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Abstract
Arctic sea ice displays the high rates of decay during summer-autumn. Previous studies have revealed the
impact of autumn Arctic sea ice on local and remote atmospheric circulation. Few attentions have been
paid on the relationship between summer Arctic sea ice and climate variation at Eurasia. This study
identi�es a strengthened relationship between midsummer rainfall at Northeast China (NEC) and
simultaneous sea ice area (SIA) in East Siberian Sea after the 1990s. The NEC’s rainfall shows a
signi�cant positive correlation with the SIA during 1994 − 2016, whereas the relationship is insigni�cant
during 1961 − 1983. The strengthening of the relationship is attributed to the western elongation of
background circulation at the North Paci�c and the increased interannual variability of the SIA after the
1990s. The former facilitates the western extension of the SIAI-associated circulation over the Central
North Paci�c. The latter induces larger amplitudes of sea ice and surface heat �uxes in situ, and then it
leads to stronger meridional temperature gradient anomalies and intensi�ed interaction between
synoptic-scale eddies and mean �ow over the North Paci�c. These conditions jointly contribute to
stronger and western elongation of circulation over the Central North Paci�c during 1994 − 2016.
Accordingly, the SIA has an intimate connection with NEC’s rainfall though the modulation of moisture
transport and vertical movement.

1. Introduction
Northeast China (NEC) is among the regions in China that are most affected by climate change (Zuo et al.
2004). Climate variation in this region, especially rainfall variability, exerts substantial impacts on crop
yield and people’s lives (Zhou et al. 2013; Zhou and Wang 2015). However, less attention has been paid to
rainfall variations in NEC than North China, the Yangtze River valley and South China. Therefore, it is
essential to investigate the mechanisms governing the variability and spatial distribution of rainfall in
this region.

It is acknowledged that summer rainfall accounts for a majority of the total annual rainfall in NEC (Liang
et al. 2011). Some efforts have been devoted to identifying the factors and mechanisms that govern the
annual and decadal variations in summer rainfall (Zhu 2011; Gao 2014a). For example, the East Asian
summer monsoon circulation is linked with the moisture transport associated with NEC’s rainfall (Sun et
al. 2017). Using the averaged 850-hPa vorticity within NEC, Han et al. (2015) de�ned a Northeast Asia
summer monsoon index (NEASM) and revealed that the weakened NEASM after the late 1990s led to the
recent decrease in summer rainfall. Generally, a strong cold vortex is accompanied by intensi�ed
convective anomalies and lead to a heavy rainfall event at NEC (Li et al. 2016). Gao et al. (2014b)
proposed that the late spring rainfall anomaly in the Huang-Huai region causes anomalous local soil
moisture and contributes to the following summer general circulation and rainfall anomalies at NEC.
After the late 1980s, the sea surface temperature (SST) anomalies in the tropical Indian Ocean could
excite an effective Rossby wave source at the Mediterranean and trigger Rossby wave at the midlatitude
Eurasia, which further affects circulation anomalies at East Asia and NEC’s rainfall (Han et al. 2018).
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From the above discussion, it is clear that previous studies have mainly focused on the summer mean
rainfall at NEC. Nevertheless, Shen et al. (2011) stated that the interannual variation in NEC’s rainfall is
predominantly in�uenced by cold vortex activity during early summer and by the East Asian summer
monsoon circulation in midsummer. Moreover, analyses of observations and numerical simulations have
indicated that the tropical Indian Ocean SST has had a stronger in�uence on midsummer rainfall in NEC
since the late 1990s (Han et al. 2017), whereas the in�uence on early summer rainfall did not become
signi�cant until the late 1980s (Han et al. 2018). Therefore, separate analyses should be performed on
rainfall variations during early summer and midsummer. This study focuses on midsummer rainfall in
NEC because the amounts and interannual variability of rainfall is greater in midsummer than other
seasons (Fig. S1).

In recent decades, increasing attention has been paid to the changes in Arctic sea ice due to mounting
evidence that Arctic sea ice loss can in�uence local and remote weather and climate by modulating
surface albedo and the exchange of radiation, heat and momentum between the ocean and the
atmosphere (Alexander et al. 2004; Dethlof et al. 2006; Vihma 2014; Screen et al. 2018). Herman and
Johnson (1978) initially noted the impact of winter Arctic sea ice cover on atmospheric circulation, even
in subtropical regions. The impact of Arctic sea ice loss on the Eurasian winter climate has been
demonstrated by substantial studies (Honda et al. 2009; Tang et al. 2013; Gao et al. 2015). For example,
the recent decline in Arctic sea ice has made critical contributions to recent cold and snowy winters over
Eurasia and North America (Liu et al. 2012; Mori et al. 2014; Cohen et al. 2019). Although some modeling
studies imply a weak in�uence of Arctic sea ice loss on the winter climate variation at the midlatitudes
(e.g., Ogawa et al. 2018; Blackport et al. 2019), the linkage between recent Arctic sea ice loss and the
frequency and persistence of winter cold events over Asia has been documented by most recent studies
(Luo et al. 2019; Francis et al. 2020). The controversy suggests the atmospheric circulation and climate
change response to sea ice reduction could vary regionally and seasonally. Therefore, more efforts
should be devoted the role of Arctic sea ice in Northern Hemisphere climate variation and the related
mechanisms.

Moreover, recent summers have observed considerable decreases in the Arctic sea ice cover (Dai et al.
2019). The Arctic sea ice changes could affect atmospheric circulation and climate change during
summer through three modulating the intensity of storm tracks (Petrie et al. 2015), meridional jet shifts
(Zappa et al. 2018), and the amplitude of wave trains (Screen 2013). Some studies address the linkage of
previous Arctic sea ice and summer rainfall in East Asia (Wu et al. 2009; Guo et al. 2014; Liu et al. 2020).
Zhao et al. (2004) showed that a reduced Arctic sea ice extent could induce enhanced summer monsoon
rainfall in southeastern China by background atmospheric circulation changes and stationary wave
dynamics. NEC is located at mid-to-high latitudes in the Northern Hemisphere. The Arctic sea ice anomaly
is also a predominant contributor to summer climate variations over NEC. Zhou and Wang (2014)
illustrated the effect of late winter sea ice in the Bering Sea on rainfall amounts and diurnal temperature
variation in NEC and further on maize and rice production. Li et al. (2018) suggested that spring sea ice
anomaly over the Barents Sea modulates summer hot drought events in NEC on an interannual
timescale.
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From the above discussion, most previous studies have focused on the impact of autumn Arctic sea ice
on the following climate variability and weather events at the Northern Hemisphere. Additionally, the
Arctic sea ice concentration has declined considerably since the late 1970s, with relatively large
reductions during summer-autumn (Dai et al. 2019). Wang and He (2015) determined that the
summertime Arctic sea ice anomaly contributed to the severe drought in Northeast Asia in 2014. Motived
by the above studies, the present study aims to investigate whether there exists a signi�cant relationship
between summer Arctic sea ice and NEC’s rainfall. If does, whether the relationship is stable or not. And
the related mechanism is also explored.

The rest of this paper is organized as follows. Section 2 introduces the datasets and methods used in the
present study. Details of the relationship between sea ice and the NEC’s rainfall and the possible
underlying mechanisms are described in Section 3. Finally, brief conclusion and discussion are presented
in Section 4.

2. Data And Methods
The monthly global atmospheric reanalysis dataset is extracted from the National Center for Environment
Prediction & National Center for Atmospheric Research (NCEP/NCAR) (Kalnay et al. 1996). The variables
used in this study include sea level pressure (SLP), geopotential height, three-dimensional winds, air
temperature, and speci�c humidity. The daily mean wind data from the NCEP/NCAR are used to calculate
the extended Eliassen-Palm (EP) �ux. The atmospheric data from the NCEP/NCAR all have a resolution of
2.5° × 2.5°. This study also employs daily upward longwave radiation �ux and sensible and latent heat
�ux data from the NCEP/NCAR on 192×94 Gaussian grids. The monthly sea ice concentration data from
1870 − 2016, with a 1.0° × 1.0° grid, are provided by the Met O�ce Hadley Centre (Rayner et al. 2003).

An advanced daily rainfall observation dataset (i.e., CN05.1) is used in the present study (Wu and Gao
2013). This dataset, which has a high resolution of 0.25° × 0.25°, is constructed based on an
interpolation from over 2400 meteorological stations in China. NEC is de�ned as the region north of 38°N
and east of 115°E in China and includes Heilongjiang Province, Jilin Province, Liaoning Province, and
East four Leagues of Inner Mongolia. At NEC, the midsummer rainfall features distinct regional
characteristics, including spatial homogeneity and south-north reversal pattern (Han et al. 2019).
Speci�cally, the leading empirical orthogonal function (EOF) mode behaves homogenously over NEC
(Fig. 1a), and the corresponding time series (shorted as PC1) exhibits strong covariance with the rainfall
averaged within NEC (R = 0.97 during 1961–2016). Therefore, the leading EOF mode and the normalized
PC1 are used to represent the spatial and temporal features of NEC’s rainfall in this study, respectively.

In the present study, the extended EP �ux is used to qualitatively determine the dynamical interactions
between the synoptic scale eddy activity and mean �ow (Trenberth 1986). The horizontal extended EP
�ux is de�ned as follows, following Trenberth (1986).
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where u and v indicate synoptic scale zonal and meridional winds, respectively, and ϕ is latitude. The
overbar denotes the midsummer average from July 1 to August 31. The synoptic eddy �elds are retained
by applying a bandpass Lanczos �lter to the raw daily �elds on a 2 − 7 day timescale (Murakami 1979).

The common time period for this study is 1961–2016. Midsummer refers to the mean for July and
August. Regression and correlation analyses are employed to investigate the atmospheric circulation
anomalies associated with the Arctic sea ice area and rainfall. Student’s t-test was used to determine
statistical signi�cance. Additionally, linear trends are eliminated from all data before analysis to isolate
the interannual variation, except in the linear trend calculation of the Arctic sea ice area.

3. Results

3.1 Strengthened relationship between Arctic sea ice and
rainfall
The Arctic sea ice area reaches its maximum in March and minimum in September, and has declined
substantially during June to November (Parkinson et al. 1999; Dai et al. 2019). Most of Arctic sea ice
displays a profound diminishing trend in midsummer during the past 56 years, along with a larger
reduction at the marginal seas of the Arctic Ocean, especially over the Beaufort Sea, East Siberian Sea,
Laptev Sea, Kara Sea, Greenland Sea and Ba�n Bay (Fig. 1c). Moreover, the interannual variability of sea
ice is also larger at these regions than other portions (Fig. 1b), which may have an intensi�ed impact on
the midlatitude atmospheric circulation and climate variability. The correlation coe�cients between the
Arctic sea ice area with the PC1 are calculated to identify the region of interest (Fig. 1d). A signi�cant
positive correlation can be seen over East Siberian Sea, implying that East Siberian Sea is a key region
where the sea ice area is closely related to midsummer rainfall in NEC. Accordingly, a sea ice area index
(SIAI) is de�ned as the normalized area-weighted average of the sea ice area in East Siberian Sea (69 − 
74°N, 160 − 190°E; as shown in Fig. 1d).

The connection between the SIAI and PC1 indices is signi�cant during 1961 − 2016 (Fig. 2a), with a
correlation coe�cient 0.39 (above the 99% con�dence level). To detect the potential instability in their
relationship, Fig. 2b depicts the 21 year sliding correlation coe�cients between the indices PC1 and SIAI.
Insigni�cant positive correlation coe�cients are observed before the mid-1980s. However, positive
correlations intensify and become signi�cant after the late 1980s. When the sliding window width
changes to 19 and 23 years, this intensi�ed connection is also apparent (�gures not shown). To explore
the decadal change in the interannual relationship between the SIAI and NEC’s rainfall, we selected two

[ ( ) ]
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periods based on Figs. 2a and b: 1961 − 1983 (P1) and 1994 − 2016 (P2), each period consisting of 23
years. The middle transitional ten years has been removed. The correlation coe�cients are 0.18
(insigni�cant) during P1 and 0.57 (exceeding the 99% con�dence interval) P2, respectively. The spatial
distributions of correlation coe�cients between the Arctic sea ice area and the PC1 index for the two
periods are illustrated in Figs. 2c and d. During P1, positive correlations appear over eastern East Siberian
Sea, and negative correlations occupy the Paci�c sector of the Arctic Ocean. By comparison, during P2,
the positive correlations expand westward over East Siberian Sea. Meanwhile, the negative correlations
disappear over the Paci�c side of the Arctic and occur at the Franz Josef Land. Given the sea ice displays
a relative large declining trend and interannual variability over the East Siberian Sea, this study focused
on the relationship between the East Siberian sea ice and NEC’s rainfall. Moreover, we also examined the
rainfall anomalies associated with the SIAI for two periods. During P1, corresponding to increased sea ice
area anomalies in East Siberian Sea, the rainfall anomalies are hardly signi�cant over most of NEC
(Fig. 2e); however, predominant positive rainfall anomalies prevail over NEC during P2, especially in the
southern part (Fig. 2e). These results con�rm that the strengthened relationship between rainfall over NEC
and sea ice area in East Siberian Sea is robust.

3.2 Changes in associated atmospheric circulation
anomalies
To understand the intensi�ed relationship between the sea ice area in East Siberian Sea and rainfall in
NEC after the 1990s, we examine the associated atmospheric circulation anomalies in this section. As
shown in Fig. 3, the SIAI related circulation anomalies have a barotropic structure before and after the
1990s. A positive SIAI is characterized by negative height anomalies and intensi�ed westerly over the
Arctic and positive height anomalies over the midlatitudes, with an anomalous anticyclone centered over
the North Paci�c. By comparison, the regimes are quantitatively larger and spatially broader during P2
than P1. To be speci�c, the negative SLP geopotential height anomalies strengthen and expand over the
whole Arctic during P2, whereas relative weak negative values just appear over the Bering Sea during P1.
It is notable that the signi�cant positive SLP and height anomalies are also stronger during P2 and P1.
Concurrently, the anticyclone over the midlatitudes dramatically enhances during P2, and elongates
westward over the Central North Paci�c and East Asia. Han et al. (2020) has revealed that the regime over
the Central North Paci�c is closely linked with NEC’s midsummer rainfall during the whole period.
Therefore, it is speculated that the westward elongation and strengthening of the anticyclone over the
Central North Paci�c associated with a positive SIAI may contribute to a signi�cant SIAI-rainfall
relationship after the 1990s.

Moisture conditions and convective activities are critical for rainfall processes, which are determined by
atmospheric circulation. Thus, the moisture transport and vertical movement anomalies in association
with the SIAI are explored in Fig. 4. During P1, in response to a positive SIAI, the anomalous northwesterly
at the west �ank of the cyclone centered over the Lake Baikal transports moisture from the inland across
the western boundary of NEC (Fig. 4a), which plays a secondary role in rainfall events (Han et al. 2019).
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Moreover, weak descending motion anomaly occupies NEC (Fig. 4c), consistent with weak circulation
anomalies over East China-West Paci�c region (Fig. 3). These regimes induce weak rainfall anomalies at
NEC (Fig. 2e). During P2, signi�cant anomalous divergence of moisture dominates the western-central
North Paci�c (Fig. 4b), which is consistent with the westward elongation of the anticyclone centered over
the Central North Paci�c (Figs. 3b, d and f). The easterly �ow at the southern �ank elongates westward
and then turns northward, crossing the southern boundary of NEC and causing prominent convergent
moisture anomalies. In addition, the anticyclone elongating from the Central North Paci�c to Northeast
China leads to upper-level divergence and low-level convergence anomalies (FIG. S4), exciting ascending
movement anomalies in situ (Fig. 4d). These circulation anomalies jointly facilitate rainfall at NEC
(Fig. 2f).

The above results indicate that the North Paci�c anticyclone in association with the positive SIAI
strengthens and elongate westward over the Central North Paci�c after the 1990s, contributing to a
signi�cant SIAI-NEC’s rainfall relationship via modulating moisture transport and vertical motion. The
above result prompts interest in the reasons for the strengthening of the SIAI-related circulation
anomalies, which will be explored in the next section.

3.3 Possible mechanism

3.3.1 The effect of increased interannual variability of sea
ice
Above analyses suggest that the relationship between sea ice at the East Siberian Sea and NEC’s
precipitation has strengthened after the 1990s. An accompanied issue to be addressed is: what is the
possible factor contributing to this interdecadal change? Chen et al. (2019) have demonstrated that the
interannual variability of the Arctic sea ice becomes enlarged after the 1990s, which could induce larger
amplitudes of sea ice anomalies as well as heat �uxes and contribute to a stronger Arctic sea ice-Arctic
oscillation connection. Motivated by their work, we have compared the sea ice, upward longwave
radiation (LWR), surface sensible heat �ux (SHF) and surface latent heat �ux (LHF) anomalies associated
with the SIAI during the two periods.

To facilitate the analysis, the SIAI is multiplied by minus one. Figures 5a1 and a2 exhibits SIA anomalies
regressed on the minus one SIAI during 1961 − 1983 and 1994 − 2016, respectively. A negative SIAI index
is related to predominant sea ice loss anomalies at the East Siberian Sea during the two periods. By
comparison, the amplitude of SIA loss is larger during P2 than during P1 (Fig. 5a3). Previous studies have
documented that the Arctic sea ice can lead to air temperature anomalies at the Arctic through
modulating LWR, SHF, and LHF (Dai et al. 2019). It is speculated that larger sea ice loss may lead to
stronger exchange of heat �ux between ocean and atmosphere. Therefore, the surface heat �uxes
anomalies in association with the SIAI are examined, including surface LWR, SHF and LHF. As shown in
Fig. 5, the declined sea ice is accompanied by increased LWR and SHF released to atmosphere and
reduced LHF over East Siberian Sea, with larger anomalies of LWR, SHF and LHF during 1994 − 2016 than
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1961 − 1983. Furthermore, Fig. 6 presents the anomalies of LWR, SHF, LHF, and net surface HF (the sum
of LWR, SHF and LHF) over East Siberian Sea obtained by regression upon the minus one SIAI for both
periods. Consistent with larger sea ice loss during the latter period, the anomalous surface net surface HF
that is released from ocean to atmosphere increases from 2.05 W m− 2 during 1961 − 1983 to 5.01 W m− 2

during 1994 − 2016, which is attributed to the increases in LWR (from 3.35 W m− 2 during 1961 − 1983 to
4.63 W m− 2 during 1994 − 2016) and SHF (from 1.10 W m− 2 during 1961 − 1983 to 3.04 W m− 2 during
1994 − 2016).

The amplitude of the net surface HF associated with SIAI decrease in the later period is approximately 2.5
times larger than that during the former period. Correspondingly, the SIAI could induce stronger air
temperature anomalies during P2 than during P1 (Fig. S5), leading to stronger meridional temperature
gradient after the 1990s. To be Speci�c, during P2, a negative SIAI index is associated with decreased
equator-to-pole temperature gradient at the region between 50°N and 70°N, and increased temperature
gradient at the region between 30°N and 45°N (Figs. 7b, d and f). Therefore, the westerly anomalies
decelerate at the midlatitudes of North Paci�c. However, the temperature gradient and zonal wind
anomalies associated with the SIAI are con�ned over the Northeast Paci�c, with weak anomalies at the
western-central North Paci�c (Figs. 7a, c and e).

The temperature gradient anomalies are related to baroclinicity and may have an in�uence on eddy
activities (Chen et al. 2018). It is speculated that the sea ice at the East Siberian Sea may be associated
with the wave-mean �ow interaction. Moreover, the interaction between synoptic-scale eddies and mean
�ow could be qualitatively diagnosed by the extended EP �ux. Previous study has demonstrated that the
convergences (divergences) of the extended EP �ux are accompanied by forcing of anticyclonic
(cyclonic) circulation to its north and cyclonic (anticyclonic) circulation to its south (Lau 1988; Chen et al.
2018). Figure 8 shows the anomalies of midsummer extended EP �ux at 300 hPa and the corresponding
divergence in association with the minus one SIAI during both periods. In response to a negative SIAI,
signi�cant convergence anomalies of the extended EP �ux appears over the high latitudes of the North
Paci�c as well as over NEC and divergence anomalies occur over the midlatitudes during 1994 − 2016
(Fig. 8b), which are accompanied by easterly (westerly) wind anomalies at approximately 50 − 60°N (30 − 
45°N) (Fig. 7d). Accordingly, a strong cyclonic vorticity forcing appears to the north of divergence region
and south of the convergence region, i.e., approximately 40 − 50°N, and that an anticyclonic vorticity
forcing appears south of the divergence region, i.e., approximately 25 − 35°N, and north of the
convergence region, i.e., north of 60°N (Fig. 8d). These explain the development of the positive height and
anticyclonic anomalies over the western-central North Paci�c (Figs. 3b, d and f). In contrast, the
anomalous divergence and convergence of the extended EP �ux and vorticity forcing are relative weak
over East Asia and the North Paci�c during 1961 − 1983, consistent with weak westerly wind at high
latitudes and easterly wind at midlatitudes of the Northeast Paci�c. It explains the appearance of
relatively weak geopotential height and horizontal wind anomalies over the North Paci�c during the
former period (Figs. 3a, c and e).



Page 9/21

The larger amplitude of sea ice area anomalies in East Siberian Sea is associated with enlarged
interannual variability after the 1990s. As shown in Fig. 9a, the interannual variability is greater over
northern East Siberian Sea during the latter period than the former period. Figure 9b depicts the 21-year
sliding standard deviation of the sea ice area at East Siberian Sea. It is obvious that the interannual
variability is larger after the mid-1980s. It suggests that the larger amplitude of the East Siberian sea ice
anomalies due to an enlarged interannual variability have an strengthened connection with temperature
gradient anomalies and the interaction between synoptic-scale eddies and mean �ow at the western-
central North Paci�c. This indicates that the change in the sea ice area in East Siberian Sea is a likely
contributor to the enhanced connection between the SIAI and circulation anomalies over the North
Paci�c.

3.2 The western elongation of background circulation at the
Central North Paci�c
It is notable that the anticyclone associated with the SIAI elongates westward after the 1990s, which is
centered over the Northeast Paci�c during P1 and is centered over the Central North Paci�c during P2
(Fig. 3). The western elongation of the anticyclone facilitates the prevalence of signi�cant moisture
divergence anomalies centered at the western-central North Paci�c (Fig. 4b). The southerly �ow at the
western �ank of the moisture divergence transports water vapor deriving from the subtropical West
Paci�c to NEC across the southern boundary. However, the anticyclone and moisture divergence
anomalies associated with the SIAI are con�ned over the Northeast Paci�c during P1, which has an
insigni�cant in�uence on NEC’s precipitation.

We speculated that the westward elongation of the anticyclone may be related with the change in the
background circulation over the North Paci�c. The EOF analysis is performed for midsummer SLP over
the midlatitude North Paci�c (30º–55ºN, 120ºE–120ºW) during the two periods. The �rst EOF mode
features homogeneous SLP anomalies over the North Paci�c (Fig. 10). During P1, the EOF1 mode is
centered over the Northeast Paci�c, and the main body is located in the east of dateline; by contrast, the
EOF1 mode elongates westward remarkably and is centered at the central North Paci�c during P2. The
westward extension of the EOF1 mode is consistent with the western elongation of the anticyclone at the
Central North Paci�c in association with a positive SIAI.

To characterize the structural change of the background circulation over the North Paci�c in detail, we
calculate the �rst EOF of the North Paci�c SLP during each of 36 overlapping 21 years. The central year
is 1971 for the period 1961−1981, for example. The �gures are shown every four years for brevity. The
center of the SLP at the North Paci�c locates east of 160°W before the late 1980s; however, the center
shifts westwards and locates west of the date line after the 1990s (Fig. 11). Moreover, it should be noted
that the western extension of the circulation over the North Paci�c can also be obtained based on the
�fth-generation ECMWF atmospheric reanalysis dataset (Figs. S6 and S7). It suggests that the western
elongation of the circulation over the North Paci�c is robust. Therefore, the main body of the background
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circulation at the North Paci�c shifts from the Northeast Paci�c to the central North Paci�c after the
1990s, which may contribute to the westward elongation of the SIAI-circulation at the North Paci�c.

4. Conclusion
This study documents a strengthened relationship between sea ice area over East Siberian Sea and
midsummer rainfall at NEC after the 1990s. The relationship between the SIAI and NEC’s rainfall is
insigni�cant during the period 1961 − 1983 and becomes signi�cantly positive during 1994 − 2016.
During the latter period, the anticyclone over the Central North Paci�c associated with the SIAI becomes
strengthened and elongates westward, which further affects NEC’s rainfall through modulating moisture
transport and vertical movement.

In addition, the change in interannual variability in East Siberian sea ice is a likely factor contributing to
the enhanced connection between the SIAI and circulation anomalies at the midlatitudes. The amplitude
of sea ice anomalies is larger during 1994 − 2016 than during 1961 − 1983 due to an enlarged interannual
variability. Consistently, the SIAI-related surface heat �uxes anomalies are stronger during 1994 − 2016
than 1961 − 1983, which further induces stronger meridional temperature gradient anomalies and
strengthened interaction between synoptic-scale eddies and mean �ow. Therefore, the circulation
anomalies related to the SIAI intensi�ed over the North Paci�c. Moreover, the background circulation at
the North Paci�c shifts from the Northeast Paci�c to the Central North Paci�c, facilitating the western
elongation of the SIAI-related anticyclone over the Central North Paci�c. These conditions jointly
contribute to strengthened circulation anomalies at the midlatitudes in association with the SIAI (Fig. 12).
Thus, the positive connection between the SIAI and the rainfall at NEC is established after the 1990s.
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Figure 1

a Linear regression of rainfall (mm) against the normalized �rst principal component (PC1) of the EOF1
mode of midsummer rainfall over Northeast China (NEC) for 1961−2016. b Standard deviation (102 km2)
of midsummer Arctic sea ice area (SIA) north of 65ºN for the period 1961−2016. c Linear trend (102 km2

per year) of midsummer Arctic SIA north of 65ºN during 1961−2016. d Correlation map between
midsummer Arctic SIA and the PC1 index. Stippling areas in a, c and d indicate the values that
signi�cantly exceed the 95% con�dence level, estimated using Student’s t-test. The rectangular area in b
and d represents the selected region for the SIA index at East Siberian Sea (69º−74ºN, 160º−190ºE; SIAI). 
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Figure 2

a Time series of the PC1 (blue line) and SIAI index (red line) during 1961–2016 and b the 21 year sliding
correlation coe�cients between the two indices. Horizontal broken line donates the 90% con�dence level,
based on Student’s t-test. The two vertical lines represent the years 1983 and 1994, respectively.
Correlation coe�cients of midsummer Arctic SIA and the PC1 index during c 1961–1983 and d 1994–
2016. Linear regression pattern of midsummer rainfall (mm) against the SIAI for e 1961–1983 and f
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1994–2016. Stippling areas in e–f indicate the values that signi�cantly exceed the 90% con�dence level,
estimated using Student’s t-test.

Figure 3

Linear regression pattern of midsummer a, b SLP (mb) and 850-hPa horizontal wind (m s−1), c, d 500-hPa
geopotential height (m) and horizontal wind (m s−1), e, f 300-hPa geopotential height (m) and horizontal
wind (m s−1) against the SIAI for 1961–1983 (left panels) and 1994–2016 (right panels). Stippling areas
indicate the values that signi�cantly exceed the 90% con�dence level, estimated using Student’s t-test.
Vectors exceeding the 90% con�dence level are plotted. 
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Figure 4

Linear regression pattern of midsummer a, b vertically integrated moisture �ux from the surface to 300
hPa (vectors, kg m−1 s−1) and its divergence (shadings, 10−6 kg s−1), and c, d 500-hPa vertical movement
(Pa s−1) against the SIAI for 1961–1983 (left panels) and 1994–2016 (right panels). Stippling areas
indicate the values that signi�cantly exceed the 90% con�dence level, estimated using Student’s t-test.
Vectors in a–b greater than 10 (kg m−1 s−1) are plotted. Dark (light) shadings in c–d indicate the 95%
(90%) con�dence level, estimated using Student’s t-test.

Figure 5

Linear regression pattern of midsummer a1, a2 sea ice area (102 km2), b1, b2 upward longwave radiation
(LWR; W m−2), c1, c2 surface sensible net heat �ux (SHF; W m−2), and d1, d2 surface latent net heat �ux
(LHF; W m−2) against the minus one SIAI for 1961–1983 (left panels) and 1994–2016 (middle panels).
Changes of a3 SIA, b3 LWR (W m−2), c3 SHF (W m−2), and d3 LHF (W m−2) anomalies between 1994–
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2016 and 1961–1983, obtained by the middle column minus the left column. Stippling (crossing) areas
indicate the values that signi�cantly exceed the 95% (90%) con�dence level, estimated using Student’s t-
test.

Figure 6

Regional mean LWR, SHF, and LHF anomalies (W m−2) and net surface heat �ux (HF; W m−2) over East
Siberian Sea obtained by regression upon the minus one SIAI index during 1961–1983 (red bars) and
1994–2016 (blue bars). Positive values indicate upward direction.

Figure 7
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Linear regression pattern of midsummer equator-to-pole air temperature gradient (shadings; right panel)
and zonal wind (contours) against the minus one SIAI for 1994–2016 at a 850 hPa, b 500 hPa and c 300
hPa. Green (purple) stippling areas indicate that the equator-to-pole temperature gradient anomalies
signi�cantly exceed the 95% (90%) con�dence level, estimated using Student’s t-test.

Figure 8

Linear regression pattern of midsummer a, b 300-hPa zonal wind (contours, m s−1), extended EP �ux
(vectors, m2 s−2) and its divergence (shadings, 10−5 m s−2), and c, d 300-hPa vorticity (contours, 10−6 s−1)
and divergence wind components (vectors, m s−1) with regard to the minus one SIAI for 1961–1983 (left
panels) and 1994–2016 (right panels). Vectors exceeding the 90% con�dence level are plotted. Dark
(light) shading in c, d indicates values that signi�cantly exceed the 95% (90%) con�dence level, estimated
using the Student’s t-test.

Figure 9

a The differences in standard deviation of the sea ice area (102 km2) over the East Siberian Sea between
1994–2016 and 1961–1983. b The time series of interannual variability (102 km2) of the East Siberian
Sea SIA during 1961–2016. The interannual variability of de�ned as the 21-year moving standard
deviation of the SIA averaged at East Siberian Sea during 1961–2016. The horizontal line indicate the
interannual variability 5×102 km2.

Figure 10

The leading EOF mode of midsummer SLP over the North Paci�c (30º–55ºN, 120ºE–120ºW) during a
1961–1983 and b 1994–2016. The number in the upper right corner indicates the explained variance. 

Figure 11

Same as Fig. 10, except for a 21-year-sliding window. The year of each panel indicates the central year of
the sliding window. The �gure is shown every four years for brevity. 
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Figure 12

Same as Fig. 10, except for a 21-year-sliding window. The year of each panel indicates the central year of
the sliding window. The �gure is shown every four years for brevity. 
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