is adopted to explore the sea ice variation
(Cavalieri et al., 2012). We also use the NSIDC daily 25-km
EASE-Grid sea ice motion dataset (Tschudi et al., 2019). In
this investigation, we mainly focus on the summer half year,
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which includes summer (June to August) and autumn
(September to November) ranging from 1979 to 2021.

2.2 Method

Anomalies of variables are calculated by subtracting the
seasonal cycle at each grid point. In order to see the temporal
evolution of Arctic sea ice, the seasonal mean SIC index is
constructed by averaging the daily SIC anomalies weighted
by cosine (latitude) over the Arctic Ocean poleward of 52°N.
A linear downward trend of Arctic SIC in summer and
autumn is clearly seen in Figure 1, in which the autumn
Arctic sea ice has a larger retreat (—0.42%+a ') than the
summer (—0.39%-a'). In addition, a significant trend
transition can be seen in 2001 (2002) in summer (autumn),
which is verified by the Mann-Kendall test (Kendall, 1975;
Mann, 1945). Considering that there is a significant Arctic
sea ice trend transition before and after the early 2000s, we
divide the satellite record from 1979 to 2021 into two periods
before and after the turning point, labeled as P1 and P2,
respectively. In summer, Arctic sea ice has a larger retreat of
—0.40%-a' during P2 (2002—-2021) than that of —0.28%-a '
during P1 (1979-2001). As well, in autumn, Arctic sea ice
has a larger retreat of —0.44%-a ' during P2 (2003-2021)
than that of —0.21%-a"" during P1 (1979-2002).
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Figure 1 Time series of the Arctic SIC index during 1979-2021 (black line) for summer (a) and autumn (b), in which the blue line
represents the linear trend during 1979-2021, and yellow (red) dashed line represents the linear trend during P1 (P2), respectively.

Because we focus on the synoptic SIC changes, the
linear trend during 1979-2021 is also removed for each
calendar day in the following calculation. Due to the
average e-folding time scale of daily SIC is about a week
(Park D S R et al., 2015), the synoptic sea ice variation is
evaluated based on a daily SIC tendency index, which is
approximated by the forward difference of SIC anomaly
along the time dimension (Jiang et al., 2021). Regional
daily Arctic sea ice tendency index is obtained by averaging
the daily SIC tendency index over the given region. We pay
much attention to the days with severe sea ice variation, e.g.,
daily SIC tendency amplitude larger than 1.5 standard
deviation, and daily SIC tendency in the lowest and highest
5%. The statistical significance of our composite calculation
is evaluated using two-sided Student’s ¢ test.

3 General changes of Arctic sea ice

Figure 2 shows the Arctic climatological SIC and drift

in summer and autumn during P1 and P2, respectively. It is
seen that the Arctic sea ice retreats more poleward in
autumn than in summer. The most evident difference in
climatological SIC between P1 and P2 appears over Eastern
Siberian—Laptev seas (ES—L; 100°E—-180°, 68§°N—-85°N) and
Beaufort—Chukchi seas (B—C; 180°-240°E, 68°N-85°N),
indicating a strong air-ice interaction there. Over these
regions another remarkable difference is reflected in the sea
ice motion. There is an evident enhancement of Beaufort
Gyre and Transpolar Drift Stream from P1 to P2, consistent
with Sumata et al. (2023). Due to the different sea ice
motions in ES-L and B-C, sea ice features in ES-L and
B—C are investigated individually.

As shown in Figure 3, seasonal cycles of regionally-
averaged SIC are apparent over these two regions, with
minima in September, and maximum in winter owing to
their nearly completely covered by sea ice in those months.
The regionally-averaged SIC in P2 during the summer half
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Figure 2 Arctic climatological sea ice concentration (SIC, shaded) and sea ice motion (vector) in summer during P1 (a) and P2 (b); ¢ and
d are similar to a and b, respectively, but in autumn. The Eastern Siberian and Laptev seas (ES—L) domain and Beaufort and Chukchi Seas
(B—C) domain are framed with red boxes. Pink line represents the sea ice edge (15% in SIC).

year is much smaller than in P1. Consistent with the
seasonality of SIC, an evident strong annual SIC variations
can be observed in the summer half year. Strong seasonality
is also reflected in the SIC trend. The strongest SIC
negative trend occurs from September to October, which
enhances greatly from P1 to P2. In general, the variation of
SIC over ES—L in P2 is the most evident.

Figure 4 shows the spatial distributions of intraseasonal
SIC variability during P1 and P2 in summer and autumn,
respectively. It is found that the majority of the large SIC
intraseasonal variability appears along the sea ice margin,
namely northern Barents, Kara, Laptev, East Siberian,
Chukchi and Beaufort seas. Compared with P1, the
maximum center of SIC intraseasonal variability during P2
moves more poleward. Moreover, the intensity of SIC
intraseasonal variability during P2 increases evidently over
ES-L and B—C, especially in autumn (Figure 4e).

4 Synoptic sea ice concentration

variation

To get a better knowledge about synoptic sea ice
variation, Figure 5 shows the distribution of days with
different standard deviation intervals of daily SIC tendency
over ES—L and B-C, respectively. A common feature is that
the days with daily SIC tendency index amplitude larger
than one standard deviation increase evidently from P1 to
P2. On the contrary, the days with daily SIC tendency index
amplitude less than one standard deviation decrease from
P1 to P2, which is more evident in autumn (Figures Sc and
5d). To be specific, in autumn over ES-L there are about
1100 d within 0.5 standard deviation in P1, which decreases
to about 700 d in P2, with the reduction rate of over 30%.
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Figure 3 The mean (solid curves) with one standard deviation (shading) and the linear trend (dashed curves; units: a ') of
regionally-averaged SIC as a function of calendar days over Eastern Siberian and Laptev seas (ES—L) (a); and Beaufort and Chukchi seas
(B—C) (b). The left ordinate is for the mean and standard deviation, and the ordinate for the linear trend is shown on the right. Black for P1

and pink for P2.
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Figure 4 Spatial distribution of Arctic SIC intraseasonal variability in summer during P1 (a), P2 (b), P1 minus P2 (¢); d, e, f are similar to

a, b, ¢, but in autumn.

This implies that the synoptic Arctic sea ice variation
becomes more intense in a warmer climate.

Moreover, the duration of severe synoptic sea ice
variation with amplitude larger than 1.5 standard deviation
is illustrated in Figures 6 and 7, respectively. It is seen that
for severe sea ice loss event (Figure 6), the most common
duration is single-day, and then 2-3 d. Compared with P1,
not only the single-day sea ice loss events increase in P2,
but the persistent sea ice loss events also increase. In
summer, there are about 100 single-day sea ice loss events
over ES-L during P1, which increase up to 130 single-day
sea ice loss events during P2, with the increasing rate of
30%. The increasing rate of single-day sea ice loss events
over B—C reaches nearly 50%. Similarly, the persistent sea

ice loss events over these two regions also can increase by
50%. In autumn, the 3-day sea ice loss events over ES-L and
the 2-day sea ice loss events over B—C even increase twice.
For severe sea ice gain, the increasing rate of single-day
events can reach at least 30%. The 2-day and 3-day
persistent sea ice gain events in summer over ES-L and
B—C also increase by about 20%, as well as in autumn over
B-C. In addition, it is noteworthy that more persistent
severe sea ice loss and gain events (longer than 5 d) appear
over ES-L in autumn, with much more in P2 than in P1
(Figures 6¢ and 7c).

Figure 8 shows the dates with severe sea ice variation
during the summer half year. It is seen that the severe daily
SIC variation mostly occurs after mid-June over ES-L,
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Figure 5 Distribution of days with different standard deviation interval of daily SIC tendency in summer over Eastern Siberian and
Laptev seas (ES-L) (a); and Beaufort and Chukchi seas (B—C) (b); ¢ and d are similar to a and b, respectively, but in autumn. Grey bars for
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Figure 7 Similar to Figure 6, but of daily SIC tendency larger than 1.5 standard deviation. Grey bars for P1 and blank bars for P2.

which ends before early October during P1 and postpones
to early November during P2 (Figures 8a and 8c). However,
there is little change about the date of extreme sea ice loss
and gain over B—C, which mostly occurs after mid-June and
ends in November (Figures 8b and 8d). Another interesting
finding is that a large number of days of persistent extreme
SIC gain concentrate in October over ES-L (Figure 8c),
which possibly contributes to the recovery of sea ice over
that region.

To gain insight into the spatial distribution of severe
sea ice variation, Figure 9 presents the composite SIC
tendency and anomalous sea ice motion for severe sea ice
loss/gain days in summer. We can find that during P1 the
maximum daily sea ice loss with the amplitude of 6%-d "
mainly occurs along the sea ice border (Figures 9a and 9b),
which spreads poleward and dominates a larger domain in
P2 (Figures 9¢ and 9f). The enhanced Transpolar Drift
Stream makes contributions to severe sea ice loss, which is
in line with Spreen et al. (2011) and Zhang et al. (2021).
Similarly, the maximum daily sea ice gain with the
amplitude of 5%-d™" also mainly occurs along the sea ice
border during P1 (Figures 9c and 9d) and spreads to a larger
area during P2 (Figures 9g and 9h). Anomalous sea ice
motion is favorable for the sea ice expanding towards the
marginal sea, which strengthens during P2.

When we turn to see the extreme sea ice variation in
autumn (Figure 10), we find that the maximum daily sea ice
loss with the amplitude of 5%-d " also mainly occurs along
the sea ice border (Figures 10a and 10b) in P1, spreading
poleward in P2 (Figures 10e and 10f). The maximum
amplitude of extreme daily sea ice loss is similar in summer

and autumn. However, the maximum amplitude of extreme
daily sea ice gain becomes larger with the amplitude of
7%-d" in autumn than in summer. In addition, sea ice drift
for extreme sea ice variation enhances greatly in autumn,
which implies dynamic transport may play more important
role for synoptic sea ice variation in a warmer climate.

S Summary and discussion

In this study, we compare the changes of Arctic
synoptic sea ice variation during 1979-2021 in the summer
half year before and after sea ice trend transition, labelled as
P1 and P2, respectively. Results show that synoptic SIC
variation enhances greatly in P2 compared with P1. The
maximum daily sea ice variation in summer with the
amplitude of 5%-d "' mainly occurs along the sea ice border
in P1, covering a larger area in P2. In autumn, the
maximum daily sea ice variation can reach up to the
amplitude of 7%-d', which is mainly along the sea ice
border in P1, covering a larger area in P2. In addition, both
the single-day and persistent sea ice variation events
increase in P2, with the increasing rate at least 30%
compared with P1. Most synoptic severe sea ice variations
start after mid-June and end in mid-November over
Beaufort—Chukchi seas. However, there is a clear shift in
ending time over the East Siberian-Laptev seas from early
October to early November.

The enhancement of synoptic sea ice variation is partly
related to the dynamic drift of sea ice motion (Jiang et al.,
2021). Furthermore, the synoptic SIC variation may be
related to the longwave and shortwave radiation, latent heat
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flux, sensible heat flux, moisture transport and other
processes (Dai et al., 2019, 2023; Jenkins et al., 2024; Jiang
et al., 2021; Wang et al.,, 2020; Zhong et al., 2018).
Meanwhile, the synoptic SIC variation may also be associated
with the Atlantic multi-decadal oscillation, Pacific decadal
oscillation and El Nifo-Southern Oscillation (Bi et al., 2021,
Luo et al., 2023). Our work implies that accompanied with
thinner Arctic sea ice, the interaction between atmosphere
and sea ice may become stronger in the following decades.
However, this work is just a preliminary exploration to the
synoptic sea ice variation. The atmospheric dynamic and
thermodynamic contributions to extreme sea ice variation
in different climate backgrounds need to be further
investigated.
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