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Although many studies have revealed that Arctic sea ice may impose a great impact
on the global climate system, including the tropical cyclone (TC) genesis frequency
over the western North Pacific (WNP), it is unknown whether the Arctic sea ice could
have any significant effects on other aspects of TCs; and if so, what are the involved
physical mechanisms. This study investigates the impact of spring (April-May) sea ice
concentration (SIC) in the Bering Sea on interannual variability of TC activity in terms
of the accumulated cyclone energy (ACE) over the WNP in the TC season (June-
September) during 1981–2018. A statistical analysis indicates that the spring SIC in
the Bering Sea is negatively correlated with the TC season ACE over the WNP. Further
analyses demonstrate that the reduction of the spring SIC can lead to the westward
shift and intensification of the Aleutian low, which strengthens the southward cold-air
intrusion, increases low clouds, and reduces surface shortwave radiation flux, leading to
cold sea surface temperature (SST) anomaly in the Japan Sea and its adjacent regions.
This local cloud-radiation-SST feedback induces the persistent increasing cooling in
SST (and also the atmosphere above) in the Japan Sea through the TC season. This
leads to a strengthening and southward shift of the subtropical westerly jet (SWJ) over
the East Asia, followed by an anomalous upper-level anticyclone, low-level cyclonic
circulation anomalies, increased convective available potential energy, and reduced
vertical wind shear over the tropical WNP. These all are favorable for the increased ACE
over the WNP. The opposite is true for the excessive spring SIC. The finding not only
has an important implication for seasonal TC forecasts but also suggests a strengthened
future TC activity potentially resulting from the rapid decline of Arctic sea ice.
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INTRODUCTION

Tropical cyclone (TC) activity over the western North Pacific
(WNP) exhibits strong interannual variability (Wang and Chan,
2002; Chan and Liu, 2004; Camargo and Sobel, 2005; Zhao et al.,
2011; Zhan and Wang, 2016). Fox example, TC number over the
WNP was notably high in 2015 with 13 category 4–5 TCs, but
extremely low in 1999 without any category 4–5 TCs. Therefore,
to understand the observed interannual variability of TC activity
and the related physical processes has been a topic of great
interest in the last decades (Chia and Ropelewski, 2002; Chan and
Liu, 2004; Camargo and Sobel, 2005; Chan, 2005; Fan, 2007; Du
et al., 2011; Zhan et al., 2011a,b, 2013; Tao et al., 2012; Zhang et al.,
2015; Zhan and Wang, 2016; Gao et al., 2018).

Many previous studies have revealed the relationship between
El Niño-Southern Oscillation (ENSO), the strongest interannual
signal in the tropics, and TC activity over the WNP (Chia and
Ropelewski, 2002; Chan and Liu, 2004; Camargo and Sobel, 2005;
Chan, 2005; Huangfu et al., 2018, 2019). During the El Niño
years, TC genesis location shifts to the southeastern quadrant of
the WNP, and most TCs tend to achieve higher intensity due
to an increase in their lifetime over the open ocean. A recent
study has further shown that stronger ENSO events are likely to
have more notable impact on TC activity over the WNP (Zhan
et al., 2018). In addition to ENSO, the sea surface temperature
(SST) anomalies (SSTA) over the East Indian Ocean (EIO) were
shown to play an important role in modulating TC genesis
frequency over the WNP (Du et al., 2011; Zhan et al., 2011a,b;
Tao et al., 2012). In the years with cold SSTA over the EIO,
the genesis frequency of weak TCs is significantly higher than
in the years with warm SSTA (Du et al., 2011; Zhan et al.,
2011a; Tao et al., 2012) although the EIO SSTA has no significant
effect on TC genesis location and the frequency of strong TCs
(Zhan et al., 2011a). The SST gradient (SSTG) between the
Southwest Pacific and the western Pacific warm pool was found to
trigger a cross-equatorial pressure gradient, which exerts a strong
influence on the air-sea interaction over the tropical Pacific,
greatly modulating WNP TC genesis frequency and intensity
over the WNP (Zhan et al., 2013; Zhan and Wang, 2016). More
recently, several studies also have suggested that the Pacific
Meridional Mode (PMM) can modulate the interannual variation
of WNP TC activity, with more and stronger TCs in the positive
PMM phase (Zhang et al., 2015; Gao et al., 2018). The modulation
of TC activity by the PMM is mainly through the anomalous
zonal vertical wind shear (VWS), especially in the southeastern
quadrant of the WNP.

In the last decade or so, more and more attentions have been
paid to changes in Arctic sea ice because its anomalies may
impose a great impact on the global climate system (Royer et al.,
1990; Deser and Teng, 2008). The polar amplification–a feature
with temperatures warming faster in the Arctic than the rest of
the Earth was widely accepted. Namely, the surface temperature
at high latitude would affirmatively respond to the change
of local sea ice (Barnes, 2013; Screen and Simmonds, 2013).
Several studies have found that Arctic temperature anomalies can
influence the atmospheric circulation and weather patterns in the
Northern Hemisphere (Balmaseda et al., 2010; Rinke et al., 2013;

Screen et al., 2013). Both observational and modeling studies
manifested that there was a link between atmospheric circulations
at lower latitude and Arctic temperature/sea ice, but the
corresponding mechanism of atmospheric circulation response
at lower latitude remained uncertain. For example, some studies
revealed that the rise of Arctic temperature would reduce the
equator-to-pole surface temperature gradient, and then weaken
the mid-latitude westerly jets (Schneider et al., 2014; Screen,
2014). However, Wu et al. (2016) found that the decrease in Arctic
sea ice sustaining from winter to next spring would accelerate
the East Asian subtropical westerly jet (SWJ), a narrow-and-
fast westerly band extending from Asia to the North Pacific
in the upper-troposphere during boreal summer, by triggering
a Rossby wave train. Smith et al. (2017) also showed that a
local low pressure anomaly induced by Arctic warming could
strengthen the mid-latitude westerlies. In fact, compared with the
background circulation, the remote impact of Arctic sea ice on the
lower-latitude circulation is more likely to be important (Walsh,
2014; Woolings et al., 2014).

Several studies found a negative correlation between sea ice
concentration (SIC) in the Okhotsk Sea from preceding winter
to spring and the annual TC frequency in the TC season over
the WNP (Fan, 2007; Fan and Wang, 2009). Fan and Wang
(2009) thus introduced the winter sea ice index as a predictor to a
statistical forecast model for seasonal TC genesis frequency over
the WNP and showed good prediction skill. They attributed the
relationship between the SIC and the TC genesis frequency to the
North Pacific Oscillation (NPO) triggered by the SIC in spring,
which led to the dynamic and thermodynamic condition changes
over the WNP maintaining from spring to the TC season by a
teleconnection wave train. Since Arctic sea ice has a strong impact
on the global climate system and shows a significant influence
on TC genesis frequency over the WNP, a natural question arises
as to whether Arctic sea ice could have any significant effects
on other aspects of WNP TCs, such as TC intensity, lifespan,
and track; and if so, what are the involved physical mechanisms.
In addition, previous studies have shown that the SWJ plays an
important role in affecting the weather and climate over East
Asia and the WNP (Liang and Wang, 1998; Zhao et al., 2015).
The SWJ can also affect TC activity, including genesis, structure
and intensity changes, and even TC extratropical transition (Park
et al., 2009; Cowan and Hart, 2020). Since the anomalous Arctic
sea ice would exhibit an important influence on the SWJ (Wu
et al., 2016), the Arctic sea ice might modulate TC activity over
the WNP through affecting the SWJ.

Different from Fan (2007), who focused on the relationship
between TC genesis frequency and the Arctic sea ice in the
Okhotsk Sea, in this study, we focus on how the Arctic sea ice
in the Bering Sea in spring affects the interannual variability of
TC activity over the WNP in terms of the accumulated cyclone
energy (ACE), which reflects not only TC genesis frequency but
also the prevailing TC tracks, intensity, and lifetime (Bell et al.,
2000; Camargo and Barnston, 2009; Kim et al., 2013; Zhan and
Wang, 2016). We found that the spring SIC anomaly has a
significant impact on the interannual variability of TC ACE over
the WNP in the TC season with higher/lower ACE in response to
the reduced/increased spring SIC. We will show that the spring
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SIC triggers a cloud-radiation-SST feedback in the Japan Sea and
its adjacent regions, inducing large-scale conditions over East
Asia and the WNP and significantly affecting TC activity over the
WNP. The remainder of the paper is organized as follows. Section
“Data and Methodology” describes the datasets and analysis
methods used in this study. The statistical relationship between
Artic sea ice and TC ACE over the WNP is examined in Section
“Results From Statistical and Regression Analyses.” The possible
mechanisms are elucidated in Section “Possible Mechanisms”
based on both diagnostic analyses and climate model sensitivity
experiments. Major conclusions are summarized and discussed in
the last section.

DATA AND METHODOLOGY

All TC statistics were based on the 6-hourly TC best-track data
for the WNP during 1981–2018 from the Joint Typhoon Warning
Center (JTWC). To minimize subjectivity in the identification of
weak systems, we focused on TCs with maximum sustained 10-m
wind speed larger than 35 knots. The result from the calculated
monthly correlation between the spring SCI and ACE shows
that the spring SIC has relatively low negative correlation with
October and November ACE over the WNP, suggesting that the
influence of the spring SIC could last until September. Thus, in
this study, the TC season was defined from June to September
(JJAS) each year.

Several integrated TC metrics have been used to represent TC
activity, such as the number of intense TCs, TC days, the power
dissipation index (PDI) – a measure of the accumulated wind
power destructiveness of all TCs (Emanuel, 2005), and the ACE –
an integrated measure of TC activity (Bell et al., 2000). Since TC
activity includes not only genesis frequency but also prevailing
tracks, intensity, and lifetime, an integrated variable is better to
represent various aspects of TC activity. In this study, we used
ACE as the measure of the overall TC activity, which is defined
as the sum of the square of the maximum sustained 10-m wind
speed at 6-h intervals for all TCs over the WNP in the TC season
of each year, with its basic unit of 105 m2 s−2. To analyze the
spatial ACE distribution, we divided the WNP basin (0◦–40◦N,
100◦–180◦E) into grid boxes of 5◦ longitudes × 5◦ latitudes and
calculated the sum of the square of the maximum sustained 10-m
wind speed for all TCs passing each grid box.

The monthly SIC and SST data at 1◦ longitude × 1◦ latitude
grids were derived from the Hadley Center Sea Ice and Sea
Surface Temperature dataset (HadISST) (Rayner et al., 2003).
Since the SIC in the Bering Sea in April-May exhibits the higher
correlation with the ACE over the WNP in the TC season than
that in March-May, we mainly examined the SIC in spring
(April-May) as a potential preceding signal. The monthly mean
atmospheric data at 0.25◦ longitude × 0.25◦ latitude grids were
obtained from the ECMWF (European Center for Medium-
Range Weather Forecasts)’s fifth generation reanalysis (ERA5;
Hersbach et al., 2020).

Five indices were defined in this study based on our following
analyses. Two Arctic sea ice indices were defined as the SIC
anomalies averaged, respectively, in the eastern region over the

FIGURE 1 | Spatial distribution of standard deviations of sea ice
concentration (shaded; %) north of 55◦N in spring (April-May). The red boxes
indicate the regions of Bering Sea (178◦E–160◦W, 57◦–68◦N) and Barents
Sea (27◦–65◦E, 67◦–80◦N), respectively.

Bering Sea (178◦E–160◦W, 57◦–68◦N) and the western region
over the Barents Sea (27◦–65◦E, 67◦–80◦N) based on Figure 1.
Two SST indices were defined as the SST anomalies averaged,
respectively, in the Japan Sea (30–50◦N,128◦–150◦E) and the
tropical central Pacific (CP, 160◦E–160◦W, 0◦–20◦N) based on
Figure 6. Note that here the Japan Sea is referred to the region
including both the Japan Sea and its adjacent regions for the
convenience of following discussion. The last index is the SWJ
index, which was defined as the zonal wind at 200-hPa averaged
in the region of 30◦–45◦N, 130◦–180◦E. All data and indices were
linearly detrended before further analysis since we focused on the
interannual variability in this study.

The algorithm of Ashok et al. (2003) was used to subtract
the effect of factor A from another factor B, which has the
following form:

IRB = IB − r(IB, IA)O′ ĨA, (1)

where IA is index of A, and ĨAdenotes the normalized IA. O′ was
the standard deviation of index of B (IB), while r(IB,IA) stands for
the correlation coefficient between index A and index B. The term
IRB on the left-hand side is the net signal of index B without the
signal of index A.

In addition, following Murakami et al. (2014), we quantified
the relative contributions to the interannual variability of ACE
by TC genesis frequency, track, intensity, and the non-linearity
of the first three factors. The climatological mean of ACE in a
specific grid box A can be written as:

f (A) =
x

C
g(A0) t(A,A0) v2(A,A0)dA0, (2)

where f(A) is the ACE in a specific grid box A; an overbar
indicates the climatological mean; g(A0) is the TC genesis
frequency in the grid box A0; and t(A, A0) is the probability for
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a TC formed in the grid box A0 to travel into the grid box A.
v2(A, A0) stands for the mean square of maximum wind speed
for TCs in the grid box A and formed in grid box A0; and C is the
entire integration domain. For the period 1981–2018, the ACE
anomalies relative to the climatological mean in the grid box A
can be expressed as:

f ′(A) =
x

c
g′(A0)t(A,A0)v2(A,A0)dA0

+

x

c
g(A0)t′(A,A0)v2(A,A0)dA0

+

x

c
g(A0) t(A,A0)v2′(A,A0)dA0 + NL, (3)

where the prime indicates the corresponding anomaly. Eq. (3) can
quantify the contribution of each factor to the total ACE anomaly
in each given grid box. The terms on the right-hand side represent
the contributions by TC genesis frequency anomaly (first term),
track density anomaly (second term), intensity anomaly (third
term), and the nonlinear effect (fourth term), respectively. The
non-linear term is calculated as:

NL =
x

c
g′(A0)t′(A,A0)v2(A,A0)dA0

+

x

c
g(A0)t′(A,A0)v2′(A,A0)dA0

+

x

c
g′(A0)t(A,A0)v2′(A,A0)dA0

+

x

c
g′(A0)t′(A,A0)v2′(A,A0)dA0, (4)

The fourth-generation atmospheric general circulation model
(AGCM) developed at the Max Planck Institute (Roeckner
et al., 1996), named ECHAM4, was used to conduct sensitivity
experiments to examine the response of the large-scale
atmospheric circulation to the SST anomalies over the Japan
Sea. The prognostic variables of the model were expressed by
truncated series of spherical harmonics in the horizontal at
truncation T42 and by the finite-differencing in the hybrid σ–
pressure coordinate in the vertical with 19 uneven vertical levels.
A semi-implicit time-differencing scheme was used for model
time integration. The model physics include the surface turbulent
fluxes calculated based on the Monin–Obukhov similarity theory,
the horizontal diffusion in a hyper-Laplacian form, the ECMWF
longwave and shortwave radiation schemes, and the convective
parameterization scheme documented in Nordeng (1994). More
details about the model can be found in Roeckner et al. (1996).

RESULTS FROM STATISTICAL AND
REGRESSION ANALYSES

Correlations Between the SIC and the
ACE Over the WNP
To determine the key area of the seasonal SIC variability, we
calculated the standard deviation of the interannual variability of
the spring SIC anomalies in the high latitudes of the Northern
Hemisphere with the spatial distribution shown in Figure 1.

FIGURE 2 | The relationship between the WNP ACE in the TC season and the
spring SIC in Bering Sea during 1981–2018. (A) Correlation coefficients
between them; (B) normalized time series of ACE (line; averaged in the region
of 130◦–160◦E, 0◦–40◦N) and the spring SIC index in the Bering Sea (bar). In
panel (A), the shaded areas in blue (red) indicate the negative (positive)
correlation significant at 90% confidence level.

Large spring SIC variability is mainly located in the Bering Sea
and the Barents Sea, followed by some small variability in the
northern Sea of Okhotsk and on the western and eastern sides
of the Greenland. To quantitatively measure the SIC variability,
two SIC indices with large variability were defined as introduced
in Section “Data and Methodology:” one with the spring SIC
anomalies averaged in the Bering Sea and the other averaged
in the Barents Sea. We calculated the correlations between the
ACE over the WNP in the TC season with the above two spring
SIC indices, respectively. The results showed that the ACE has
a significant negative correlation with the spring SIC in the
Bering Sea, but the correlation with the spring SIC in the Barents
Sea is not statistically significant. Therefore, we focused on the
influence of the spring SIC in the Bering Sea on the ACE over
the WNP in this study. We will refer to the spring SIC over the
Bering Sea simply as the spring SIC in our following discussion
for convenience without any ambiguity.

Figure 2A shows the spatial distribution of correlation
coefficients between the spring SIC and ACE over the WNP
in the TC season. As we can see, although some scattered
positive correlations appeared in the southern East China Sea,
the northern Yellow Sea, and east of 170◦E of the WNP, the
correlation coefficients between the spring SIC and ACE over the
WNP in the TC season were generally negative with significant
correlations between 130◦E and 150◦E, with the p-Value less than
0.1. We further defined the ACE averaged in the region (130◦E–
160◦E, 0–40◦N) as an overall ACE index in the WNP basin.
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TABLE 1 | Correlation matrix among spring SIC index, SST indices in the Japan Sea in spring and the TC season (T-season), SWJ index, and ACE during 1981–2018.

SIC (spring) SST in Japan Sea (spring) SST in Japan Sea (T-season) SWJ (T-season) ACE (T-season)

SIC (spring) 1 −0.16 –0.38 –0.31 –0.47

SST in Japan Sea (spring) 1 0.18 0.27 0.1

SST in Japan Sea (T-season) 1 –0.44 −0.19

SWJ 1 0.34

ACE 1

The significant coefficients at the 95% confidence level are in bold.

Figure 2B shows the normalized time series of the ACE index
in the TC season and the spring SIC index during 1981–2018.
Consistent with the result in Figure 2A, the ACE and the
spring SIC are highly correlated with a correlation coefficient
of −0.47 (Table 1), which is statistically significant above 99%
confidence level. This suggests that the spring SIC most likely
have a significant effect on the interannual variability of ACE over
the WNP, with higher (lower) ACE over the WNP in response to
the decreased (increased) spring SIC in the Bering Sea.

As mentioned above, ACE is an integrated variable including
contributions by TC genesis frequency, prevailing tracks,
intensity, and lifetime. To better understand the impact of the
SIC on TC activity, we calculated the correlations between
the SIC index and the three aspects of ACE including TC
genesis frequency, track density, and intensity. The correlation
coefficients are -0.26, -0.37, and -0.39, for TC genesis, track
density, and intensity, respectively. The first one is statistically
significant at 90% confidence level, while the other two are
significant above 95% confidence level. This suggests that the
spring SIC has a significant influence not only on TC genesis
frequency, but also on TC tracks and intensity. Further, we
examined the individual contributions of TC genesis frequency,
tracks, intensity, and the nonlinear effect in Eq. (3) to the
variability in ACE averaged in the region (0◦–40◦N, 130◦–160◦E)
with the results shown in Figure 3. Among the four factors,
the TC track has the largest contribution to the ACE (nearly
45%), and TC genesis frequency and intensity are the second
and third significant contributors, respectively. In contrast, the
nonlinear effect is negative and small compared to other terms.
This indicates that the spring SIC plays an important role in
modulating TC genesis frequency, intensity, and tracks in the
TC season over the WNP. Especially, the spring SIC can greatly
affect TC tracks. Note that TC tracks in the region north of
20◦N show larger contribution than that south of 20◦N (figure
not shown), suggesting that the reduced (increased) spring
SIC is favorable (unfavorable) for the northward shift of TC
activity over the WNP.

Large-Scale Circulation Response Over
the WNP in the TC Season
Since the ACE in the WNP TC season is negatively correlated
with the spring SIC in the Bering Sea, it is expected that the large-
scale thermodynamic and dynamic conditions closely associated
with TC activity over the WNP in the TC season should be also
correlated with the spring SIC in the Bering Sea. To confirm
this consistency, we have done regression analyses for various

FIGURE 3 | The contributions of TC genesis (dg), TC track (dt), TC intensity
(dv2), and the nonlinear effect (dN) to the ACE averaged in the region
(0◦–40◦N, 130◦–160◦E) calculated using Eq. (3).

dynamic and thermodynamic factors in the TC season over the
WNP with respect to the spring SIC during 1981–2018.

Figure 4 shows the regressed 850-hPa winds, 850-hPa relative
vorticity, convective available potential energy (CAPE), vertical
wind shear between 200 and 850 hPa (VWS), and mass-weighted
mean steering flow between 850 and 300 hPa in the TC season
over the WNP in response to the negative spring SIC anomaly
during 1981–2018. Namely, the SIC index was multiplied by
−1 to represent atmospheric response to the reduced SIC
(namely the negative SIC anomaly). As we can see from
Figure 4, in response to the reduced SIC, a number of significant
changes occur, including low-level anomalous westerlies over
the tropical western Pacific and a tripole-pattern circulation
over the WNP with two anomalous cyclones, respectively, in
the tropical WNP south of 25◦N and east of the Japan Sea,
with an anomalous anticyclone in between; an increase in the
low-level cyclonic vorticity and the CAPE, and the decrease in
VWS over the tropical WNP between 10◦N and 30◦N. All these
responses are favorable for convective activity and TC genesis
and intensification in the main TC activity region over the
WNP (Weisman and Klemp, 1982; Emanuel, 1994; Rasmussen
and Blanchard, 1998). In contrast to the anomalous low-level
circulation that are favorable for TC activity in the tropical
and subtropical WNP, the response of both CAPE and VWS to
the reduced SIC seems to suppress TC activity near the Japan
Sea. However, the anomalous northward steering flow north
of 30◦N around Japan is conducive to more TCs approaching
Japan (Figure 4E). This is consistent with a significant but weak
negative correlation of the ACE in the TC season with the spring
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FIGURE 4 | Regressed (A) wind field (m s−1) at 850 hPa, (B) relative vorticity (10−6 s−1) at 850 hPa, (C) CAPE (10−2 J kg−1), (D) vertical wind shear (m s−1)
between 200 and 850 hPa, and (E) mass-weighted steering flow between 850 and 300 hPa (m s−1) in the TC season with respect to the negative spring SIC index
during 1981–2018. Gray shaded in panels (A,E) and stippling in panels (B-D) denote regions where the regressions are statistically significant above 90%
confidence level based on the Student t-test.

SIC there (Figure 2A). In addition, the anomalous northerly
and negative low-level vorticity from the Korean Peninsula to
east of the Philippines between 115◦E and 130◦E in response to
the reduced spring SIC are generally unfavorable for TC genesis
and intensification. This is also consistent with the positive
correlation between the spring SIC and the ACE in the region
in the TC season (Figure 2A).

Since the upper-tropospheric circulation may play some
important roles in TC activity (e.g., Bracken and Bosart, 2000;

Fischer et al., 2017), we also examined the regressed 300-hPa
temperature, 200-hPa horizontal winds, and 200-hPa zonal winds
in the TC season with respect to the spring reduced SIC,
with the results shown in Figure 5. For a comparison, the
climatological mean 200-hPa zonal wind field is also given in
Figure 5B. In response to the reduced SIC, a significant upper-
level cold anomaly appears over the Japan Sea and strong warm
anomalies appear over the tropical Pacific (Figure 5A), which
are consistent with the pattern of the regressed SST anomalies
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FIGURE 5 | Regressed (A) 300-hPa temperature (shaded; K) and 200-hPa wind field (m s−1), and (B) 200-hPa zonal wind (shaded; m s−1) in the TC season with
respect to the negative spring SIC index during 1981–2018. The black arrows in panel (A) and the dots in panels (A,B) denote the areas where the regressions are
statistically significant above 90% confidence level based on the Student t-test. The contours in panel (B) denote the climatological mean zonal wind at 200 hPa
(U200).

(figure not shown). Corresponding to the above temperature
anomaly pattern are an anomalous cyclone over the Japan Sea and
an anomalous anticyclone over the tropical WNP (Figure 5A)
together with a strengthened and southward shifted SWJ in
the upper troposphere (Figure 5B). These anomalies can be
inferred from the thermal wind balance because of the increased
meridional temperature gradient (Figure 5A).

Previous studies have shown that the anticyclonic circulation
south of the SWJ entrance region can dynamically force
ascending motion, promote moist convection, and thus favorable
for TC development and intensification (Moore and Vanknowe,
1992; Cowan and Hart, 2020). Corresponding to the strengthened
and southward shifted SWJ (Figure 5B) is an anomalous
anticyclonic circulation in the upper troposphere (Figure 5A)
and increased CAPE (Figure 4C) over the tropical and
subtropical WNP. Furthermore, we calculated the correlation
between the SWJ index and ACE index in the TC season. The
correlation coefficient between the two indices reaches 0.34,
which is statistically significant at the 95% confidence level
(Table 1). Therefore, this strongly suggests that the spring SIC
can significantly modulate the SWJ over East Asia and the WNP
throughout the summer, affecting the large-scale dynamic and
thermodynamic atmospheric conditions over the WNP and thus
TC activity in the TC season.

POSSIBLE MECHANISMS

In the last section, we have shown that the large-scale circulation
response to the spring SIC anomaly in the Bering Sea is consistent
with the correlation of the ACE over the WNP in the TC season
with the spring SIC. A question arises as to how the spring SIC
anomaly can impose a delayed impact on TC activity over the
WNP in the TC season because the direct influence of the SIC
often weakens quickly in the coming summer. Since the memory
of the atmosphere is relatively short, often less than a month
(see a review by Zhan et al., 2012), and the ocean has a much
longer memory than the atmosphere, we hypothesize that the
ocean response to the spring SIC anomaly and the subsequent
ocean-atmospheric interaction may play a key bridging role in
the connection between the spring SIC in the Bering Sea and
the TC activity over the WNP. As we mentioned above, the SST
anomalies and the upper-tropospheric air temperature anomalies
over the WNP in the TC season show similar spatial patterns
in response to the spring SIC in the Bering Sea. According to
the thermal wind balance, the southward horizontal temperature
gradient can lead to an increase of westerlies with height. This
means that the deep air temperature response in the WNP and
the strengthening and southward shift of the SWJ are dynamically
balanced. Since the SWJ plays an important role in affecting the
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FIGURE 6 | Regressed 3-month moving averaged SST (shaded; ◦C) and 850-hPa wind (vectors; m s−1) fields with respect to the negative spring SIC index from
March to October. (A) January-March (JFM); (B) February-April (FMA); (C) March-May (MAM); (D) April-June (AMJ); (E) May-July (MJJ); (F) June-August (JJA);
(G) July-September (JAS); (H) August-October (ASO). The black arrows denote the wind fields significant at 90% confidence level. The dots denote the areas where
the regressions in SST are significant at 90% confidence level.
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WNP thermodynamic and dynamic conditions controlling TC
activity in the TC season over the WNP, it is key to understand
how the spring SIC causes the SST anomaly pattern over the
WNP and how the SST anomaly pattern persists through the TC
season. Therefore, in this section we explore the possible physical
mechanisms by which the spring SIC anomaly contributes to
the development and maintenance of the SST anomaly pattern,
and affecting the SWJ and thus the TC activity over the WNP
in the TC season.

Figure 6 shows the regressed 3-month moving averaged SST
and 850-hPa wind fields with respect to the negative SIC index
from March to October. A significant change in the regressed
SST field is found in the Japan Sea with a gradually enhanced
cooling from March-May to August-October, while changes in
SST anomalies in other regions remain small in all seasons.
We further calculated the correlation between the SST index
in the Japan Sea and the spring SIC index in the Bering Sea
defined in Section “Data and Methodology”. As shown in Table 1,
this insignificant (r = −0.16) correlation in spring turned to
significant (r = −0.38) at the 95% confidence level in the
TC season. This suggests that the reduced spring SIC induces
the cooling in the Japan Sea, and the cooling can intensify
and maintain through the whole TC season. Note that the
cold SST anomaly (and also the cold atmospheric temperature
anomaly above) in the Japan Sea associated with the spring
SIC is located just to the north of the SWJ (Figures 5, 6). The
correlation coefficients between the SWJ index in the TC season
and the spring SIC and between the SWJ index and the SST
index in the Japan Sea in the TC season are -0.31 and -0.44,
respectively, both statistically significant at the 95% confidence
level (Table 1). This indicates that the SST cooling over the
Japan Sea induced by the reduced spring SIC can enhance the
climatological meridional atmospheric temperature gradient and
thus accelerate the SWJ above.

The possible role of the Japan Sea SST in affecting the SWJ
in the TC season can be confirmed by regressing the 200-hPa
winds with respect to the negative SST index in the Japan Sea
in the TC season without and with the CP SST signal removed
using Eq. (1), as shown in Figure 7. Note that the regressed SST
field with respect to the negative SIC index shows the cold Japan
Sea and warm CP anomalies (Figure 6). Therefore, removing the
CP SST signal is to avoid its significant effect on TC activity over
the WNP (Chen and Tam, 2010) and thus to isolate the primary
effect of the SST anomaly over the Japan Sea. As expected, the
negative Japan Sea SST anomaly with the CP SST anomaly signal
retained induces remarkable anomalous westerlies between 30
and 40◦N from 100◦E to 180◦E and an anomalous anticyclonic
circulation in the upper troposphere south of 30◦N over the
tropical WNP (Figure 7A). Such a pattern tends to strengthen the
SWJ and provide large-scale environmental conditions favorable
for TC activity. This is generally consistent with the atmospheric
response to the negative spring SIC as shown in Figure 5. With
the CP SST anomaly signal removed, the anomalous westerlies
and anticyclonic circulation in response to the cold Japan Sea
anomaly are still significant and similar to those with the CP
signal retained although the anomalous anticyclone becomes
slightly weaker (Figure 7B). Namely, the SST anomaly over the

A

B

FIGURE 7 | Regressed 200-hPa wind field (m s−1) in the TC season with
respect to the negative SST anomaly in the Japan Sea based on panels (A)
the original data and (B) with the CP SST signal removed during 1981–2018.
The shaded areas denote where the regressions are statistically significant
above 90% confidence level based on the Student t-test.

Japan Sea contributes significantly to the SWJ and thus the TC
activity over the WNP.

To confirm the above data analysis, we conducted three
numerical experiments using the ECHAM4 as briefly described
in Section “Data and Methodology”. These experiments were
designed to demonstrate the independent impact of the Japan
Sea SST anomaly on the SWJ in the TC season. The control run
was performed with the observed monthly mean climatological
SST averaged in the period 1981–2018. The two sensitivity
experiments (cold and warm runs) were identical to the control
run except that 1◦C was subtracted from and added to,
respectively, the SST in the Japan Sea as shown in Figure 8A
from June to September, namely through the TC season. The
model was integrated for 30 years for each experiment and the
last 25 years were used in the analysis here. The control run
generally reproduces reasonably well the observed wind fields
at both 850 hPa and 200 hPa (not shown). Figures 8B–D show
the differences in the simulated 300-hPa temperature and 850-
hPa and 200-hPa winds in the TC season between the cold and
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A B

DC

FIGURE 8 | (A) The domain in which SST is modified in the sensitivity experiments. (B-D) The differences in the simulated (B) 300-hPa temperature (shaded, K), (C)
850-hPa, and (D) 200-hPa winds (vector; m s−1) between the cold and warm runs based on the ECHAM4 model. The dots in panel (B) and the shaded in panels
(C,D) denote areas where the differences are statistically significant above 90% confidence level based on the Student t-test.

A

B

FIGURE 9 | Regressed sensible heat flux (W m−2) averaged in panels
(A) April-May and (B) June-July with respect to the negative spring SIC index.
The dots denote the areas where the regressions in sensible heat flux are
significant at 90% confidence level.

warm runs. Consistent with the regression analysis shown in
Figure 7, the simulated differences in 200-hPa winds between the
cold and warm SST anomalies over the Japan Sea (Figure 8D)
show significant westerly anomalies near 30◦N from 120◦ to
180◦E and an anomalous anticyclonic circulation south of 30◦N
over the WNP. At the same time, the difference in the simulated
temperature at 300 hPa exhibits a significant cold anomaly to the
north and a warm anomaly to the south of 30◦N over the WNP
(Figure 8B), similar to that observed as shown in Figure 5A. This
suggests that the cold SST in the Japan Sea can indeed lead to
the strengthening and southward shift of the SWJ. In addition,
the simulated difference in 850-hPa winds between the cold
and warm runs (Figure 8C) is characterized by an anomalous
cyclonic circulation over the tropical WNP, which is favorable
for TC activity over the WNP, although the low-level circulation
response to the cold Japan Sea is slightly north of that regressed
with respect to the spring SIC anomaly (Figure 4A). These results
confirm the role of Japan Sea SST anomaly in modulating the SWJ
and the large-scale environmental conditions affecting the ACE
in the TC season over the WNP.

As discussed above, there is a gradually increasing cooling
in the Japan Sea from March-May to August-October in
response to the spring SIC anomaly (Figure 6). Therefore, it
is important to understand how the spring SIC anomaly leads
to the continuous cooling in the Japan Sea through the TC
season. In January-March, the Bering Sea and the Gulf of Alaska
is covered by a strong anticyclonic anomaly (Figures 6A,B).
As the SIC decreases in spring, a cyclonic anomaly over the
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A

C D

B

FIGURE 10 | Regressed (A) latent heat flux, (B) sensible heat flux, (C) longwave radiation flux, and (D) shortwave radiation flux (W m−2) in the TC season with
respect to the negative spring SIC index during 1981–2018. The dotted areas denote where the regressions are statistically significant above 90% confidence level
based on the Student t-test.

western Bering Sea gradually strengthens and expands around,
which contributes to the westward shift and intensification
of the Aleutian low (Figures 6C,D). Afterwards, the cyclonic
anomaly weakens and decays in summer (Figures 6E,F). In
response to the reduced spring SIC, sensible heat flux over the
Bering Sea also exhibits significant positive anomaly in spring,
while the positive anomaly rapidly weakens and decays in the
coming summer (Figure 9). This suggests that the reduced
spring SIC significantly modulates the Aleutian low by warming
the low-level atmosphere. Meanwhile, the strengthened Aleutian
low enhances the northwesterly over the mid-latitude Asian
continent, leading to cold continental air intrusion into the Japan
Sea and thus the cooling in the Japan Sea by promoting sea
surface sensible and latent heat fluxes. However, although the
cold air intrusion induced by the spring SIC weakens rapidly
from spring to summer, the cooling in the Japan Sea continues
through the TC season. This suggests that the reduced SIC in
spring triggers the initial cold SST anomaly in the Japan Sea, but
the strengthening of the cold SST anomaly over the Japan Sea
through the TC season could not be attributed to the direct effect
of the reduced SIC in the Bering Sea.

To probe into the possible physical process of the persistent
SST cooling in the Japan Sea through the TC season, we examined
the surface heat fluxes. This is because if ignoring the effect of
surface currents and upper ocean mixing, changes in SST in
the ocean would be determined by the net surface heat flux,
including the latent heat flux, sensible heat flux, longwave and

shortwave radiation fluxes. Figure 10 shows the regressed four
fluxes in the TC season with respect to the negative spring SIC
index during 1981–2018, where the positive sign stands for “into
the ocean and thus warming” and vice versa. Among the four
fluxes in the Japan Sea, the shortwave radiation flux anomalies
in response to the spring SIC (Figure 10D) displays a similar
pattern to the SST anomalies in the Japan Sea. This suggests that
the persistent cooling in the Japan Sea through the TC season
after its initiation in spring is most likely caused by the reduction
of the incoming shortwave radiation reaching the ocean surface.
Consistent with the evolution of the regressed SST anomalies
(Figure 6), the regressed shortwave radiation flux shows negative
anomalies in the Japan Sea in spring, which quickly intensifies
and extends eastward through the TC season (Figure 11). The
surface shortwave radiation is largely determined by low clouds in
the Japan Sea in summer (e.g., Koseki et al., 2012). The increasing
reduction of surface shortwave radiation flux can be attributed to
the increasing low cloud cover in the Japan Sea as we can see from
the evolution of the regressed low cloud cover with respect to the
reduced spring SIC index in Figure 11.

The above analysis demonstrates that a positive feedback
among low cloud, radiation, and SST (namely the cloud-
radiation-SST feedback) could be responsible for the persistent
strengthening cooling in the Japan Sea through the TC season
triggered by the spring reduced SIC in the Bering Sea. In spring,
the anomalous northwesterly associated with the strengthening
Aleutian low due to the reduced SIC in the Bering Sea brings
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FIGURE 11 | (A-F) Regressed 3-month running averaged low cloud cover (shaded) and shortwave radiation flux (contour; W m−2) from March to October with
respect to the negative spring SIC index during 1981–2018. The dotted areas denote where the regressions are statistically significant at 90% confidence level.

dry and cold air to the Japan Sea from the mid-latitude Asian
continent. This enhances surface turbulent sensible and latent
heat fluxes. Thus, the SST begins to cool down and the boundary
layer becomes more stable leading to the formation of low clouds
above the Japan Sea and its adjacent regions. Afterwards, the
cyclonic anomaly weakens and decays in summer. However,
low clouds block the downward short-wave radiation reaching
the ocean surface, leading to further cooling of the ocean
surface. The strong cooling in turn strengthens the stability
of the lower troposphere, which is more favorable for low
clouds (Manabe and Strickler, 1964; Lilly, 1968; Moeng, 1986;

Klein and Hartmann, 1993; Wang et al., 2004a,b; Koseki et al.,
2012). Therefore, through the local positive cloud-radiation-SST
feedback process over the Japan Sea and its adjacent regions that
the spring SIC anomaly affects the interannual variability of the
SWJ, and large-scale circulation and thus the TC activity in the
TC season over the WNP. This demonstrates that the spring SST
anomaly in the Japan Sea triggered by the SIC anomaly in the
Bering Sea plays a key role in bridging the observed relationship
between the spring SIC and the ACE in the TC season over
the WNP discussed in Section “Results From Statistical and
Regression Analyses.”
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FIGURE 12 | Schematic diagram showing the processes through which the
spring SIC affects the WNP environment in the TC season. The reduced SIC
induces the intensification and westward shift of the Aleutian low in spring,
which increases the low cloud, reduces surface shortwave radiation flux and
causes cooling over the Japan Sea. The cloud-radiation-SST feedback
intensifies and maintains through the TC season, which leads to the
strengthening and southward shift of the SWJ and then induces favorable
conditions for TC activity over the WNP. The yellow solid and thick arrow
denotes the SWJ, and the yellow solid and thin arrow denotes the surface
shortwave radiation flux. The dotted gray arrows indicate the physical process
by which the spring SIC anomaly imposes impact in the tropical WNP in the
TC season through the bridging role of the cloud-radiation-SST feedback in
Japan Sea.

CONCLUSION AND DISCUSSION

This study has documented the negative correlation between the
spring SIC in the Bering Sea and the ACE in the TC season over
the WNP on the interannual timescale during 1980–2018. The
reduced (increased) spring SIC is favorable for higher (lower)
ACE, an integrated measure of TC genesis frequency, intensity
and tracks. Especially, the spring SIC can greatly affect TC tracks
by shifting TC activity meridionally over the WNP. Results from
both reanalysis data analysis and atmospheric model experiments
demonstrate the key role of the SST anomaly in the Japan Sea
in bridging the correlation between the spring SIC and the
WNP ACE in the TC season. The associated physical processes
are conceptualized in Figure 12. In spring, the reduced SIC
induces the intensification and westward shift of the Aleutian
low, which is consistent with the results in Fan (2007). However,
we further pointed out that such changes in the Aleutian low
strengthens the cold air intrusion from the mid-latitude Asian
continent and induces the cooling and promotes the development
of low clouds in the Japan Sea and its adjacent regions. The
low clouds reduce the shortwave radiation reaching the ocean
surface, further cooling the ocean surface in the Japan Sea. This
would in turn increases the stability of the lower troposphere and
further enhances the low clouds and thus cools the ocean surface.
This local cloud-radiation-SST feedback persistently cools the
Japan Sea and the atmosphere above through the TC season,
enhancing the meridional gradient of air temperature, leading
to the strengthening and southward shift of the SWJ over the
East Asia, an anomalous upper-level anticyclone over the WNP,
low-level cyclonic circulation anomalies, increased CAPE, and
reduced VWS over the tropical WNP. These all are favorable for
TC development and intensification and thus the increased ACE
over the WNP in the TC season.

Previous studies have revealed the impact of spring sea ice
cover in the North Pacific on TC genesis frequency over the

WNP (Fan, 2007; Fan and Wang, 2009). Our study focuses on
the role of spring SIC in the Bering Sea in contributing to the
interannual variability of ACE over the WNP, which includes
not only TC genesis frequency, but also TC tracks and intensity.
Our results show that the spring SIC has an important impact
on the TC tracks and the meridional shift of TC activity over
the WNP. Especially, this study reveals the key role of the
cloud-radiation-SST feedback in the Japan Sea in bridging the
interannual relationship between the spring SIC and the ACE in
the TC season over the WNP.

Note that the regressed SST field with respect to the reduced
SIC (Figure 6) also shows a similar pattern to the second
empirical orthogonal function mode (EOF2) of SST anomalies in
the North Pacific, namely the Victoria mode (VM), which was
highly correlated with TC frequency over the WNP (Pu et al.,
2019). However, we found no statistically significant correlation
between the summer Victoria mode index and spring SIC index.
After the Victoria model signal was removed from the SIC
index, the regressed WNP ACE in the TC season with respect
to the spring SIC anomaly in the Bering Sea is still significant,
suggesting that the impact of the spring SIC is independent of
that of the Victoria mode.

Previous studies have also demonstrated a prominent control
of ENSO on TC activity over the WNP on interannual time
scale (e.g., Camargo and Sobel, 2005; Zhan et al., 2018). We
compared the spatial correlations between the Nino3.4 index and
WNP ACE in the TC season, and found that the correlation is
statistically significant only over the eastern WNP, very different
from that associated with the impact of the spring SIC. Therefore,
the relative contribution from the spring SIC and ENSO to the
interannual variability of TC activity in terms of the ACE might
be an interesting topic that deserves a future study. In addition,
many studies have shown that Arctic sea ice has been decreasing
rapidly (e.g., Serreze and Barry, 2011) and the WNP TC activity
has also shown an intensification in recent decades (Emanuel,
2005, 2013; Webster et al., 2005; Park et al., 2017). Our study has
revealed a significant negative correlation between the spring SIC
and TC ACE in the TC season over the WNP on the interannual
time scale. It is unclear whether the rapid decline of the Arctic
sea ice has contributed to the intensified TC activity over the
WNP. Our study also showed that the spring SIC can greatly
affect TC tracks and its meridional shift. It implies that the
rapid decline in Arctic sea ice might lead to longer TC tracks
and more active TC activity in higher latitudes under a warmer
climate. These could be another interesting topic for a future
study. Nevertheless, the finding from this study not only has an
important implication for seasonal TC forecasts but also suggests
a strengthened future TC activity potentially resulting from the
rapid decline of Arctic sea ice.

SIGNIFICANCE STATEMENTS

Although many studies have revealed that Arctic sea ice may
impose a great impact on the global climate system, including
the tropical cyclone genesis frequency over the western North
Pacific, it is unknown whether the Arctic sea ice could have any
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significant effects on other aspects of TCs, such as TC intensity,
lifespan, and track; and if so, what are the involved physical
mechanisms. Here, we found that the decreased (increased)
spring sea ice in the Bering Sea is favorable (unfavorable) for
TC activity, including the mean lifetime of tropical cyclones
and the meridional shift of the mean tropical cyclogenesis
location and dominant tracks. The spring sea ice anomaly can
induce large-scale conditions that significantly affect tropical
cyclone activity over the western North Pacific by triggering
the cloud-radiation-SST feedback in the Japan Sea. The finding
not only has an important implication to seasonal tropical
cyclone forecasts but also suggest a strengthened future tropical
cyclone activity potentially resulting from the rapid decline
of Arctic sea ice.
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