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Abstract
This study investigates the relationship between sea ice concentration (SIC) in the Arctic Ocean and the Boreal Summer 
Intraseasonal Oscillation (BSISO) from 1991 to 2020 and its underlying mechanism. A significantly positive (negative) 
correlation was found between the frequency of phase 7 (3) of BSISO1 (30–60 d) and the preceding winter SIC, which is 
located the north of the East Siberian-Beaufort Sea (ESBS). Compared with low-SIC years, the conditions including north-
easterly vertical wind shear, an enhanced ascending branch of the anomalous Walker circulation, an eastward water vapour 
transport channel, and an increased humidity gradient induce active convection over the Philippine Sea in high-SIC years, 
which benefits (hinders) to phase 7 (3) of BSISO1. The positive SIC anomaly during the transition from winter to spring 
influences local temperature and pressure through anomalous local sensible heat flux. This anomaly induces wave activity 
flux from the ESBS, which converges over the Bering Sea, enhancing the Aleutian Low (AL). Subsequently, the AL triggers 
an anomalous subtropical anticyclone through wave-mean flow interaction in the North Pacific. Due to southerly wind stress 
and increased sea surface heat flux, positive sea surface temperature anomalies near Japan persist in the summer, heating the 
lower troposphere and increasing baroclinicity. Significant positive geopotential heights and anticyclone anomalies occur 
over Japan, accompanied by a negative vorticity anomaly. The enhanced ascending motion over the Philippine Sea, facilitated 
by Ekman pumping, favours convection and influences the frequency of phases 7 and 3.
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1  Introduction

The Arctic, located in a high-latitude cold region, is a major 
heat absorber for Earth. The Arctic cryosphere plays a cru-
cial role in Earth's climate system, with high sensitivity and 
long-term impact. It has undergone experienced changes in 
recent decades (Cohen et al. 2014). Globally, surface tem-
peratures have steadily increased over the past few decades. 

From 2011 to 2020, the average global surface temperature 
was 1.09 ℃ higher than between 1850 and 1900. The tem-
perature changes have led to unprecedented transformations 
in the Arctic, which has warmed more than twice as fast 
as the global average since the late twentieth century—a 
phenomenon known as Arctic amplification (Cohen et al. 
2014, 2020; Coumou et al. 2018; Rantanen et al. 2022). The 
Arctic’s rapid climate changes have far-reaching implica-
tions, affecting polar regions, weather, and climate patterns 
in mid-to-low-latitude regions (Screen and Simmonds 2013; 
Cohen et al. 2014, 2020; Vihma 2014).

Sea ice is crucial for the transfer of heat, momentum, 
water vapour and other substances between the atmosphere 
and oceans in the Arctic. Previous research links Arctic 
amplification to temperature feedback, sea ice albedo 
feedback and reduced sea ice leading to heat transfer from the 
ocean to the atmosphere (Holland and Bitz 2003; Bintanja 
and Van Der Linden 2013; Pithan and Mauritsen 2014; 
Vihma 2014; Boeke and Taylor 2018; Sang et al. 2022). 
Arctic sea ice is regarded as an indicator of climate change 
both in the Arctic and globally. It has drastically changed 
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in recent decades, frequently breaking historic lows and its 
cover range shrinking to 3.8% per decade (Comiso and Hall 
2014). In 2007, the Arctic sea ice area reached a minimum 
of 4.13 million square meters (Perovich et al. 2008). In 2012, 
satellite observations recorded an unprecedented ice extent, 
merely half the average minimum cover area between 1979 
and 2000 (Yuan et al. 2018). Subsequently, 2020 was the 
second smallest year for Arctic sea ice coverage (Wei et al. 
2021). Numerical models project a future scenario of an ice-
free Arctic Ocean during summer and autumn (Holland et al. 
2006; Sigmond et al. 2018), although these models often 
underestimate the actual rate of sea ice melting (Stroeve 
et al. 2007; Rosenblum and Eisenman 2017).

Arctic sea ice significantly influences local and global cli-
mate through interactions with the atmosphere and oceans. 
Numerous studies have shown its impact on winter atmos-
pheric circulation in mid- to high latitudes and the underly-
ing physical processes (Honda et al. 2009; Liu et al. 2012; 
Yang et al. 2020; Li et al. 2021, 2023). Observational data 
and model simulations by Honda et al. (2009) showed that 
turbulent heat flux anomaly caused by autumn sea ice anom-
alies in the Barents-Kara Sea enhanced the Siberian High 
by triggering stationary Rossby waves, leading to colder 
temperatures in the Far East during winter. Liu et al. (2012) 
found that reduced Arctic sea ice results in an enhanced 
source of water vapour and a more meridional atmospheric 
circulation in the mid-latitudes, increasing blocking and cold 
wave events. Moreover, the relationship between Arctic sea 
ice and summer atmospheric circulation in the mid-to-high 
latitudes of the Eurasian continent has also been explored 
(Wu et al. 2009a, b, 2013; Li and Leung 2013; Cohen et al. 
2014; Mori et al. 2014; Vihma 2014). Atmospheric circula-
tion changes may further influence extreme weather events 
in mid-to-high latitudes (Francis and Vavrus 2012; Chripko 
et al. 2021; Yao et al. 2023). Studies have also shown that 
Arctic sea ice loss enhances warming in the eastern equa-
torial Pacific and intensifies the Intertropical Convergence 
Zone (England et al. 2020).

Additionally, Arctic sea ice concentration (SIC) anoma-
lies may induce El Niño-like warming in the central tropi-
cal Pacific, potentially leading to more frequent strong El 
Niño events (Kim et al. 2020; Liu et al. 2022). Furthermore, 
the variations in Arctic sea ice have been linked to the fre-
quency, genesis potential index, and accumulated energy 
of tropical cyclones in the western North Pacific (Ma et al. 
2014; Fu et al. 2021; Chen et al. 2023a). However, some 
studies argued that there was no consensus on whether Arc-
tic warming affects mid or low-latitudes (Screen et al. 2014; 
Barnes and Screen 2015).

Intraseasonal oscillation (ISO) is a periodicphenomenon 
lasting 10–90 days in the atmosphere. Although ISO has also 
been observed at mid-to-high latitudes, many studies have 
mainly focused on the tropics (Anderson and Rosen 1983;  

Pancheva 2003; Huang et  al. 2015; Yang and Li 2016; 
Wang et al. 2022). The tropical ISO, or the Madden-Julian 
Oscillation (MJO, 1971, 1972), is the strongest intraseasonal 
signal in the tropical atmosphere throughout the year, 
executing impact on various spatiotemporal scales (Zhang 
2013; Serra et al. 2014). It involves coupling and eastward 
propagation between large-scale Kelvin-Rossby wave 
structures and convection throughout the year. However, due 
to the seasonal cycle in boundary conditions and associated 
circulations, such typical behavior is most pronounced 
during boreal winter and another mode emerges during 
boreal summer (Madden and Julian 1994; Zhang 2005; 
Kikuchi 2021). In summer, the main centres of convection 
variability associated with the tropical ISO shift northward 
from the equator to 10°–20°N, resulting in more complex 
propagation patterns (Lee et al. 2013; Chen and Wang 2021). 
In addition to MJO-like eastward propagation along the 
equator (Hu et al. 2023), the summer tropical ISO exhibits 
a northward/northeastward propagation component over 
the Indian summer monsoon region and the western North 
Pacific-East Asia region (Kemball-Cook and Wang 2001; 
Lawrence and Webster 2002; Annamalai and Sperber 2005; 
Chu et al. 2012; Li et al. 2023). This distinct mode, different 
from MJO, is known as the Boreal Summer Intraseasonal 
Oscillation (BSISO) (Wang et al. 2023).

For the ASM and the global monsoon, the BSISO is rec-
ognized as the primary source driving short-term climate 
variations at various spatiotemporal scales (Webster et al. 
1998; Wang and Ding 2008; Kikuchi 2021). Previous stud-
ies have shown that the BSISO may impact the onset of the 
ASM, as well as the active-break cycles,seasonal mean, gen-
esis, and track of typhoons (Kang et al. 1999; Krishnamurthy 
and Shukla 2008; Ding and Wang 2009; Nakano et al. 2021; 
Hu et al. 2022; Wei et al. 2022). Moreover, it can contribute 
to seasonal climate predictions related to precipitation and 
extratropical atmospheric circulation (Ding and Wang 2005; 
Wang et al. 2009, 2012; Lee et al. 2010).

Previous studies have shown that the BSISO consists 
of two components in frequency bands, corresponding to 
different atmospheric modes and propagation character-
istics (Wang et al. 2005; Kikuchi and Wang 2010; Lee 
et al. 2013; Wu and Cao 2017). For example, the BSISO 
can be divided into BSISO1 and BSISO2 by performing 
multivariate empirical orthogonal function decomposi-
tion on daily data from May to October of outgoing long-
wave radiation (OLR) and 850 hPa zonal wind on a par-
ticular area (40°–160°E, 10° S–40°N) (Lee et al. 2013). 
The BSISO1 is associated with northward-propagating 
variability that often coincides with the eastward move-
ment of the MJO, having quasi-oscillating periods lasting 
30–60 days. On the other hand, the BSISO2 mainly cap-
tures northward or northwestward-propagating variability 
with periods spanning from 10 to 30 days, particularly 
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during the pre-monsoon and monsoon-onset seasons. 
The unique climatology of the Asian Summer Monsoon 
(ASM) region significantly influences the evolution 
and propagation of the BSISO. The thermal conditions, 
including poleward surface temperature and humidity gra-
dients, in the ASM region result in similar distributions of 
convective instability and moist static energy. These con-
ditions create a favorable environment for the northward 
and eastward propagation of the BSISO (Ajayamohan and 
Goswami 2007; Jiang et al. 2004; Li et al. 2013; Hu et al. 
2023). As for the dynamic factors, the significant easterly 
vertical wind shear in the ASM region is beneficial for 
the northward propagation of BSISO, and its mechanism 
has been systematically explained (Wang and Xie 1996; 
Xie and Wang 1996; Jiang et al. 2004; Wang et al. 2006). 
Some studies have discussed the effect of background 
northerly wind shear on the northward propagation, prop-
agation speed, and stability of the BSISO (Bellon and 
Sobel 2008; Dixit and Srinivasan 2011). Moreover, the 
southwesterly monsoon in the ASM region can directly 
transport water vapour and induce northward convection 
(DeMott et al. 2013).

As previously mentioned, some studies have explored 
the impact of the Arctic on the tropics, and there are also 
some encouraging developments regarding the effect of 
the Arctic on MJO. Flatau and Kim (2013) showed that a 
persistent Arctic Oscillation anomaly appears to influence 
the convection in the tropical belt and impact the distri-
bution of MJO-preferred phases by the sea surface tem-
perature (SST) changes. The occurrences of MJO phases 
6 and 7 have been proven to significantly increase during 
around 20 days after the onset of Northern Hemisphere 
(NH) stratospheric sudden warmings (Wang et al. 2020). 
The exact responses of tropical convection to NH extreme 
stratospheric polar vortex events have also been investi-
gated (Wang et al. 2022). However, there is a research 
gap concerning the impact of the Arctic on BSISO, par-
ticularly Arctic sea ice. Given the significant role of the 
BSISO in weather and climate, this study aims to investi-
gate the potential connection between Arctic SIC and the 
subsequent BSISO. Additionally, the study explores the 
underlying physical mechanisms through which Arctic 
SIC influences the BSISO in the ASM region.

The remainder of this paper is organized as follows: 
Section  2  introduces datasets, indices, and analytical 
methods. The statistical relationships between the Arc-
tic SIC and BSISO phases are presented in Section 3. 
Section 4 explores the characteristics of the circulation 
and water vapour anomalies associated with Arctic SIC 
in the ASM region. Section 5 elaborates on the possi-
ble mechanisms by which winter Arctic SIC affects the 
BSISO. Finally, a summary and discussion are presented 
in Section 6.

2 � Data and methods

The data utilized in this study include the following: 1) Daily 
and monthly ERA5 datasets from the European Centre for 
Medium-range Weather Forecasts (ECMWF). These datasets 
comprise air temperature, geopotential height, horizontal wind, 
specific humidity, etc. (Hersbach et al. 2020); 2) Monthly SST 
and SIC datasets from the Met Office Hadley Center, with a 
horizontal resolution of 1.0° × 1.0°. These datasets have been 
detrended to exclude the possible impact of global warming; 
3) Daily and monthly OLR datasets from the National Oceanic 
and Atmospheric Administration (NOAA), with a horizontal 
resolution of 2.5° × 2.5°; 4) monthly Niño3.4 index from 
NOAA; 5) Daily BSISO indices, including BSISO1 and 
BSISO2, were obtained from the Asia-Pacific Economic 
Cooperation Climate Center (APCC). Compared with the real-
time multivariate MJO (RMM) index proposed by Wheeler 
and Hendon (2004), the BSISO1 and BSISO2 indices are 
capable of describing a large fraction of the total intraseasonal 
variability in the ASM region and better represent northward/
northwestward propagation (Lee et al. 2013). The BSISO 
occurs from May to October and is mainly active from June to 
August (JJA). Moreover, there is a lag effect in sea ice changes, 
which is a slow process compared to the atmosphere. Some 
studies have proved that winter and spring Arctic sea ice 
could lead to climate changes in the following summer (Chen 
et al. 2023a; Wu et al. 2009a, b, 2013). Therefore, this study 
focused on the possible impact of the preceding winter and 
spring Arctic sea ice on the JJA BSISO. All cases were used 
in the study regardless of the amplitude of the BSISO indices. 
Considering the global interdecadal changes in the 1990s, the 
study period was selected as 1991 to 2020, which was also a 
basic climatology.

Wave activity flux (WAF) is commonly used in atmospheric 
dynamics to diagnose the propagation of Rossby waves. The 
Plumb WAF was proposed for analyzing the three-dimensional 
propagation characteristics of stationary Rossby waves (Plumb 
1985). Then the T-N WAF proposed by Takaya and Nakamura 
(2001) has a larger meridional component than the Plumb 
WAF. Under quasi-geostrophic conditions, the T-N WAF is 
appropriate for analyzing Rossby wave disturbance of the 
westerlies in a zonally asymmetric flow. Therefore, they are 
widely used in climate monitoring and weather diagnosis. The 
horizontal component of T-N WAF is:

with � =
Φ
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,
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longitude, respectively. f  represents the Coriolis parameter. 
a and Ω represent the Earth’s radius and rotation rate, respec-
tively. U and V  represent the multiyear average climatic 
fields of basic flow. Using this method, the propagation 
characteristics of Rossby waves that may exist during the 
Arctic sea ice process affecting the BSISO were analysed.

When analysing the possible impact of SST anomaly 
(SSTA) near Japan on the phases of BSISO to reduce the 
potential interference of El Niño decaying years, this study 
adopts the formula proposed by Ashok et  al. (2003) to 
remove the signal of Niño3.4 from the relevant variables. 
The expression is:

IA is the Niño3.4 index and ĨA is the normalised IA . IB is 
the regional variables, and O′ is the standard deviation of IB . 
r(IB, IA) denotes the correlation coefficient between IA and 
IB . IRB represents the variables without the Niño3.4 signal.

In addition, statistical methods such as composite anal-
ysis, regression analysis, and correlation analysis were 
adopted, and their results were examined for confidence 
levels using the Student’s t-test.

3 � Results

3.1 � Relationship between Arctic SIC and BSISO 
phases

Based on the duration of the ISO, the BSISO is divided 
into two components: BSISO1 (30–60 days) and BSISO2 
(10–30 days). These components consist of eight phases that 
depict the eastward or northward as well as northwestward 
or northeastward propagation of intraseasonal variability in 
the ASM region (Lee et al. 2013). First, this section used the 
BSISO1 and BSISO2 indices to analyse their characteristics 
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in summer and identify the relationship between the BSISO 
components and the preceding Arctic sea ice.

Figure 1 shows the annual frequency distribution of each 
phase for BSISO1 and BSISO2 during JJA. Notably, both 
components exhibited significant interannual variation. 
The frequency range for all phases of BSISO1 spans 1 to 
31 days, with phase 2 showing the highest variance of 51.26 
day2 (ranging from 1 to 31 days) and phase 1 exhibiting the 
lowest variance of 22.08 day2 (ranging from 2 to 19 days). 
Similarly, for BSISO2, the frequency range for all phases 
covers 1 to 28 days, with phase 2 having the highest vari-
ance of 40.45 day2 (ranging from 4 to 28 days) and phase 5 
showing the lowest variance of 17.29 day2 (ranging from 2 
to 21 days). Based on this comparison, it can be inferred that 
the interannual variability in frequency is generally more 
pronounced in BSISO1 than in BSISO2.

Additionally, Fig. 1c shows each phase’s the 30-year aver-
age frequency distribution for BSISO1 and BSISO2 during 
JJA. Phase 2 and 3 of BSISO1 exhibited relatively high fre-
quencies, averaging 13.7 days and 13.1 days per JJA, respec-
tively, with associated convection primarily located over the 
equatorial Indian Ocean. In contrast, phase 6 of BSISO2 had 
the highest frequency, averaging 13 days per JJA, and was 
associated with convection in the Bay of Bengal-East Asia-
western North Pacific region.

We explored the potential relationship between Arctic 
sea ice from winter (December to February, DJF) to spring 
(March to May, MAM) and the BSISO during the follow-
ing JJA period, considering the statistical characteristics of 
the BSISO obtained above. This is due to the pronounced 
interannual and seasonal variations of Arctic sea ice, which 
change relatively slowly compared to the atmosphere, lead-
ing to a lag effect.

Figure 2 shows the regressed Arctic SIC in DJF and 
MAM for the frequency-time series in each phase of the JJA 
BSISO1. In DJF, the SIC north of the East Siberian-Beaufort 
Sea (hereafter, the ESBS) significantly correlated with the 
frequency of phases 3 and 7 of the BSISO1. A negative SIC 

Fig. 1   The time series of frequency in each phase of a BSISO1 and b BSISO2 during JJA from 1991 to 2020; c the 30-year average frequency in 
each phase of BSISO during JJA (unit: day)
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anomaly in this region corresponded to more days in phase 
3 (Fig. 2c) In comparison, it corresponded to more days 
in phase 7 for positive SIC anomaly years (Fig. 2g). Com-
pared with the ESBS, the relationships between SIC in other 
regions and the frequency in each phase of the BSISO were 
not significant. Therefore, we designated the ESBS as a key 
region for the impact of the DJF and MAM Arctic sea ice 
on the JJA BSISO1, with a specific range (160°E–125°W, 
75–84°N) (black boxes in Fig. 2c, g). Figure 2i–p showed 
the relationship between the MAM SIC and BSISO1. The 
signal in the ESBS was a little weaker during MAM than 
during DJF, but no significant signals were found in the other 

regions. Furthermore, we conducted a regression analysis to 
examine the relationship between the Arctic SIC anomaly 
during DJF and MAM and the frequency time series of each 
phase in the BSISO2. The results showed significant regions 
in phases 2, 4, 6, and 7 of the BSISO1 (Fig. 3b, d, f, and g), 
as well as phase 2 of the BSISO2 (Fig. 3j). Notably, Laptev 
Sea, exhibited a significant negative correlation with the 
phase 2 (Fig. 3b). In contrast, the northern region of the New 
Siberian Islands showed a positive correlation with the phase 
4 (Fig. 3d). However, compared to the results for BSISO1, 
these regions displayed a scattered spatial distribution and a 
narrower scope (Fig. 3b, d, f, g, and j), indicating a stronger 

Fig. 2   Regressed SIC in the previous (a–h) DJF and (i–p) MAM to 
the frequency-time series in each phase of JJA BSISO1. The black 
boxes in panels (c) and (g) represent the ESBS. At the same time, the 

dots denote the regions where the regressions show statistical signifi-
cance above the 90% confidence level, determined using the Student’s 
t-test
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and more apparent relationship between the DJF and MAM 
SIC and the subsequent JJA BSISO1.

To further analyse the two crucial phases of BSISO1 and 
the SIC in the ESBS, we composited the 850 hPa horizontal 
wind and OLR corresponding to phases 3 and 7 based on the 
daily BSISO1 index in JJA. In phase 3, the convection centre 
was located over the tropical Indian Ocean and the Maritime 
Continent, accompanied by an anomalous low-level cyclone. 
Conversely, convection was suppressed over the South China 
Sea-western North Pacific, with an anomalous low-level 
anticyclone (Fig. 4a). The spatial distribution of phase 7 
exhibited the opposite pattern. Convection was active over 
the South China Sea-western North Pacific, accompanied by 

an anomalous cyclone in the lower troposphere. Meanwhile, 
convective suppression and an anomalous anticyclone were 
observed over the tropical Indian Ocean and the Maritime 
Continent (Fig. 4b). These findings aligned with the results 
reported by Lee et al. (2013).

Additionally, we calculated and standardized the 
regional average SIC as a new index representing the 
ESBS in winter and the subsequent spring (Fig. 4c). It 
demonstrated that the ESBS’s SIC indices in DJF and 
MAM display obvious interannual variability, with a sta-
tistically significant correlation coefficient of 0.68 above 
the 99% confidence level; this indicates a clear continuity 
in SIC changes from DJF to MAM in the ESBS. Therefore, 

Fig. 3   As in Fig. 2, but for BSISO2
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considering the stronger relationship between DJF SIC and 
BSISO1 in Fig. 2, we utilise the DJF SIC index to measure 
Arctic sea ice in the subsequent analysis.

The correlation coefficients between the DJF SIC index 
and the frequency-time series in each phase of the BSISO 
were calculated. As shown in Table 1, for BSISO1, the 
correlation coefficient between the SIC index and the 
time series of phase 3 was -0.41, and phase 7 was 0.39, 
which was statistically significant above the 95% confi-
dence level. Except for these, the correlations between the 
SIC index and the time series of the other phases of the 
BSISO1 and phases of the BSISO2 were not significant. 
The above resultscorrespond to Figs. 2 and 3, suggesting 
a negative (positive) correlation between the DJF SIC in 
the ESBS and the frequency in phase 3 (7) of the JJA 
BSISO1. That is, when the DJF SIC in the ESBS region 
was anomalously high, then phases 3 (7) of BSISO1 were 
anomalously decreased (increased) in the following JJA.

Using the DJF SIC index, we classified the high- or 
low-SIC years of the ESBS based on ± 0.8 standard devi-
ation.There were nine high-SIC years: 1991 (the corre-
sponding winter was from December 1990 to February 
1991), 1994, 1995, 2000, 2001, 2005, 2006, 2016, and 
2018. Low-SIC years were 1996, 1997, 2003, 2007, and 
2008. Table 2 showed that phase 3 of BSISO1 had a clima-
tology of 13.1 days, an average of 9.9 days in a high-SIC 
year, and 16.6 days in a low-SIC year. For phase 7, the 
above values were 10.3, 15.1, and 7.4 days, respectively. 
The difference in frequencies between high- or low-SIC 

years and normal years was the largest in these two phases 
compared to the other phases.

3.2 � Circulation and water vapour anomalies related 
to BSISO1

The development and propagation of the BSISO are closely 
related to large-scale circulation and water vapour. There-
fore, this section first exhibited summer background fields 
in typical SIC years and analysed the physical conditions 
favouring phases 3/7 of the BSISO1.

Figure 5 shows the composited differences of atmos-
pheric circulation and water vapour anomalies, which may 

Fig. 4   Composited 850 hPa 
horizontal wind (vector, unit: 
m/s) and OLR (shaded, unit:W/
m2) corresponding to a phase 
3 and b phase 7 based on the 
daily BSISO1 index in JJA; 
c the standardized regional 
average SIC indices of DJF and 
MAM. The solid grey lines in 
panel (c) denotes ± 0.8 standard 
deviations

Table 1   Correlation coefficients 
between the DJF SIC index and 
the frequency-time series in 
each BSISO phase

* and the bold value denote the significant correlation at a 95% confidence level

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8

BSISO1 -0.12 -0.18 -0.41* -0.03 0.10 0.25 0.39* 0.03
BSISO2 0.08 0.13 -0.02 -0.20 -0.10 -0.15 0.03 0.15

Table 2   The average frequency in each phase of BSISO1 in the high-/
low-/normal SIC years (unit:day)

The values in brackets denote the difference between the high-/low-
SIC years and normal years and the bold value denote the extremums

High-SIC years Low-SIC years Normal years

Phase 1 8.0 (-0.7) 10.6 (+ 1.9) 8.7
Phase 2 10.9 (-2.8) 16.2 (+ 2.5) 13.7
Phase 3 9.9 (-3.2) 16.6 (+ 3.5) 13.1
Phase 4 11.2 (-0.9) 11.2 (-0.9) 12.1
Phase 5 12.4 (-0.1) 11.8 (-0.7) 12.5
Phase 6 11.9 (+ 1.8) 8.6 (-1.5) 10.1
Phase 7 15.1 (+ 4.8) 7.4 (-2.9) 10.3
Phase 8 12.4 (+ 0.9) 9.6 (-1.9) 11.5
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be related to phases 3/7 of BSISO1 in the high- and low-SIC 
years. Compared with low-SIC years, it is observed that dur-
ing the summer of high-SIC years, significant anomalous 
easterly flow occurred in the lower level over the region from 
the tropical Indian Ocean to the Marine Continent. At the 
same time, anomalous westerly winds in the upper level over 
the region from the southern Indian Peninsula to the Philip-
pine Islands resulted in anomalous vertical easterly shear 
(Fig. 5a–c). Notably, the northeastern wind shear was more 
pronounced from the Bay of Bengal to the east of the Philip-
pine Islands. Previous studies have highlighted the influence 
of vertical easterly and northerly wind shear on the propa-
gation of the BSISO (Wang and Xie 1996; Xie and Wang 
1996; Wang et al. 2006; Bellon and Sobel 2008; Dixit and 
Srinivasan 2011). Therefore, the easterly/northeasterly shear 
observed in the tropical Indian Ocean and western Maritime 
Continent may promote the northwestward propagation of 
convection towards the Pacific.

Moreover, Fig.  5d revealed a significant descending 
motion over the western tropical Indian Ocean and an 
ascending motion over the South China Sea and western 
North Pacific. This condition, combined with anomalous 
easterly winds in the upper layers and anomalous westerly 
winds in the lower layers between these regions, led to an 
enhanced Walker circulation forming over the ASM region. 
The upward branch of the Walker cell, situated over the 
western Pacific Ocean, provided favourable conditions for 
convection over the western Pacific, corresponding to the 
higher frequency of phase 7 in the BSISO1.

In addition to the large-scale circulation, water vapour also 
plays a significant role in the propagation of the BSISO. Fig-
ure 5e revealed important water vapour characteristics in the 
region (70–130°E, 0°–15°N). There was notable west-to-east 
water vapour transport in the middle and lower levels, with a 
small portion reaching the Bay of Bengal. Simultaneously, water 
vapour divergeed in the western equatorial Indian Ocean, while 
convergence was observed in the South China Sea and the Phil-
ippine Sea. Consequently, specific humidity among the middle 
and lower layers was considerably higher from the Indo-China 
Peninsula to the Philippine Sea, creating a zonal humidity gradi-
ent with the western tropical Indian Ocean (Fig. 5f). Previous 
studies have proved that anomalous moist static energy can influ-
ence the development and propagation of the BSISO, and water 
vapour transport and humidity variability contribute to the accu-
mulation or consumption of moist static energy (Deng and Li 
2016; Liu and Wang 2016). Therefore, the water vapour budget 
and specific humidity anomalies in the middle and lower levels 
shown in Fig. 5e, f indicated that moist static energy tended to 
accumulate over the Bay of Bengal, South China Sea, and the 
Philippine Sea, facilitating the eastward spread and development 
of convection along this trajectory.

These dynamic and thermal conditions were favourable 
for the frequency of phase 7 in the BSISO1. By comparing 
Fig. 5g and 4b, it is easy to find that they have similar con-
vection regions; this further proved that compared to low-
SIC years, high-SIC years have active convection over the 
Philippine Sea and the South China Sea, corresponding to 
the characteristics of the phase 7 of BSISO1.

Fig. 5   Composited differences of a 200  hPa horizontal wind (vec-
tor, unit: m/s) and zonal wind (shaded, unit: m/s), b 500  hPa hori-
zontal wind (vector, unit: m/s) and geopotential height (shaded, 
unit:gpm), c vertical wind shear between 200 and 850 hPa (unit: m/s), 
d 500  hPa vertical velocity (unit: pascal/s), e average water vapour 

flux (vector, unit: g/(hPa*cm−2*s)) and its divergence (shaded, unit: 
g/(hPa*cm*s)) among 1000 to 600  hPa, f specific humidity among 
1000 to 600  hPa (unit: g/kg) in JJA. The red vectors and the dots 
denote the regions where the composites are statistically significant 
above 95% confidence level based on the Student’s t-test
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3.3 � Possible mechanism of Arctic SIC impact 
on BSISO1

This section will explain the impact of the DJF Arctic SIC 
anomaly on the summer BSISO1. Two important questions 
arise in understanding the relationship between the Arc-
tic SIC and BSISO: Firstly, considering the vast distance 
between the ESBS and the ASM region, how the Arctic sea 
ice anomaly signal is transmitted to low-latitude regions 
needs to be clarified. Secondly, it is known from previous 
studies that the Arctic sea ice anomalies can affect mete-
orological elements for several months, lasting up to four 
months (Walsh 1980). Based on the observed facts of the 
significant negative (positive) correlation between the DJF 
SIC of the ESBS and the frequency of phase 3 (7) of the JJA 
BSISO1, it is crucial to understand the persistence of winter 
signals and their continuity across seasons until summer.

Additionally, the above findings show that the SIC of the 
ESBS in DJF mainly affected phases 3 and 7 of the BSISO1 
in JJA, corresponding to suppressed or active convection 
around the Philippine Sea, respectively. Consequently, this 
section investigated the mechanisms through which SIC 
anomalies in the ESBS modulate the variability of atmos-
pheric variables over the Philippine Sea, resulting in anoma-
lous changes in the frequency of the BSISO phases.

3.3.1 � Response of the Western North Pacific SST to SIC 
anomaly

The mid-latitude region of the Northern Hemisphere connects 
the Arctic and tropics, often serving as an intermediary in their 
interaction. In addition, due to the large thermal capacity of 
seawater, the ocean has better memory than the atmosphere. 
Previous studies have also shown that SST does play a crucial 
role in the cross-seasonal impact of Arctic sea ice on regions 
outside the polar (Chen et al. 2023a; Fu et al. 2021; Kim et al. 
2020). Therefore, we first analyzed the response of the mid-
latitude North Pacific to the ESBS SIC anomaly.

Figure 6 showed the composite difference in the atmos-
pheric variable fields from DJF to JJA. The AL gradually 
deepened from DJF to MAM, peaked between March and 
May (Fig. 6d, k) and rapidly weakened from June (Fig. 6e, l). 
The wind field also exhibited a strengthening and weakening 
process of the cyclonic circulation anomaly synchronised 
with the AL. Since late winter and early spring, enhanced 
high pressure has controlled the south of the AL. It is accom-
panied by an anomalous anticyclone (Fig. 6b, i), forming a 
meridional dipole distribution with the strengthened AL and 
anomalous cyclonic circulation over the Bering Sea. The 
anomalous anticyclone also weakened and moved eastward 
after June (Fig. 6e, l).

In addition to the large-scale circulation, the variation 
in SST in the North Pacific was also shown (Fig. 6o–u). 

From winter to early spring, the SST in the Okhotsk Sea 
was significantly lower, whereas that in the subtropical 
Central Pacific was significantly higher (Fig. 6o and p). At 
that time, there was a positive SSTA east of Japan and a 
negative anomaly west. According to Fig. 6q–t, the posi-
tive SSTA east of Japan became significant and expanded 
gradually. The SST west of Japan also began to shift from 
a negative to a positive anomaly at the turn of spring and 
summer, ultimately leading to significant sea basin warming 
near Japan during JJA (Fig. 6u). Compared to the evolution 
of the dipole circulation anomaly, it was observed that the 
formation of SST positive anomaly near Japan lagged behind 
it. The three-month running average of the variable field 
regressed against the DJF SIC index (Figure not shown). It 
revealed the dipole structure and warming in the sea basin 
near Japan although the significance level was slightly lower 
than that in Fig. 6o–u.

Hence, it is necessary to establish a relationship between 
the wind and surface pressure patterns over the North Pacific 
and the SSTA around Japan corresponding to the typical 
SIC years. Compared to the low-SIC years, a gradually 
strengthened cyclone-anticyclone structure was observed in 
the high-SIC years. Then the northeasterly on the western-
side of the anomalous cyclone and the southwesterly on the 
northwesternside of the anomalous anticyclone converged 
at about 50° N in lower levels.

In this case, the northeasterly transported dry and cold 
air from higher latitudes to the region near the Kamchatka 
Peninsula. Conversely, the southwesterly transported moist 
and warm air from lower latitudes to the region near Japan. 
The former led to increased upward sensible and latent heat 
fluxes from the sea surface, while the latter induced down-
ward fluxes. Additionally, the wind stress intensified the con-
vergence of the Kuroshio current and the Oyashio current 
near approximately 50° N. This convergence caused of warm 
and cold seawater accumulation in the vicinity of Japan and 
the Kamchatka Peninsula, thus amplifying the meridional 
SST gradient. Accordingly, warm and cold seawater heated 
and cooled the local lower atmosphere to increase the merid-
ional air temperature gradient, enhancing the atmospheric 
baroclinicity.

Therefore, under the combined effect of sea surface heat 
flux and wind stress, during spring to early summer, the SST 
near Japan showed a significant positive anomaly, whereas that 
near the Kamchatka Peninsula showed a significant negative 
anomaly. Close to the end of summer, the significant nega-
tive SSTA gradually weakened, possibly affected by southerly 
winds west of the anomalous anticyclone moving eastward. 
However, the positive SSTA can remain throughout summer, 
which may be attributed to local cloud-radiation-SST positive 
feedback. The southwesterly winds of anomalous anticyclone 
resulted in the initial positive SSTA by increased upward heat 
fluxes and the accumulation of warm sea water at the turn of 
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spring and summer. It increased the instability of the lower 
troposphere, and the formation of low clouds was suppressed. 
Then, the anomalous anticyclone moved eastward and weak-
ened. However, the anomalously reduced low clouds allowed 
more shortwave radiation to reach and heat the sea surface, 
which enhanced the boundary layer's stability and reduced the 
low clouds. Through this positive feedback mechanism, the 
positive SSTA near Japan was maintained.

The difference between high- and low-SIC years in the 
North Pacific is primarily evident in the dipole distribution 
of circulation anomalies over the Bering Sea and its south 
from winter to spring and the elevated SST near Japan dur-
ing summer. Understanding the mechanisms through which 
the SIC anomaly in the ESBS influences the formation of 
the dipole structure in wind and geopotential height anoma-
lies is essential. Additionally, whether the warm SST near 

Fig. 6   Composite difference of three-month sliding averaged (a, d, g, 
j, m, p and s) 500 hPa geopotential height (shaded, unit: gpm) (left 
column) (b, e, h, k, n, q and t) 925 hPa horizontal wind (vector, unit: 
m/s) and sea level pressure (shaded, unit: hPa) (middle column) (c, f, 
i, l, o, r and u) 850 hPa horizontal wind (vector, unit: m/s) and SST 
(shaded, unit: ℃) (right column) from December to August of the 

following year. The black box in panel (u) denotes the Japan region 
of SST. The green vectors and the dots denote the regions where the 
composites are statistically significant above the 95% confidence level 
based on the Student’s t-test. The grey isoclines denote the climatol-
ogy of 500 hPa geopotential height (left column), sea level pressure 
(middle column) and SST (right column)
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Japan will impact the convective activity associated with 
BSISO1 on its southern side is also a question that needs 
to be answered.

3.3.2 � Response of mid‑to‑high‑latitude circulation 
over the North Pacific to SIC anomaly

The anomaly in Arctic sea ice can potentially influence the 
local atmosphere by altering the sea surface heat flux. This 
signal can then propagate to the lower latitudes through 
processes such as atmospheric teleconnection and air-sea 
interaction, thereby impacting weather and climate pat-
terns in the high, middle, and even low latitudes beyond 
the Arctic region (Honda et al. 2009; Fu et al. 2021; Duan 
et al. 2022). Hence, to investigate the mechanism through 
which the ESBS SIC affects circulation via local thermal 
processes, we have presented the composite difference of the 
three-month sliding averaged sensible heat flux between the 
high- and low-SIC years (Fig. 7). During winter and early 
spring, the sensible heat flux exhibited a negative anomaly, 
primarily concentrated in the key SIC region (Fig. 7a–c); 
this suggested that the significantly elevated SIC reduced 
heat transfer from the ocean to the atmosphere, consequently 
contributing to negative temperature anomalies and anticy-
clonic circulation patterns over it.

Many studies have revealed that thermal anomalies of 
the underlying surface induced by Arctic sea ice anomaly 
play an important role in triggering quasi-stationary Rossby 
waves, of which the downstream dispersion effect can pro-
vide disturbance energy for weather and climate change 
(Honda et al. 2009; Wu et al. 2013; Duan et al. 2022). To 
investigate how the atmospheric changes related to the ESBS 
SIC anomaly affect the circulation outside the Arctic, the 
T-N WAF was calculated to exhibit the related propagation 
of Rossby waves.

From January to March, the WAF can be seen from north-
east to southwest between the ESBS SIC region and the Ber-
ing Sea at 700 hPa and 850 hPa, and the WAF converged 

over the Bering Sea. The wave energy gathered here was 
conducive to developing or maintaining local disturbances 
corresponding to the negative anomaly of the quasi-geos-
trophic stream function and contributed to the enhancement 
of the AL (Fig. 8b, e). After reaching the Bering Sea, the 
WAF originating from the ESBS region failed to propagate 
southward to lower latitudes. From February, the WAF 
anomaly weakened, especially at 700 hPa (Fig. 8c). This also 
corresponds to the result that the sensible heat flux anomaly 
in the ESBS SIC region in the MAM was weaker than before 
(Fig. 7d). Some studies have suggested that the enhanced AL 
in early spring can induce an anomalous anticyclone to the 
south through the feedback of the synoptic-scale eddy-to-
mean-flow energy flux and associated vorticity transporta-
tion over the North Pacific (Chen et al. 2020, 2023b, c). It 
is conducive to the forming the meridional dipole structure 
as shown in Fig. 6.

3.3.3 � Impact of positive SSTA on the convection 
over the Philippine Sea

In this section, we analysed the effect of the positive SSTA 
near Japan on convection over the Philippine Sea during 
the same summer. First, an SST index defined as the sum-
mer SSTA averaged in the region near Japan (132°–154°E, 
27°–47°N), as shown by the black box in Fig. 6u, to inves-
tigate its potential impact on the convection over the Philip-
pine Sea. Considering the characteristics similar to El Niño 
decaying years in the tropical Pacific in the previous com-
posite analysis of SST (Fig. 6o–u), as well as the tropical 
atmosphere response closely related to the tropical ISO (Hu 
et al. 2022), the Niño-3.4 signal of the previous winter was 
removed from the variable fields using Eq. (2) to reduce its 
interference. The regression analysis results before and after 
removing the Niño 3.4 signal were roughly the same (figure 
not shown), indicating that the impact of the positive SSTA 
near Japan was independent of the El Niño event.

The turbulent heat flux (the sum of the latent and sensible 
heat fluxes) is critical physical variable for measuring air-sea 

Fig. 7   Composite difference of (a–d)  three-month sliding averaged 
sensible heat flux between high- and low-SIC years from December 
to March of the following year (unit: W/m2). The black boxes in all 

panels denote the key region of SIC. Dots denote the regions where 
the composites are statistically significant above the 90% confidence 
level based on the Student’s t-test
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interaction in the middle and low latitudes (Fig. 9a). A sig-
nificant upward turbulent heat flux anomaly was observed 
over the western North Pacific, particularly above the sea 
surface east of Japan. This indicates that the ocean trans-
ports heat to the atmosphere in these regions. The regressed 
2 m temperature in JJA also revealed that the temperature 
near Japan was significantly higher, and with two positive 
anomaly centres over the Sea of Japan and the sea area east 
of Japan (Fig. 9b). Atmospheric warming induced by SST 
heating created favourable conditions for circulation anoma-
lies. Considering the responses of the mid-latitude upper 
troposphere to the ocean surface heat flux anomaly (Qian 
et al. 2023), we further analysed the changes in geopotential 

height and horizontal wind over the western North Pacific 
related to SST warming near Japan. As shown in Fig. 9c, a 
significant positive geopotential height anomaly accompa-
nied by an anomalous anticyclone was observed over the 
region from Lake Baikal to the western North Pacific, with 
its centre located over the Northeast China Plain. In com-
parison to the climatology of the western Pacific subtropical 
high (WPSH) (as defined by Guan et al. (2019)) and the 
subtropical westerly jet (SWJ), the positive geopotential 
height anomaly and the westerly to the north of the anoma-
lous anticyclone, extending from Lake Baikal to the west-
ern North Pacific, reinforced and pushed the WPSH and 
SWJ northward, respectively. The position of the positive 

Fig. 8   Regressed three-month sliding averaged (a–c) 700 hPa and (d–f) 850 hPa WAF (vector, unit: m2/s2) and quasi-geostrophic stream func-
tion (shaded, unit: 106m2/s). The black boxes in all panels denote the ESBS of SIC with respect to the DJF SIC index

Fig. 9   Regressed a turbulence 
heat flux (unit: W/m2) b 2 m 
temperature (unit: ℃) c 200 hPa 
horizontal wind (vector, unit: 
m/s) and 500 hPa geopotential 
height (shaded, unit: gpm) 
d 850 hPa horizontal wind 
(vector, unit: m/s) and 925 hPa 
geopotential height (shaded, 
unit: gpm) in the same JJA 
with respect to the SST index 
with the previous DJF Niño3.4 
signal removed. The blue line 
and purple lines denote the 
climatology of the WPSH (5880 
gpm) and the SWJ (u ≥ 20 m/s, 
interval of 2.5 m/s). The green 
vectors and the dots denote the 
regions where the regressions 
are statistically significant above 
the 95% confidence level based 
on the Student’s t-test
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geopotential height anomaly and anomalous anticyclone in 
the lower layer was more east and south than that in the 
upper layer, and the centre was located over southern Japan 
(Fig. 9d). These results suggested that through SST heating, 
the meridional air temperature gradient of the lower layer 
near Japan increased. According to the theory of thermal 
wind, the local atmospheric baroclinicity of the troposphere 
was enhanced, and the WPSH and SWJ were strengthened 
and moved northward.

At the same time, an anomaly cyclonic shear and the con-
vergence of low-level winds occurred over the Philippine 
Sea to the south of Japan (Fig. 9d), and its association with 
the BSISO activity will be analysed in this section. For the 
upper troposphere, there was convergence over Japan in JJA. 
In contrast, the convergence over the Philippine Sea to the 
south was divergent (Fig. 10a). In the lower troposphere, 
there was a significant negative vorticity anomaly over the 
Korean Peninsula, Japan and its adjacent sea area, extending 
eastward to the western North Pacific. The Philippines Sea 
from 10°N to 30°N was dominated by the positive vorticity 
anomalies (Fig. 10b). The vertical velocity regression analy-
sis also indicated that there was a descending motion near 
Japan in the middle troposphere. In contrast, the region from 
the South China Sea to the Philippine Sea was generally in 
ascending motion (Fig. 10c). Moreover, for phases 3 and 7 
of BSISO1, their centres were mainly located from 115°E to 
145°E. Therefore, the zonally averaged stream field within 
this range was also regressed with respect to the SST index 
(Fig. 10d).

According to Fig. 10d, there was a significant descending 
motion from the lower to upper levels in the mid-latitude 
region from approximately 45°N to 55°N. In the region 

south of Japan, around 10°–25°N, the entire troposphere was 
in ascending motion, corresponding to the regions in which 
phase 3/7 of BSISO1 was located. The drifts flowed north-
ward in the upper levels near 25°N to 45°N. It can be con-
cluded that the positive SSTA triggered the northward move-
ment and enhancement of the SWJ and WPSH. A negative 
vorticity anomaly was formed in the upper troposphere over 
Japan, into which drift flowed northward from the Philip-
pine Sea, and the descending motion was enhanced. In addi-
tion, the northward flow can enhance the ascending motion 
over the Philippine Sea, accompanied by divergence in the 
upper level and a positive vorticity anomaly at the lower 
level, which corresponds to the anomaly cyclonic shear and 
convergence of low-level winds as shown in Fig. 9d. These 
provide potential conditions for active convection over the 
Philippine Sea and lead to a higher (lower) frequency of 
phase 7 (3) of the BSISO1.

4 � Conclusion and discussion

Considering the critical role of Arctic sea ice in the global 
climate system and the significant impact of the Boreal Sum-
mer Intraseasonal Oscillation (BSISO) on weather and cli-
mate patterns, this study aimed to investigate the potential 
relationship between winter and spring Arctic sea ice con-
ditions and the BSISO, as well as the underlying physical 
mechanisms.

The findings revealed a significant positive (negative) 
correlation between the winter Arctic sea ice in the key 
region (the Arctic Ocean north of the East Siberian-Beaufort 

Fig. 10   Regressed a 200 hPa 
divergence (unit: s−1) b 850 hPa 
vorticity (unit: s−1) c 500 hPa 
vertical velocity (unit: pascal/s) 
d zonal average (115°E to 
145°E) stream field (unit: m/s) 
in the same JJA with respect to 
the SST index with the previous 
DJF Niño 3.4 signal removed. 
The red vectors and the dots 
denote the regions where the 
regressions are statistically 
significant above the 90% 
confidence level based on the 
Student’s t-test
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Sea, ESBS) and the frequency of phase 7 (3) of BSISO1 in 
the Asian Summer Monsoon (ASM) region (40º–160º E, 10º 
S–40º N) during the subsequent summer season (JJA). How-
ever, no significant correlation was observed with BSISO2. 
These results suggested that a positive anomaly in the ESBS 
sea ice concentration (SIC) was associated with an increase 
in the frequency of BSISO1 phase 7. At the same time, a 
corresponding decrease was observed in phase 3. The char-
acteristics of the background field in the ASM region during 
JJA for high- and low-SIC years were examined and com-
pared. In high-SIC years, there was an easterly or northeast-
erly vertical wind shear to the west of the Arabian Peninsula.

Additionally, Walker circulation anomalies strengthen the 
sinking branch in the tropical Indian Ocean and the rising 
branch in the Western Pacific. Furthermore, a water vapour 
transport channel was observed from west to east in the 
mid-to-lower levels towards the Philippine Islands, which 
increased the humidity gradient between tropical Indian 
Ocean and western North Pacific. These dynamic and ther-
mal conditions favoured the active convection over the Phil-
ippine Sea, corresponding to the higher (lower) frequency of 
phase 7 (3) of the BSISO1.

Further analyses showed the possible physical mecha-
nisms of the impact of the previous winter Arctic SIC on 
the key phases of BSISO1 (Fig. 11). The high SIC in the 
ESBS during winter resulted in a downward sensible heat 
flux anomaly, cooling the local atmosphere and creating a 
negative geopotential height anomaly; this triggered WAF 
propagation from the key SIC regions to the Bering Sea, 
where its convergence facilitated the development and 
maintenance of local disturbances, strengthening the AL. 
In early spring, the intensified AL induced an anomalous 

subtropical anticyclone through wave-mean flow interac-
tion in the mid-latitude North Pacific, forming a meridional 
dipole distribution over the Bering Sea and its south. In the 
lower troposphere, the northeasterly winds to the west of 
the anomalous cyclone and the southwesterly winds in the 
northwestern part of the anomalous anticyclone converged 
around 50°N. The combined effect of sea surface heat fluxes 
and wind stress led to a significant positive anomaly in SST 
near Japan during MAM and JJA, driven by the local cloud-
radiation-SST positive feedback. Conversely, the SST near 
the Kamchatka Peninsula exhibited a significant negative 
anomaly, potentially influenced by southerly winds and 
weakening in the late summer.

The impact of a positive sea surface temperature anom-
aly (SSTA) on the two key phases located over the Philip-
pine Sea south of Japan is discussed. During the months 
of June, July, and August (JJA), the meridional temper-
ature gradient in the lower atmosphere near Japan after 
increased as a result of being heated by SST. This led to 
the enhancement of baroclinicity in the troposphere. In the 
upper levels, significant positive geopotential heights and 
anticyclone anomalies were observed from Lake Baikal to 
the western North Pacific, along with the anomaly cyclonic 
shear and convergence of low-level winds over the Phil-
ippine Sea. These conditions favoured the strengthening 
and northward movement of the Western Pacific Subtropi-
cal High (WPSH) and the subtropical westerly jet (SWJ), 
while a negative vorticity anomaly formed in the upper 
troposphere over Japan. Northward flow, due to Ekman 
pumping, strengthened the descending motion over Japan 
and the ascending motion over the Philippine Sea. Addi-
tionally, divergent and positive vorticity anomalies were 

Fig. 11   The Schematic diagram 
shows how the DJF SIC of 
ESBS affects the frequency of 
phase 3 (7) of BSISO1 in JJA
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present over the Philippine Sea at both upper and lower 
levels. These favourable conditions for convection sup-
ported the development and maintenance of the BSISO1 
signal, ultimately resulting in a higher frequency of phase 
7 and a lower frequency of phase 3.

Arctic sea ice has exhibited a melting rate several times 
higher since the late twentieth century. The interdecadal 
relationship between the Arctic sea ice and various weather 
and climate systems has received increasing attention in 
recent years. He et al. (2021) analysed the possible linkage 
between mid-to-high-latitude atmospheric circulation and 
Arctic sea ice loss in different locations and seasons and 
the associated impacts on winter climate on interdecadal 
timescales. The interdecadal variability of the relationship 
between Arctic sea ice and other weather and climate events, 
such as cold surges, summer wetting trend, atmospheric 
water vapor content in East Asia, and western China autumn 
rain, has been investigated (Sun et al. 2020; Yang et al. 2020; 
He et al. 2022; Zhou et al. 2023). The BSISO also shows 
characteristics of interdecadal variation (Kajikawa et al. 
2009; Yamaura and Kajikawa 2017). Chen et al. (2023c) 
pointed out that enhancement of the mean circulation over 
the North Pacific led to an increase in the wave-mean flow 
interaction after the late 1990s, which may have contributed 
to the formation of the meridional dipole structure. However, 
it remains unclear whether the relationship between the two 
is stable on an interdecadal timescale.

Based on the interannual relationship between SIC and 
BSISO phase frequency that we have obtained, and consid-
ering the three sub-periods of BSISO mentioned in Yamaura 
and Kajikawa (2017), we regressed SIC in the previous DJF 
with respect to the time series of frequency in phase 3 and 

phase 7 of JJA BSISO1 for 1981–1998, 1999–-2008, and 
2009–2020, respectively (Fig.  12). By comparing with 
Fig. 2, the areas of negative SIC anomaly in Fig. 12b, c are 
like those in Fig. 2c. Especially from 2009 to 2020, there 
was a more significant negative correlation between the DJF 
SIC in the key region and the frequency of phase 3. During 
1981–1998, the SIC-positive anomaly mainly was located 
at the junction of the mainland and the Arctic Ocean. For 
phase 7, the positive correlation between its frequency and 
DJF SIC was also more significant after 2009. Before 1998, 
no SIC anomaly related to phase 7 of BSISO1 was detected. 
These results inspired us to explore the potential mechanism 
of interdecadal changes.

Additionally, Lee et al. (2013) demonstrated in their study 
that there are two centres of variability for the ISO in the 
ASM region during summer: one in the South China Sea, 
the Philippine Sea and the other in the tropical Indian Ocean. 
However, the current study primarily focused on examining 
the impact of Arctic SIC on the BSISO and their associated 
physical processes over the western North Pacific. Incor-
porating this aspect into future research will enhance the 
theoretical understanding of how the Arctic influences the 
BSISO in the ASM region.
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