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Abstract Observational analysis and purposely designed

coupled atmosphere–ocean (AOGCM) and atmosphere-

only (AGCM) model simulations are used together to inves-

tigate a new mechanism describing how spring Arctic sea

ice impacts the East Asian summer monsoon (EASM).

Consistent with previous studies, analysis of observational

data from 1979 to 2009 show that spring Arctic sea ice is

significantly linked to the EASM on inter-annual timescales.

Results of a multivariate Empirical Orthogonal Function

analysis reveal that sea surface temperature (SST) changes

in the North Pacific play a mediating role for the inter-

seasonal connection between spring Arctic sea ice and the

EASM. Large-scale atmospheric circulation and precipita-

tion changes are consistent with the SST changes. The

mechanism found in the observational data is confirmed

by the numerical experiments and can be described as fol-

lows: spring Arctic sea ice anomalies cause atmospheric

circulation anomalies, which, in turn, cause SST anomalies

in the North Pacific. The SST anomalies can persist into

summer and then impact the summer monsoon circulation

and precipitation over East Asia. The mediating role of SST

changes is highlighted by the result that only the AOGCM,

but not the AGCM, reproduces the observed sea ice-EASM

linkage.

1 Introduction

Global warming is enhanced at high latitudes where Arctic

surface air temperature has risen twice as much as the global

average in recent decades—a feature called Arctic amplifi-

cation (e.g., Bekryaev et al. 2010). Data-based analyses

indicate that the recent Arctic warming signal is broadly

consistent with the reduction in sea ice cover (Screen and

Simmonds 2010). Although the Arctic warming implies a

melting sea ice cover (e.g., Johannessen et al. 2004;

Johannessen 2008), its dynamic-thermodynamic response

is neither straightforward nor necessarily linear (Zhang et

al. 2000) nor is the response of the atmosphere to sea ice

reductions (Magnusdottir et al. 2004; Deser et al. 2004).

Numerous observational and model-based studies also

suggest that Arctic sea ice changes in turn impact regional

and remote climate (for a review, refer to Budikova 2009).

For instance, using an atmosphere general circulation model

(AGCM) Mesquita et al. (2010) found that winter sea ice

cover over the Sea of Okhotsk may affect most storm track

variables in the North Pacific. Fan (2007) found from a

statistical analysis that sea ice cover over North Pacific

could be a potential predictor for the typhoon frequency

over west North Pacific. Through an analysis of observed

data and AGCM modeling experiments, Zhao et al. (2004)

noted the close relationship between the spring sea ice cover

in the Bering Sea and the Sea of Okhotsk and rainfall

variability in the East Asian summer monsoon (EASM).

By analysing observational and reanalysis data from the last

30 years, Wu et al. (2009a) found a significant correlation

between the spring Arctic sea ice concentration (ASIC) and
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summer rainfall over China. Honda et al. (1996, 1999)

investigated the atmospheric response to winter sea ice

anomalies in the Sea of Okhotsk, using AGCM simulations

as well as observational data. They found that ice extent

anomalies in this region excite a stationary wave train that

extends along a great circle over Eastern Asia, the Bering

Sea, and into North America. Based on AGCM results,

Huang et al. (1995) found that winter sea ice over Barents

Sea and Kara Sea can influence summer precipitation over

China. The study of Song and Sun (2003) indicates that

precipitation over North China is positively correlated with

spring Arctic sea ice.

The precipitation over East Asia is dominated by the

EASM. In fact, the EASM leads to 40–50 % (60–70 %) of

the annual precipitation in the Yangtze River region (North

China) (e.g., Gong and Ho 2003). The monsoon establishes

along the Yangtze River valley and extends to South Korea

and Japan in June and July. A large amount of rainfall

occurs along the Meiyu-Changma-Baiu front (marked by

the rectangle in Fig. 3a) that reflects a contrast between

the polar cold and the tropical warm air masses. Although

the climatological mean of the EASM is rather well under-

stood, it still poses a challenge to the community to better

understand the monsoon variability.

The mechanism how spring Arctic sea ice influences the

summer climate over East Asia is not fully understood. For

example, previous studies have suggested that Arctic sea

ice variability affects the Eurasian snow cover which itself

exhibits a multi-month climatic memory and thus may

provide an anomalous heating/cooling forcing on the sum-

mer climate over East Asia (Zhao et al. 2004; Wu et al.

2009a, b). The induced surface changes in temperature and

moisture lead to Rossby wave train excitation influencing

the Asian summer monsoon. These studies emphasize the

importance of persistent, anomalous land and atmosphere

conditions in upstream regions (Eurasian continent) of East

Asia. However, the EASM is also strongly influenced by

atmospheric and oceanic states over the North Pacific

(Chang et al. 2000a, b), which, in turn, are affected by

changes in the sea ice cover (Chiang et al. 2003, 2005).

The main question addressed in this study is: Does the

ocean play a significant role in linking spring Arctic sea

ice and EASM variability?

The main purpose of the present study is to investigate a

new possible mechanism of how the spring Arctic sea ice

impacting the EASM by using observational data, AGCM

and AOGCM simulations. The paper is organized as fol-

lows. A description of data, model system, and model ex-

periments are given in Section 2. The results from

observational analysis and model simulations are presented

in Sections 3 and 4, respectively. The paper closes with a

discussion and concluding remarks in Section 5.

2 Data and models

2.1 Data and method

The data used in this study include the National Center for

Environmental Prediction-National Center for Atmospheric

Research reanalysis products with a horizontal resolution of

2.5°×2.5° (Kalnay et al. 1996), monthly sea ice area (SIA)

data from the National Snow and Ice Data Center (Fetterer

et al. 2002), monthly sea ice concentration (SIC) data from

the British Atmospheric Data Centre (BADC) with a reso-

lution of 1°×1° (http://badc.nerc.ac.uk/data/hadisst), the

CPC Merged Analysis of Precipitation (CMAP) with a

resolution of 2.5°×2.5° (Xie and Arkin 1997), and monthly

gridded Extended Reconstructed Sea Surface Temperature

(v3b) data with a resolution of 2°×2° (Smith et al. 2008).

All analyses are confined to the period 1979 to 2009.

We focus on the interannual timescale variations for all

climate variables in the present study. The decadal and long-

timescale variabilities are removed by using a 10-year

Butterworth filter to the climate variables before analysis

(Butterworth 1930). The correlation method applied is

Pearson correlation (Rodgers and Nicewander 1988). The

significance of Pearson correlation coefficient is computed

by transforming the correlation to create a t statistic with n-2

degrees of freedom, where n is the number of rows of vari-

ables. The confidence bounds are based on an asymptotic

normal distribution. Furthermore, multivariate Empirical

Orthogonal Function (MV-EOF) analysis (Wang 1992) is

used to obtain the co-variance of East Asian summer pre-

cipitation and spring ASIC. Finally, we applied regression

analysis to climate variable (Y) and El Niño Southern

Oscillation (ENSO) index (X), and we assume the residual

part of the climate variable (Y) is signal excluding the ENSO

impact. This method has been used by early studies (e.g.,

Gong et al. 2011). It should be mentioned that our results are

still robust if the ENSO signal is linearly removed.

2.2 Model description

The second version of Bergen Climate Model (BCM2;

Otterå et al. 2009) is used in this study. The BCM

(Furevik et al. 2003) was one of the contributing models

to the last IPCC report (Meehl et al. 2007) and has been used

in a wide range of climate studies (e.g., Bentsen et al. 2004).

The BCM2 has been improved in various aspects compared

with the original BCM (see Otterå et al. 2009 for details).

Importantly, conservation properties of the ocean model

have been largely improved by adopting an incremental

remapping scheme and the single layer sea ice model has

been replaced with the multi category model GELATO

(Salas-Mélia 2002). The atmospheric component is the
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spectral model ARPEGE/IFS (Déqué et al. 1994), which in

our configuration has 30 vertical hybrid levels and a hori-

zontal resolution of approximately 2.8°. The ocean compo-

nent is based on but is a heavily modified version of the

isopycnic coordinate model MICOM (Bleck and Smith

1990), which has an average horizontal resolution of ap-

proximately 2.4° with enhanced resolution in the tropics and

in the Arctic and a stack of 34 isopycnic layers with a bulk-

mixed layer on top (see Lohmann et al. 2009 for more

details).

2.3 Experiments design

The baseline integrations for this study comprise two

coupled simulations that are integrated over 120 years: one

present-day control integration (PCTRL) with atmospheric

CO2 concentrations kept constant at the year 2000 level, and

one future scenario integration (FCTRL) that follows the

IPCC A2, business-as-usual scenario. During 101–120 years

of FCTRL, the CO2 concentration is fixed at 992 ppm. To

explore how the spring ASIC anomalies impact the EASM,

we performed spring ASIC perturbation experiments with

BCM2 and the atmosphere-only model ARPEGE/IFS,

which is the atmospheric component of BCM2. The so-

called “atmospheric bridge and oceanic tunnel” (ABOT;

Yang and Liu 2005) technique is implemented for the sea

ice perturbation experiment performed by BCM2. The

ABOT technique has been successfully applied in previous

studies to address tropical-extratropical climate interactions

(e.g., Su et al. 2008). Following numerical experiments have

been designed to isolate the role of spring Arctic sea ice and

air–sea coupling (ocean changes):

& Atmosphere-only control experiment (A-CTRL): lower

boundary conditions are obtained from the daily, clima-

tological mean of ocean–sea ice output from the first

100 years of PCTRL. Integrated for 30 years.

& Atmosphere-only sea ice perturbation experiment (A-

SICE): the same as A-CTRL, but with the spring ASIC

and sea surface temperature (SST) from the daily, cli-

matological mean of the last 20 years of FCTRL when

the spring ASIC in the Sea of Okhotsk and the Barents

Sea is essentially zero.

& Atmosphere-only SST perturbation experiment (A-SST):

same as A-CTRL, but with superposed summer SST

anomalies in the North Pacific to explore the impact of

North Pacific SST anomalies that are associated with

anomalous spring sea ice on the EASM. Integrated for

30 years.

& ABOT-coupled control experiment (AO-CTRL): inside

the Arctic region (defined by the maximum ice extent in

PCTRL), spring Arctic SICs and SSTs are prescribed

with daily climatological values that are obtained from

the last 20 years of PCTRL. Outside the Arctic region,

the system remains fully coupled. Integrated for

60 years.

& ABOT-coupled sea ice perturbation experiment (AO-

SICE): same as AO-CTRL but with the spring ASICs

and SSTs obtained from the last 20 years of FCTRL.

Integrated for 60 years.

The difference between AO-SICE and AO-CTRL pro-

vides the spring sea ice impact on the climate in the coupled

model; whereas the difference between A-SICE and A-

CTRL provides the spring sea ice impact on climate in the

atmosphere-only model. The difference between the A-SST

and A-CTRL provides the impact of summer SST anomalies

in the North Pacific, that are associated with reduced sea ice,

on the climate in the atmosphere-only model.

3 Results from observations

3.1 The linkage between spring Arctic SIA and EASM

The EASM index is often used to describe the precipitation

and circulation associated with the EASM. Here, we

employed the Wang and Fan (1999) index and the Lau et

al. (2000) index, which are based on the horizontal zonal

wind shears at 850 and 200 hPa levels, respectively, empha-

sizing features in the lower and upper troposphere. The

Wang and Fan (1999) index performs well in capturing the

total variance of precipitation and circulation over East Asia

(Wang et al. 2008). The EASM indices are computed using

the following formulae:

Wang and Fan (1999)

Index : U850 5��15� N; 90��130� Eð Þminus

U850ð22:5��32:5� N; 110��140� EÞ;

Lau et al. (2000)

Index : U200 40��50� N; 110��150� Eð Þminus

U200 25��35� N; 110��150� Eð Þ;

Where U850 and U200 denote the zonal wind at the 850

and 200 hPa, respectively.

Figure 1b shows the timeseries of February–March–April

(FMA)-averaged Arctic SIA and June–July–August (JJA)-

averaged Lau et al. (2000) index. The computation of lagged

correlations reveals that the ice area during FMA has the

strongest correlation with the monsoon index during JJA,

with a correlation coefficient of r=−0.42 which is signifi-

cant at the 95 % confidence level (Fig. 1a). The FMA Arctic
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SIA correlates negatively with the monsoon index (Fig. 1b).

We also computed the Arctic SIA correlation with the Wang

and Fan (1999) index, yielding a significant value of −0.35.

The three-dimensional structure of atmospheric circulation

changes over East Asia that project onto Arctic SIA changes

was further investigated. For positive spring Arctic SIA

anomalies, it follows that the JJA East Asian westerly jet

(at about 40° N in climatology) tends to move southward and

wind shear between 40–50° N, 110–150° E, and 25–35° N,

110–150° E tends to decrease (Fig. 2a), and that an anoma-

lous westerly wind centre appears between 20° and 30° N,

extending vertically from 1,000 to 100 hPa. These anoma-

lous westerlies are flanked by two regions of anomalous

easterlies that are located south of 20° and north of 35° N

and extend approximately from 700 to 150 hPa (Fig. 2b). In

other words, anomalous westerlies are present in the sub-

tropics throughout the troposphere, and anomalous easterlies

are present at ∼40° and ∼10°N from mid- to upper tropo-

spheric levels. These summer wind anomalies are associated

with larger-than-average spring Arctic SIA, and they are

present in the whole troposphere and have well-defined

vertical structures: stronger downwelling at ∼20° N and

intensified upwelling at ∼30° N, implying anomalous pre-

cipitation at these latitudes

3.2 Spring Arctic SIA and precipitation in East Asia

As shown in the previous section, related to anomalous

spring Arctic SIA there are significant summer atmospheric

circulation changes over East Asia. These circulation

changes are expected to lead to corresponding precipitation

changes, i.e., anomalous dry conditions in areas with anom-

alous descending motion and anomalous wet conditions in

areas with anomalous ascending motion. For larger-than-

average spring Arctic SIA, these areas are located south of

25° N and north of 25° N, respectively. As shown in Table 1,

the spring Arctic SIA is significantly correlated with the two

EASM indices and summer precipitation over East Asia.

The correlations with precipitation are −0.40 and +0.35 in

the southern and northern regions, respectively. Both are

significant at the 95 % confidence level. This indicates that

for a smaller-than-average spring Arctic SIA there tend to be

a higher EASM index and more precipitation in southern

region and less precipitation in northern region. The summer

precipitation in these two regions has an obvious out of

phase relationship with a correlation coefficient of −0.57.

The leading mode of summer precipitation over East Asia

(south of 45° N) has a south–north dipole structure which is

projected onto the typical three-dimensional monsoon cir-

culation variability (Fig. 3a). Wang et al. (2008) from the

MV-EOF analysis found that the leading spatial mode

shows a north–south dipole pattern in precipitation with

two opposite anomalous regions similar to Fig. 3a. One

region is located over the northern China south sea with a

west–east orientation (around 15° N) and the other region

spans from the Yangtze River valley to southern Japan

(around 30° N), which covers the prevailing Meiyu-

Changma-Baiu front area (marked by the rectangle in

Fig. 3a). Figure 3b shows the spatial distribution of the

correlations between the spring Arctic SIA and the JJA

precipitation in East Asia and western North Pacific. A clear

dipole pattern emerges in East Asia, closely resembling the

monsoon-related precipitation pattern (Gu et al. 2009). The

similarity of the spatial structures suggests a potential con-

nection between the EASM rainfall and the preceding spring

Arctic SIA. The summer precipitation associated with

spring Arctic SIA variability can account for ∼20 % of the

precipitation variability in the tropical North Pacific and 7–

10 % in the subtropical (∼30° N) and northern (∼45° N)

North Pacific.

It is generally recognized that the ENSO has a large

influence on the climates over north-western Pacific and

East Asia (e.g., Wang et al. 2000; Ding et al. 2011). After

regressing out the ENSO signal in the climate variables (SIA

and EASM), the correlation between spring Arctic SIA and

the EASM index of Lau et al. (2000) is still significant (r=

−0.4), and the spatial distribution of correlations between

the spring Arctic SIA and the East Asia summer precipita-

tion is nearly identical to the case where the ENSO influence

is not removed. Therefore, the connection between the

spring Arctic SIA and the summer precipitation over East

Asia is likely independent of ENSO.

3.3 Anomalies of 850 hPa winds and 500 hPa heights over

North Pacific

The western North Pacific subtropical high (WNPSH) and

monsoon trough are two important components of the

EASM circulation system (e.g., Tao and Chen 1987; Wu

and Wang 2000). For a positive anomalous spring Arctic

SIA, the most important feature of the anomalous wind at

850 hPa is a statistically significant anomalous cyclonic

circulation over the south of Japan and an anomalous anti-

cyclonic circulation over the central North Pacific extending

into south China (Fig. 4a). Previous studies (e.g., Wang and

Fan 1999; Wang et al. 2008) have reported that a similar

cyclonic pattern over the south of Japan can be identified as

the inherent mode of the EASM. This means that following

a larger-than-normal spring Arctic SIA, there would be

anomalous convergence of air-flow in about 30° N, imply-

ing above-than-normal precipitation along the Meiyu-

Changma-Baiu belt. Anomalous upward air motion occurs

in 25–35° N along 120° E, coinciding with the location of

anomalous cyclonic circulation and anomalous downward

air motion at approximately 10–20° and 35–45° N (Fig. 2b).

The anomalous circulation patterns can explain the

D. Guo et al.



enhanced summer precipitation at about 30° N and the

reduced summer precipitation at 10–20° N in larger spring

Arctic SIA years.

The WNPSH plays an important role in regulating the

location of the rain belt and modulating moisture transpor-

tation at both interannual and decadal timescales. More

precipitation tends to occur along the Yangtze River through

southern Japan when the WNPSH moves southward or

extends more westward. In contrast, drier conditions are

favored by a northward displacement or an eastward retreat

of the WNPSH (Chang et al. 2000a, b; Gong and Ho 2002).

As indicated in Fig. 4a, for larger-than-normal spring Arctic

SIA, there is an anomalous Z500 minimum to the south of

Japan extending to the Bering Sea, and an anomalous max-

imum in the subtropical central North Pacific extending to

the south of China, both of which are statistically signifi-

cant. This west–east oriented dipole pattern suggests an

eastward retreat of the WNPSH. To illustrate the temporal

variations of WNPSH, we defined the regional average 500-

hPa heights over 15–35° N and 150–180° E as the WNPSH

index. The time series of the summer WNPSH index and the

springArctic SIA are significantly correlatedwith a correlation

coefficient of r=+0.45 for the period 1979–2009 (Fig. 4b). It is

well known, that the WNPSH is strongly modulated by the

ENSO signals. When we remove the ENSO signals, the cor-

relation between WNPSH and the spring ASIA is still statis-

tically significant with a correlation coefficient of +0.30. This

implies that the connection between spring Arctic SIA and

WNPSH is very likely independent of ENSO.

3.4 Persistent large-scale circulation anomalies over North

Pacific

Our observational analysis has demonstrated the existence of

robust and consistent co-changes in monsoon indices, atmo-

spheric circulations, and regional precipitation in summer that

a

b

Fig. 1 a Correlation between

monthly Arctic SIA and East

Asian summer monsoon index

defined by Lau et al. (2000).

b Normalized timeseries of

spring Arctic SIA and East

Asian summer monsoon index.

All the timeseries are 10-year

high-pass filtered using a

Butterworth filter. To facilitate

comparison, the vertical axis for

monsoon index has been

reversed
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are associated with the preceding spring Arctic sea ice anom-

alies. In the following, we examine more details of the atmo-

spheric circulation and SSTchanges from spring to summer to

shed light on the possible mechanism(s) how spring Arctic sea

ice variations impact the EASM climate.

Since SIC instead of SIA can provide both spatial and

temporal variations, we performed MV-EOF analysis on the

East Asian summer precipitation and spring ASIC in order

to extract their co-variances. The spatial pattern of the

leading MV-EOF mode of the East Asian summer precipi-

tation (Fig. 5a) is general consistent with the spatial pattern

of EASM-associated precipitation showing two regions with

opposite anomalous precipitation (Fig. 3a).

For the Arctic sector, it is obvious that the variations of

spring ASIC were not uniform in space and time over the past

30 years (Fig. 5b, c). The spring ASIC have generally increased

in the Bering Sea and Davis Strait while they have decreased in

the Sea of Okhotsk and the Barents Sea. The leading MV-EOF

modes account for about 15 % of the covariance.

Since we focus on the interannual timescale, in the fol-

lowing, we correlate the 10-year high-pass filtered first

principal component (PC1) (Fig. 5c) with the SST in

North Pacific from spring (March–April–May) to JJA.

The main feature of anomalous SST evolution related

with PC1 is a dipole SST pattern with negative and positive

SST anomalies in the western tropical and subtropical north

Pacific persisting from spring to summer (Fig. 6a–d). The

SST dipole is statistically significant at 95 % level. One pole

is centred around 25–35° N along 150° E, and the other pole

spans almost the entire western tropical North Pacific with

the centre around east of Philippines. Associated with the

dipole SST anomalies, there are well defined and steady

atmospheric circulation anomalies from spring to summer.

The main circulation features at 850 hPa are an anomalous

anticyclone covering the tropical and subtropical North

Pacific (0–40° N), and an anomalous cyclone centered over

the Bering Sea from late spring (April–May–June) to sum-

mer. The anomalous anticyclonic 850 hPa circulation from

spring through summer implies Ekman transport conver-

gence of surface water (Gong et al. 2011) and therefore

leads to positive SST (25–35° N, 150° E). The anomaly

pattern of the 500-hPa height response (Fig. 7a–d) is similar

to the anomaly pattern of 200 hPa streamlines (not shown),

supporting an equivalent barotropic structure of the anoma-

lous large-scale circulation.

It should be emphasized here that the 850 hPa wind

anomalies become statistically significant in late spring

and strengthen in early summer (MJJ) in the tropics and

subtropics. An anomalous high pressure over the central

North Pacific and an anomalous low pressure covering the

high latitudes over the North Pacific indicate an intensified

and more westward extended WNPSH, implying a strength-

ened south-easterly wind from the Pacific Ocean and more

moisture from West Pacific and potentially increased pre-

cipitation over Meiyu-Changma-Baiu belt (Zhou and Yu

2005). The persistent atmospheric circulation and SST

Table 1 Correlation coefficients between FMA Arctic SIA and EASM

indexes and the regional precipitation for the period 1979–2009

Lau et al.

(2000)

index, JJA

Wang and

Fan (1999)

index, JJA

South

precipitation,

JJA

North

precipitation,

JJA

FMA SIA −0.42a −0.35a −0.40a +0.35a

JJA South

precipitationc
+0.66b +0.76b – −0.57b

JJA North

precipitationd
−0.52b −0.62b −0.57b –

a Significant at the 95 % level
bAt the 99 % level
cMean precipitation averaged over southern region over 10–25° N,

110–150° E
dMean precipitation averaged over northern region over 25–35° N,

110–150° E
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computed after being 10-year

high-pass filtered
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anomalies over the North Pacific provide a possible mech-

anism on how the spring sea ice anomalies impacting the

EASM. To summarize our observational-based analysis, we

can propose the following mechanism (Fig. 8) on how the

spring Arctic sea ice impacting the EASM: spring Arctic sea

ice anomalies cause atmospheric circulation anomalies,

which, in turn, cause SST anomalies in the North Pacific.

The SST anomalies can persist into summer and then impact

the summer monsoon circulation and precipitation over East

Asia.

4 Results from numerical simulations

Before we discuss the climate impact of spring sea ice, we

evaluate the simulated climatology of summer precipitation
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over East Asia. The simulated precipitation in AO-CTRL

(Fig. 9b) qualitatively matches the observations (Fig. 9a)

with polarward and eastward decrease pattern (start from

120° E). Particularly, the observed spatial distribution of the

precipitation east to 110° E is well reproduced. However,

the precipitation in the Intertropical Convergence Zone of

North Pacific is underestimated by 2 mm/day (figure not

shown). The simulated change in East Asian summer pre-

cipitation caused by the reduced spring sea ice (AO-SICE

minus AO-CTRL) (Fig. 9d), with a negative along Meiyu-

Changma-Baiu region (around 30° E) and a positive re-

sponse over the South China Sea and the Philippines, re-

produces the observed zonal dipole pattern (south of 45° N)

that is associated with smaller-than-normal spring Arctic

SIA (Fig. 3b). This implies that our coupled experiments

have the capacity to represent the climate impact of reduced

spring ASIC on East Asia. The atmospheric circulation

anomalies at 850 hPa (Fig. 10b) caused by the reduction

of spring Arctic sea ice qualitatively matches the circulation

anomalies derived from the observation-based analysis
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(Fig. 4a). Also the anomalous cyclone that is simulated over

the western tropical North Pacific is in good agreement with

the observation-based analysis. The simulated summer re-

sponse in low-level winds to reduced Arctic spring sea ice is

Fig. 8 Schematic summary of

the proposed mechanism
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an anomalous eastward flow that spans from the North Pacific

to the Yangtze river basin along 30° N, then becomes a

southward flow along 110° E, and finally a westward flow at

∼10° N. This wind anomaly pattern could explain why the

simulated west–east orientated precipitation belt is opposite to

the one in the observational analysis, and that the anomalous

anticyclone (cyclone), which centered over Japan in the ob-

servations (Fig. 4a), is shifted eastward to the North Pacific for

light sea ice condition in our simulation (Fig. 10b) relative to

the observational analysis. Correspondingly, the anomalous

precipitation belt is not centered over south Japan as it is the

case in the observation.

For the mid- and upper troposphere, the WNPSH and the

East Asian westerly jet stream are two major large-scale

circulation systems that dominate the EASM. As shown in

Fig. 11a, main patterns of 500 hPa geopotential height

anomalies is consistent with Figs. 4a and 7d. In our simula-

tions for the negative spring sea ice case, there is an anom-

alous minimum along 30° N centred around 180° E, which

is adjacent to an anomalous maximum over the southeast of

Japan, indicating a slight northward shift of WNPSH. This

pattern is also consistent with the anomalous wind at

850 hPa (Fig. 10) and anomalous precipitation pattern

(Figs. 3 and 9d).

Previous studies indicated that the north–south shifting of

the jet plays an important role for the monsoon onset and

retreat and hence for anomalous monsoon rainfall (Liang

and Wang 1998; Gong and Ho 2003). Furthermore, the

location of the Meiyu fronts that produce an extensive

summer monsoon rainfall is highly related to the location

of the westerly jet stream. Thus, the jet stream can be used

as a representative circulation for the summer monsoon. The

coupled spring sea ice sensitive simulations can also capture

these features shown in Fig. 11b. The simulated pattern is

similar to the one obtained from the observational correla-

tion analysis (Fig. 2a) but has the opposite sign because the

simulation results reflect the response to reduced spring

Arctic sea ice. This implies a south–north movement of

the middle latitude zonal jet over East Asia in our simula-

tions for the less spring sea ice case. However, the A-SICE

experiment (figure not shown) cannot capture this anoma-

lous zonal wind pattern at 200 hPa in summer. This indicates

that the role of the air–sea coupling in linking spring Arctic

sea ice and the summer zonal wind jet at 200 hPa. The

results of AO-SICE further confirm the summer East Asia

westerly jet at 200 hPa in summer (weakened around 30° N

and strengthened around 45° N following the reduced spring

Arctic SIA, Fig. 11b).

The definition of the strength of the EASM employed in

this study is the difference in 200 hPa zonal wind between

averaged values over the domains 40–50° N, 110–150° E

and 25–35° N, 110–150° E (Lau et al. 2000), meaning that

the East Asian jet plays an essential role in the dynamical

aspect of the summer monsoon. The aforementioned pattern

associated with the negative phase of spring sea ice gener-

ally resembles the strong EASM years (Lau et al. 2000).

This simulated northward shifting of the westerly jet stream

accompanies the pattern of anomalous precipitation, produc-

ing less precipitation over the Meiyu belt as response to

reduced spring Arctic sea ice (Fig. 9d). These atmospheric

circulation features are all consistent with that in precipita-

tion and further confirm the existence of a sea ice-monsoon

rainfall connection.

As indicated by the observation-based analysis, SST is

potentially an important factor for bridging the spring sea

ice and the EASM-induced precipitation. Figure 12 shows

the SST anomalies that are simulated as the response to

reduced spring Arctic SIA (AO-SICE minus AO-CTRL).

The anomalous spring SST pattern (Fig. 12a) is generally

consistent with the result of observation-based analysis

(Fig. 6a) for the low-mid-latitudes, but the anomaly signal

is opposite over the east of Japan. Nevertheless, for the

remaining part of the North Pacific, the anomalies are con-

sistent with the result from observation-based analysis. The

main structure comprises a belt of the anomalously high

SST that spans from the sea of Philippines to Mexican

Bay along the tropical North Pacific. Anomalous low SST

a

b

Fig. 10 Difference (in meters per second) in summer 850-hPa atmo-

sphere circulation caused by a SST anomalies (A-SST minus A-CTRL)

and b reduction of spring Arctic sea ice (AO-SICE minus AO-CTRL)
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is simulated around the mid-latitude of the North Pacific.

This dipole of SST anomalies (except over the east Japan) is

consistent with the result from the observation-based analy-

sis and persists from spring (Fig. 12a) to summer (Fig. 12b).

This is also why our model can capture the spatial response

pattern of precipitation.

Furthermore, the spatial distribution of the anomalous

precipitation (A-SST minus A-CTRL) from the AGCM-

only with the SST anomalies exactly resembling the pattern

in Fig. 6c shows a northeast tilted triple pattern (Fig. 9c)

compared with the zonal triple pattern in the observations

(Fig. 3b). The results confirm that the summer SST anom-

alies in the North Pacific associated with the MV-EOF PC1

of the spring ASIC can lead to atmospheric circulation

anomalies (Fig. 10a) which are consistent with the statistical

analysis (Fig. 6d) and by that to the East Asian summer

(JJA) precipitation anomalies.

It should be mentioned that the climate impact of the

reduced spring Arctic SIA simulated by AGCM-only (A-

SICE minus A-CTRL) cannot reproduce the observed di-

pole pattern of summer precipitation anomalies (figure not

shown here), implying the evolution of North Pacific SST

being the linkage between the spring Arctic sea ice and the

EASM precipitation.

5 Discussion and conclusions

Observational analysis and numerical experiments with a

coupled atmosphere–ocean and an uncoupled atmosphere-

only model are performed to investigate the relationship

between the spring Arctic sea ice and the EASM-induced

precipitation. The results from the observations and the

model experiments show that the reduced spring Arctic sea

ice leads to an enhancement of summer rainfall in northeast

China and in the belt including the Indochinese Peninsula,

South China Sea, Philippines, and the region east of Guam.

Concurrently, the rainfall over Meiyu-Changma-Baiu front

significantly decreases. The underlying large-scale atmo-

spheric circulation response supports this spring sea ice–

summer monsoon relationship. The reduction of the spring

Arctic sea ice can lead to a dipole low-level wind response

over the North Pacific, with an anomalous cyclone and an

anomalous anticyclone, which, in turn, generates North
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Pacific SST anomalies during spring. The spring time SST

anomalies in the North Pacific can persist into summer and

therefore impact the EASM precipitation. Our modelling

results show that only the coupled climate model can cap-

ture the linkage of the spring Arctic sea ice and the EASM

precipitation in the observation, implying the important role

of air–sea interaction in bridging the spring Arctic sea ice

and the EASM precipitation.

In association with larger/smaller spring Arctic SIA, the

East Asian westerly jet tends to weaken/strengthen the hori-

zontal wind shear. It seems to be directly related to the

positive/negative geopotential height at about 30° N which

appears in spring and persists into JJA with a little

southward/northward shift (being in about 15–30° N in JJA,

see Fig. 7). These barotropical height anomalies lead to anom-

alous eastern/western winds to the southern side and anoma-

lous western/eastern winds to the northern side. Thus there are

stronger/weaker westerlies in about 30° N in JJA (Fig. 2a).

The reason(s) why there are persistent geopotential height

anomalies over the northwestern Pacific, however, are not

well understood. There are some possible causes: (1) the

south–north thermal gradients may one reason as suggested

by Francis and Vavrus (2012), (2) the diabatic heating (such as

precipitation latent heating over the northwestern Pacific be-

tween 25–40° N, see Fig. 3b), or the SST heating (Fig. 6), (3)

dynamical process through teleconnection such as stationary

Rossby waves. Our study has not proven the relative role of

each possible cause may play and that further investigation is

necessary to clarify these issues.

Previous studies also suggested that the North Pacific

SST anomalies can be a bridge between the spring Arctic

Oscillation and EASM precipitation (Gong et al. 2011).

Using an atmosphere-land model, Zhao et al. (2004) found

that the snow anomalies in the Eurasian continent caused by

the spring sea ice anomalies in the Sea of Okhotsk can be a

linkage for sea ice anomalies impacting the EASM precip-

itation. However, our simulations do not suggest major

changes in the Eurasian snow cover as response to reduced

spring Arctic sea ice.In our model, the air–sea interactions

with the anomalous SST over the North Pacific constitute

the main “bridge” for this inter-seasonal connection. How

does the Eurasian continent snow cover covary with Arctic

sea ice and EASM, and what are the relative and combined

effects of snow cover and North Pacific SSTs in the con-

junction of sea ice-EASM linkage, need further investiga-

tion with numerical experiments and observational data

analysis.

In this paper, we have not carefully investigated the de-

tails of the dynamical processes by which the reduction of

the spring sea ice can lead to specific atmospheric circula-

tion anomalies in spring, but previous studies have shown

that atmospheric circulation anomalies related to the Arctic

Oscillation, which are similar to the ones in our simulations,

can lead to anomalous SSTs in the North Pacific region

(Gong et al. 2011). It should also be mentioned that we

removed the spring Arctic sea ice in both the Barents Sea

and the Sea of Okhotsk, and therefore, we cannot conclude

if the simulated climate impact is dominated by either the

Barents Sea or the Sea of Okhotsk. Further studies are

necessary to clarify this question.
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