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ABSTRACT
The 1997/98 and 2015/16 El Niño episodes are regarded as two super–El Niño events and have exerted
profound influence on eastern China summer rainfall, as expected. However, on the subseasonal time scale,
summer rainfall in these two years shows dramatic diversity, although the characteristics of the two super–El
Niños are similar. This study reveals that the rainfall increased (decreased) over central China (;308–358N)
and decreased (increased) over southeastern China (south of ;258N) in August 1998 (2016), exhibiting a
dipole anomaly pattern over eastern China. Observational analyses indicate that, associated with negative
interannual variability of the sea ice area (SIA) over the Barents–Kara Seas (BKS) in July and August,
August rainfall shows significantly negative (positive) anomalies over central (southeastern) China. Further
analyses reveal that negative SIA anomalies in the BKS induce significantly anomalous upper-level divergence over the polar region, accompanied with anomalous upper-level convergence over the Caspian Sea.
The advection of vorticity by these anomalous divergent and convergent flows indicates notable Rossby wave
sources near the Caspian Sea, yielding a Rossby wave train propagating eastward to East Asia that causes positive
barotropic and baroclinic energy convection near the exit region of the Asian jet stream. The accumulation of
perturbation energy in East Asia stimulates the formation of the Pacific–Japan teleconnection, which is favorable
for the dipole rainfall anomaly pattern over eastern China. Thus, the positive and negative SIA anomaly over the
BKS in 1998 and 2016 may contribute to the reverse August precipitation anomaly in eastern China.

1. Introduction
The dominant spatial distribution of summer rainfall
anomalies over eastern China (which represents central
eastern China and southeastern China hereinafter,
that is, 208–358N, 1058–1208E) often exhibits a zonally
Corresponding author: Haibo Shen, shb1992@126.com

elongated and meridionally banded anomaly structure,
indicating a meridionally tripole pattern or a meridionally dipole pattern (Ding et al. 2008; Han and Zhang
2009; Liu et al. 2011; Jin et al. 2016). He et al. (2017)
suggested that the leading mode of summer rainfall
shows differences in separate periods, which is characterized by a meridional tripole structure during 1979–93
and a meridional dipole structure during 1994–2014.

DOI: 10.1175/JCLI-D-17-0615.1
Ó 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 07:59 AM UTC

3390

JOURNAL OF CLIMATE

The interannual variability of the meridional rainfall
structure is often concurrent with floods and droughts
in different areas in eastern China, exerting dramatic
influence on life security and economic development in
local and surrounding regions.
The mechanism of the interannual variability of eastern
China summer rainfall is very complex and widely investigated. The tropical ocean surface temperature is
recognized as a notable external forcing on the variability
of the summer rainfall in eastern China. Although the
positive sea surface temperature (SST) anomaly in the
tropical eastern Pacific dissipates in summer after a
mature El Niño, a significant El Niño–related effect
still exists. Many researchers suggested that a prominent positive precipitation anomaly occurs near the
Yangtze River (approximately 288–338N) during the
summers associated with ENSO decay phase (Huang
and Wu 1989; Jin and Tao 1999; Huang et al. 2004; Hu
and Huang 2010; Zeng et al. 2011). Wang et al. (2000)
attributed such a relationship to the lower-tropospheric
anticyclone over the Philippine Sea and illustrated that
this anticyclone persists from the peak El Niño to the
ensuing summer, strengthening the western Pacific subtropical ridge in summer, which then causes abundant
rainfall in the lower reach of the Yangtze River valley.
Furthermore, El Niño Modoki can also cause the anomalous western North Pacific (WNP) anticyclone and
anomalous moisture transport to East Asia, but the
features show differences from that associated with
the traditional El Niño (Feng et al. 2011; Li et al. 2014).
In addition, some other studies documented that the
tropical Indian Ocean (TIO) SST acts like a capacitor,
anchoring atmospheric anomalies over the Indo–western
Pacific Ocean under the influence of a lingering El Niño
(Yang et al. 2007; Xie et al. 2009; Wu et al. 2018). They
suggested that the positive TIO SST anomaly (SSTA)
causes increased tropospheric temperature, emanating a
baroclinic Kelvin wave into the Pacific Ocean. The Kelvin
wave induces northeasterly wind anomalies, resulting in
divergence in the subtropics and an anomalous anticyclone over the tropical western Pacific (Xie et al. 2009).
Based on the wintertime tropical SSTA signals, Li et al.
(2016) improves the seasonal prediction of Huai River
valley heavy rainfall by implementing a three-cluster
normal mixture model.
The East Asia–Pacific/Pacific–Japan pattern (EAP/PJ
pattern) is another frequently cited pathway that exerts
notable influence on the summer precipitation in eastern
China, which often occurs in the summers following a
mature El Niño (Hsu and Lin 2007; Huang et al. 2012;
Chen and Zhou 2014). With regard to the formation of
the PJ pattern, primary theories suggested that anomalous SST over the Philippine Sea is the major forcing for
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the PJ pattern (Nitta 1987; Nitta and Hu 1996). Meanwhile, enhanced (suppressed) convective heating over
the Philippine Sea can also excite a positive (negative)
PJ pattern (Kosaka and Nakamura 2006). The positive
phase of the PJ pattern produces a meridional wave
train poleward along the East Asian coast, with an
anomalous cyclonic circulation over the Indo-China
Peninsula to the Philippine Sea and the Okhotsk Sea,
concurrent with an anomalous anticyclone over North
China to Japan at the 500-hPa level (Nitta 1987; Kosaka
and Nakamura 2006). This structure of atmospheric circulation results in northward movement of the WNP
subtropical high and less moisture transport to the
Yangtze–Huai River valley, which hence modulates
the summer rainfall in eastern China.
Although the modulation of El Niño on summer rainfall in eastern China has been widely recognized, the
variances of rainfall have not been well explained in
some El Niño cases (Ding et al. 2008; Wu et al. 2009; Wu
et al. 2018). Wang (2002) also noted that the relationship between the ENSO and the East Asian summer monsoon (EASM), which dominants the summer
rainfall variability over eastern China, is unstable. The
unstable EASM–ENSO relationship implies that there
are some other potential factors impacting the variability of summer rainfall over eastern China.
Previous studies revealed the influence of Arctic
sea ice on atmospheric teleconnections in the Northern
Hemisphere during boreal winter (Chen et al. 2009; Liu
et al. 2012; Tang et al. 2013). In addition, the summer
precipitation anomalies in Europe, the Mediterranean,
and East Asia are also suggested to be correlated with
the Arctic sea ice cover anomaly (Wang and Zhang 2010;
Screen 2013; Vihma 2014; Lin and Li 2018). Based on the
observed data and modeling experiments, Zhao et al.
(2004) suggested that decreasing spring sea ice extent
over the Bering Sea and the Sea of Okhotsk causes increased summer rainfall in southeastern China by generating an anomalous high in East Asia and then hence
anchoring the mei-yu front in southeastern China. Wu et al.
(2009) employed singular value decomposition (SVD)
to investigate the relationship between the spring Arctic
sea ice concentration (SIC) and Chinese summer rainfall.
Results showed that decreased (increased) spring SIC
in the Arctic Ocean and the Greenland Sea corresponds
to increased (decreased) summer rainfall in northeast
and central China and decreased (increased) rainfall in
southeastern China. They suggested that the summer
Arctic dipole anomaly is the bridge connecting spring Arctic
sea ice and summer precipitation in China. Meanwhile, a
recent research proposed that the spring Arctic sea ice
influences the East Asian summer rainfall via the persistent
SSTA in the North Pacific (Guo et al. 2014).
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Although many previous studies have demonstrated
the potential effect of the external factors on the rainfall
anomalies over China, most researches mainly focused
on summer-mean rainfall. Some recent studies have noted
the subseasonal variability of rainfall in eastern China
during summer. As suggested by Wang et al. (2009), because of remarkable differences in mean states between
May–June (MJ) and July–August (JA), separately predicting the precipitation anomalies for MJ and JA may
help improve seasonal predictions of summer rainfall
over East Asia. The predictability of ENSO-related MJ
and JA rainfall modes has been tested by 12 atmospheric
general circulation models driven by SST (Li and Zhou
2011). Other research used extended SVD to explore the
relationship between the winter SSTA in the tropical
Pacific and the intraseasonal variation of China’s rainfall
in the following summer. It is revealed that the rainfall
anomaly pattern shows significant distinctions between
June, July, and August following the winter El Niño
events (Huang and Huang 2010). Wang and He (2015)
also found that the rainfall anomalies in East Asia were
reversed between June and August in the summer of 2014.
Moreover, some recent model simulations suggested
that the rainfall variability in June, July, and August
over China is related to the SSTA of different regions
(Xu et al. 2017b) and the SSTA in the tropical Pacific
is not the unique impact factor on the summer rainfall
anomaly over China (Xu et al. 2017a).
Observations indicate that the 1997/98 and 2015/16 El
Niño episodes are the two strongest events based on various detection indices since the data record began (Shao
and Zhou 2016). As suggested by previous studies (Lau
and Weng 2001; Zhai et al. 2016), the summers of 1998 and
2016 saw more abundant precipitation over central China
(Figs. 1e,f). Although the summer-mean rainfall anomalies in 1998 and 2016 are similarly enhanced in central
China, the monthly rainfall anomalies over eastern China
are quite different (shown in section 3). Wang and He
(2015) have suggested the potential role of the midlatitude
wave train in linking the Arctic sea ice to the eastern
China summer rainfall on the subseasonal time scale;
however, detailed physical mechanisms have not been
documented. The studies cited above motivate us to examine the potential impact of sea ice over the Barents–
Kara Seas on the diversity of subseasonal precipitation
anomalies over eastern China in summers of 1998 and 2016.

(Chen et al. 2002) and a 160-station dataset from the
China Meteorological Administration. Monthly SST and
sea ice concentration are provided by the Met Office
Hadley Centre (Rayner et al. 2003), with a resolution of
18 3 18. Atmospheric data are derived from the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
(Kalnay et al. 1996) with a horizontal resolution of 2.58 3
2.58. All the datasets and analyses cover the period of
1979–2016. The anomaly in this study refers to the departures relative to the climatology of 1980–2010.
The sea ice area used in the paper is area-integrated
from the Hadley Center sea ice concentration. Based on
Huang (2004), the PJ pattern index (PJI) employed in
the study is defined as
PJI 5 20:25ZS0 (608N,1258E) 1 0:5ZS0 (408N,1258E)
2 0:25ZS0 (208N,1258E).

(1)

Here, ZS0 5 Z0 sin458/sinu, which indicates the standardized 500-hPa height anomaly at a grid point with latitude
u; Z0 5 Z 2 Z is the 500-hPa height anomaly at the
specified grid point; Z is the 500-hPa height and Z is
the long-term mean of it. To illustrate the wavelike activity, the 3D wave activity flux is applied in the study
(Takaya and Nakamura 2001). The barotropic energy
conversion (CK) and baroclinic energy conversion (CP)
are calculated based on the formula below (Hoskins et al.
1983; Simmons et al. 1983):
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s 5 (RT/Cp p) 2 dT/dp .

(2)

(3)
(4)

Here, u and y are the wind vectors, T is the temperature,
f is the Coriolis parameter, R is the gas constant, and Cp
is the specific heat at constant pressure. Overbars and
primes denote basic-state quantities and perturbations.
Model simulations are also employed to provide more
evidence for the dynamic diagnostic analysis. The model
used in the study is the version 4 of the Community
Atmosphere Model (CAM4), with a 1.98 3 2.58 finitevolume grid, and with 26 hybrid sigma pressure levels.

2. Data and methods
The monthly precipitation observation data adopted in
this study include the National Oceanic and Atmospheric
Administration (NOAA) Precipitation Reconstruction over Land (PREC/L) with a resolution of 18 3 18

3. Reverse precipitation anomaly in August
between 1998 and 2016
In 2015, remarkable El Niño features appeared after
spring when the westerly wind anomalies at the lower
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FIG. 1. Distributions of SSTA (8C) in (a) DJF 1997/98, (b) DJF 2015/16, (c) JJA 1998, and (d) JJA 2016.
(e), (f) Precipitation anomalies (mm day21) in China east of 1058E during JJA in 1998 and 2016, respectively.
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troposphere became prominent over the equatorial Pacific
and large-scale positive SSTA covered the central–eastern
Pacific. Thereafter, winter 2015 saw a well-developed
El Niño that is regarded as a superstrong El Niño
episode similar to the 1997/98 El Niño event (Zhai et al.
2016). According to the winter-mean [December–February
(DJF)] SSTA in the central–eastern tropical Pacific
(Figs. 1a,b) in 1997/98 and 2015/16, the SSTA modes of
the two El Niño events are similar. Additionally, the
Niño-3.4 indices of winters 1997/98 and 2015/16 are 2.2
and 2.5, respectively, which are the two highest winter
values since 1950 (http://www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml). Therefore, from the distribution of the SSTA over the eastern
tropical Pacific and the Niño-3.4 indices during the
mature phase, the intensities of the two super–El Niño
events are extremely strong and close. Zhai et al. (2016)
also investigated the monthly SSTA indices for other
Niño regions defined by Li and Zhai (2000) and the
Southern Oscillation index in 1997/98 and 2015/16,
suggesting that the conditions of the two El Niño events
are analogous. Furthermore, following the mature El Niño
during winter, the two cases manifested similar SST
conditions over the tropical Pacific in the El Niño decay
phase (Figs. 1c,d). The summer-mean [June–August (JJA)]
SSTA was positive (negative) in the south (north) of
308N over the North Pacific in the two years and the
positive SSTA in 2016 was slightly stronger than that in
1998 (Fig. 1c vs Fig. 1d). Overall, the 1997/98 and 2015/16
events are the top two superstrong El Niño episodes since
1950. According to the conclusions in previous studies
(Wang et al. 2000; Huang et al. 2004), the SSTA over
the tropical Pacific associated with the 2015/16 El Niño
should have led to similar anomalous summer precipitation pattern in eastern China that occurred in the summer
of 1998.
Actually, the total rainfall in central China during the
summers of 1998 and 2016 did remarkably increase
(Figs. 1e,f). Considering the potential differences of
subseasonal variability of summer precipitation over
China (Wang et al. 2009; Wang and He 2015; Xu et al.
2017b), we further examine the monthly precipitation
anomalies and SSTA in June, July, and August during
1998 and 2016. In June and July, positive precipitation
anomalies appeared in central China during both 1998
and 2016 (Fig. 2), which indicates the influence of the
super–El Niño. However, the August rainfall in eastern
China associated with the two El Niño events showed
apparent diversity (Fig. 3). Figures 3a and 3b show that
the precipitation anomalies over eastern China in August
1998 and 2016, respectively. In August 1998, a positive
precipitation anomaly appeared in central China, while a
negative anomaly emerged in southeastern China. Such a
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‘‘south drought–north flood’’ pattern is suggested to be
related to the El Niño influence (Wang et al. 2000;
Huang et al. 2004). Surprisingly, reverse conditions
occurred in August 2016, with positive rainfall anomaly
in southeastern China and negative anomaly in central
China, which is unexpected in the super–El Niño decay
phase. Meanwhile, observations from the 160-station
dataset also display a reverse precipitation anomaly
pattern in August between 1998 and 2016 (Figs. 3c,d).
Why is the August precipitation anomaly over eastern
China inverse under two similar super–El Niño conditions? Addressing this question is very important
for further understanding the interannual variability
of eastern China summer rainfall. The distinct reverse
of the precipitation anomaly between August 1998 and
August 2016 is illustrated clearly in Fig. 4a. To describe
such precipitation anomaly pattern, we defined a precipitation index (PI) as the difference of August precipitation between the area averages in central China
(PI1) and southeastern China (PI2), which are marked
by the frames in Fig. 4a from north to south, respectively.
Figure 4b presents the detrended and normalized time
series of PI. The precipitation anomaly pattern associated with the PI displays significant positive (negative)
anomaly in central China and negative (positive) anomaly in southeastern China (Fig. 4c). The PI shows the
highest positive value in August 1998 and the lowest
negative value in 2016 since 1979 (Fig. 4b), which means
it can represent the fluctuations of the August precipitation anomaly over eastern China as observed in August
1998 and 2016 (Fig. 3).
The upstream forcing (e.g., Arctic sea ice) plays a
potential role in the interannual variability of summer
rainfall in East Asia (Enomoto et al. 2003; Wang and He
2015). These studies motivate us to seek a clue from the
Arctic sea ice about the reverse precipitation anomalies
in August 1998 and 2016. Li et al. (2015) noted that
the influence of different regions’ sea ice on East Asia
temperature varies. The above-mentioned studies on the
relationship between the Arctic sea ice and summer
precipitation in China have also focused on different
regional sea ice (Zhao et al. 2004; Wu et al. 2009). To
identify the key regions where the sea ice variability is
closely related to the August precipitation over eastern China, we calculated the correlations between the
SIC and the PI during 1979–2016. The results indicate
that the SIC anomalies over the north Barents–Kara
Seas (BKS) in both July and August are significantly
correlated with the PI (Figs. 5a,b). Considering the significant correlation coefficients in July and August, three
regions (738–788N, 208–108W; 808–848N, 108–508E; and
778–838N, 708–908E) are selected. The sea ice area (SIA)
in these three regions is defined as the SIA index, which
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FIG. 2. Distribution of the (a),(b) June and (c),(d) July precipitation anomalies (mm day21) in China east of 1058E
during (a),(c) 1998 and (b),(d) 2016.

is multiplied by 21 so that positive values represent the
reduction of sea ice, referred as SIAI. The correlation
coefficient of July (August) SIAI with the August PI
is 20.58 (20.59), statistically significant at 99% confidence level (Fig. 5c). To emphasize the potential effect

of sea ice on the precipitation, we choose the preceding SIAI (i.e., July) to analyze their relationship.
Interestingly, the August precipitation anomaly (Fig. 6)
associated with the July SIAI resembles well the precipitation anomaly pattern in August 2016, while it is
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FIG. 3. Distribution of August precipitation anomalies (mm day21) in China east of 1058E during (a),(c) 1998 and
(b),(d) 2016. Data are from (a),(b) NOAA and (c),(d) 160 stations from the China Meteorological Administration.

opposite to that in August 1998. This implies that the
decreasing of SIA over the BKS might lead to more
precipitation in southeastern China and less precipitation
in central China.
The anomalous atmospheric circulations associated
with the SIAI are further analyzed. Climatologically,

southerly (southeasterly or southwesterly) wind prevails
over eastern China and transports abundant water vapor
from the tropical western Pacific and Indian Ocean in
August (He et al. 2018b). Figures 7a and 7b show the
850-hPa wind and vertically integrated water vapor
regressed onto the SIAI, respectively. The regression
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FIG. 4. (a) Difference of August precipitation (mm day21) in China east of 1058E between 1998 and 2016.
(b) Normalized time series of the PI during August 1979–2016. (c) Correlations of August precipitation with
the simultaneous PI. Stippled values are significant at the 90% confidence level based on the Student’s t test.
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FIG. 6. Correlation map of the August precipitation in China east
of 1058E with the July SIAI during 1979–2016. Stippled values are
significant at the 90% confidence level based on the Student’s t test.

FIG. 5. Correlation maps of sea ice concentration in (a) July and
(b) August with regard to the August PI during 1979–2016. Stippled values are significant at the 90% confidence level based on the
Student’s t test. (c) Normalized time series of the August PI and
SIAI of July and August; the correlation coefficients are given in
the lower-right corner.

results indicate that, associated with decreased SIA in
the BKS, an anomalous cyclone emerges in southeastern
China and the WNP, accompanied with an anomalous
anticyclone located over the Korean Peninsula and
Japan (Fig. 7a; vectors). Anomalous wind diverges over
central China in the lower troposphere, and significantly
negative vorticity anomaly appears over central China,
the Korean Peninsula, and Japan (Fig. 7a; shading).
Meanwhile, significantly positive vorticity anomaly appears
in southeastern China (Fig. 7a; shading). The anomalous

northerly winds indicate the weakening of the summer
monsoon, which causes less water vapor transport to
central China. It is further supported by the water vapor
flux divergence anomaly in central China accompanied
by water vapor flux convergence anomaly in southeastern China (Fig. 7b; shading). In addition, the regression
of the vertical cross section for the omega and meridional wind anomalies with regard to the SIAI is shown in
Fig. 7c. Since we mainly focus on the precipitation over
eastern China, the cross section is averaged from 1058
to 1258E. It can be seen that significantly anomalous ascending and descending motions occur at around 208 and
308N, which provides unfavorable (favorable) dynamics for
the precipitation over central China (southeastern China).
In summary, the variability of the SIA in July over the
BKS is significantly correlated with the August precipitation anomaly in eastern China and the related
anomalous atmospheric circulation. Additionally, the
statistically regressed August precipitation over eastern
China with regard to the July SIAI resembles the dipole
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pattern observed in August 2016 well but with opposite
sign to the one observed in August 1998.

4. Physical mechanism on the influence of sea ice
over the BKS
The above discussion suggests the possible upstream
forcing on the August precipitation anomaly over eastern China. It implies that, in addition to ENSO, Arctic
sea ice should also be taken into account when discussing the variability of the August precipitation anomaly
over eastern China. The dynamic process of Arctic sea
ice influencing August precipitation over eastern China
is addressed in this section, which is important not
only for the explanation for the two reverse precipitation anomaly cases but also to provide some theoretical
reference for the prediction of August precipitation over
eastern China.
Previous studies suggested that the upstream sea ice
can influence the atmospheric circulation in eastern
China via the Rossby wave in winter (Wang et al. 2015).
This motivates us to explore the wave activity flux (WAF)
associated with the July SIAI to demonstrate the wave
energy propagation and the origin of the atmospheric
circulation anomaly (Takaya and Nakamura 2001; Hsu
and Lin 2007; Honda et al. 2009). The WAF and meridional wind at 200 hPa regressed onto the SIAI are presented in Fig. 8a. It shows an apparent eastward-pointing
flux (vectors) along the subtropical jet stream (at approximately 408N) with significant negative and positive meridional wind anomalies around 608, 808, 1108,
and 1508E, respectively. The wavelike energy associated
with the SIAI disperses along the jet stream in July from
the European continent to East Asia. To better depict
the propagation of the Rossby wave, we further diagnosed the vertical cross section of the WAF and meridional wind anomalies in July along 408N with regard
to the July SIAI (Fig. 8b). The meridional wind anomaly
exhibits clear wavelike pattern (shading), especially at
the upper troposphere (200 hPa). Meanwhile, the WAF
(vectors) propagates from the Caspian Sea to the East
Asia (Fig. 8b; vectors). The eastward propagation of the
wavelike perturbation along the Asian jet can influence
the variation of atmosphere in East Asia through wave
energy accumulation (Enomoto et al. 2003; Lee and Ha
2009). Figures 9a–d show the barotropic energy conversion (CK) and baroclinic energy conversion (CP) in July
FIG. 7. Regression maps of August (a) 850-hPa wind (vectors; m s21)
and vorticity (shading; 1026 s21) anomalies, (b) vertically integrated water vapor (vectors; kg m21 s21) and water vapor flux
divergence (shading; 1025 kg m22 s21), (c) the vertical cross section
averaged along 1058–1208E for the wind (omega and meridional
wind; vectors; m s21) and omega (shading; 1022 Pa s21) anomalies

with regard to the July SIAI during 1979–2016. Stippled values in
(a) and (b) and those enclosed by the contours in (c) are significant
at the 90% confidence level based on the Student’s t test.
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FIG. 8. (a) Regression maps of the July meridional wind (contours; m s21) and horizontal
wave activity flux (vectors; m2 s22) at 200 hPa and (b) the vertical–zonal cross section averaged along 358–458N for the wave activity flux (vectors, m2 s22) and meridional wind anomalies (shading; m s21) with regard to the July SIAI during 1979–2016. Shaded regions in
(a) and regions enclosed by contours in (b) indicate that the meridional wind anomalies are
significant at the 90% confidence level based on the Student’s t test.

and August with regard to the SIAI. The positive values
mean the conversion of kinetic energy from the mean flow
to the perturbation anomalies (Kosaka and Nakamura
2006) associated with the July sea ice variability. As
shown in Fig. 9a, with regard to the July SIAI, the
upper-tropospheric barotropic energy conversion shows a
positive center around 358N of East Asia to the southwest
of the Korean Peninsula in July where the exit of the
subtropical westerly jet is located. Enomoto et al. (2003)
suggested that the enhanced Asian jet in August is favorable for the propagation of stationary Rossby waves,
which causes the more energy conversion in August. As
displayed in Fig. 9c, the abovementioned barotropic
energy conversion center is enhanced in August, indicating the accumulation of wave energy from July to August.
Furthermore, we calculated the vertically integrated
baroclinic energy conversion, which is also apparently

stronger in August than that in July (Figs. 9b,d). Actually,
the barotropic and baroclinic energy conversion pattern
related to the July SIAI resembles well the composited
anomalies associated with the PJ pattern (Kosaka and
Nakamura 2006; Kosaka et al. 2009), indicating that the
wave energy accumulation in East Asia is a potential
pathway connecting the upstream sea ice anomalies with
the PJ pattern. It can be seen that a clear wavelike
pattern at 500 hPa from the subtropical WNP northward
to East Asia exhibits in August, with alternate negative
and positive height from south to north, which resembles
the PJ pattern (Fig. 9e). The PJ pattern further favors
the atmospheric circulation of the dipole precipitation
anomaly over eastern China (Hsu and Lin 2007; Huang
et al. 2012). Such a teleconnection between the sea ice
and the precipitation anomaly pattern over the eastern
China is also supported by a significant correlation
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FIG. 9. Regression maps of (a) local barotropic energy conversion (1026 m2 s23) at 200 hPa and (b) vertically
integrated baroclinic energy conversion (1023 W m22) in July with regard to the July SIAI during 1979–2016.
(c),(d) As in (a) and (b), but for August. (e) The 500-hPa wave activity flux (vectors; m2 s22) and geopotential height
(contours; gpm) in August with regard to the July SIAI during 1979–2016. Shaded values are significant at the 90%
confidence level based on the Student’s t test.

coefficient of 20.50 (significant at the 99% confidence
level) between the July SIAI and August PJ pattern
index (Huang 2004). It should be mentioned that the
SIA anomaly may exert effect on the atmospheric circulation through its persistence from July to August. For
instance, the August SIAI is highly consistent with the
July SIAI with a correlation coefficient of 0.91 and is also
similarly correlated with the PI (Fig. 5). The precipitation

and atmospheric circulation anomalies associated with
the August SIAI are also similar to those related to the
July SIAI (figures omitted), but the eastward wavelike
activity at midlatitude is weaker in August than that in
July. It implies that the July sea ice over the BKS is a
potential trigger to the anomalous atmospheric circulation in July–August, and the July sea ice anomaly shows
pronounced persistence into August (He et al. 2018a).
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FIG. 10. Correlation maps of (a) the SSTA (8C) and (b) Rossby wave sources (shading; s22), velocity potential
(contours; m2 s21), and divergent wind (vectors; m s21) at 200 hPa in July with the July SIAI during 1979–2016.
Stippled values are significant at the 90% confidence level based on the Student’s t test. (c) The 200-hPa wave
activity flux (vectors; m2 s22) anomaly during July in 1998. (d) As in (c), but for 2016. (e) Difference between the
sensitivity and control run in CAM4 of the 200-hPa wave activity flux (vectors; m2 s22) anomaly during July.

Overall, the August precipitation and atmospheric
anomalies in eastern China can retrospect to the Rossby
wave activity at midlatitudes on the Eurasian continent.
As to the excitation mechanism of the wave activity,
earlier work mainly focused on the tropical heating
anomaly, for example, the Indian summer monsoon
heating (Ding and Wang 2005; Ding et al. 2011; Chen
and Huang 2012). To discuss the excitation of the
midlatitude wavelike pattern associated with the sea
ice over the BKS, the Rossby wave sources [defined
as 2=  Vx (f 1 z) by Sardeshmukh and Hoskins 1988] are
taken into consideration. Corresponding to the reduced
SIA, the SSTA over the BKS is significantly positive
(Fig. 10a), which may induce anomalous atmospheric
circulation via changing local thermal conditions. The
divergent wind and velocity potential are calculated to

illustrate the dynamical relationship between the heating
anomaly and the flow. As displayed in Fig. 10b, with the
positive SSTA, anomalous divergent wind emerges at the
upper troposphere, accompanied by the negative velocity
potential anomaly. The divergence in the polar region
can trigger the rotational component by the vorticity
stretching term. The rotational component may disperse south by the divergent wind and causes the
vorticity generation at midlatitude, which leads to the
anomalous convergent flow and positive velocity
potential anomaly over the Europe. The advection of
vorticity by the anomalous divergent and convergent
flows is used to locate the position of the Rossby wave
sources (Sardeshmukh and Hoskins 1988; Chen and
Huang 2012), which are related to the wavelike pattern over Eurasia. Meanwhile, it is depicted that there

Unauthenticated | Downloaded 01/09/23 07:59 AM UTC

3402

JOURNAL OF CLIMATE

are significantly positive wave sources over high (608N)
and middle (458N) latitudes of the Europe (Fig. 10b;
shading). Therefore, the wave sources associated with the
eastward wavelike activity are located over the Europe
and excited by the thermal anomaly over the BKS. The
zonal wave activity during July can be also seen in 1998
and 2016 cases. From the wave activity flux anomaly
(Figs. 10c,d), it can be seen that the wave activity disperses from the high latitudes of the European continent, which is consistent with the location of the Rossby
wave sources. The wave train then propagates eastward
along the subtropical jet (408N) to the East Asia. In the
two cases, the Rossby wave dispersion over Eurasia is
analogous, coincident with the regression results.
To further confirm the teleconnection of the sea ice over
the BKS and the related atmospheric circulation downstream in July and August, model simulations (CAM4) are
also employed. Two numerical experiments are conducted
in this study: a control experiment and a sea ice sensitivity
experiment. The sea ice concentration is prescribed as
boundary conditions in the model and other external
variables are fixed. In the control run, 60-yr experiments
are simulated forced by climatological condition of the
sea ice concentration and the latter 50-yr ensemble mean
is used as the results of the control experiment considered
of the model uncertainty. As to the sea ice sensitivity
experiment, the sea ice concentration is reduced in July
and August over the BKS (same three regions in Fig. 5),
while other months are prescribed by the climatology.
The sea ice concentration reduction is calculated by the
observations with the averaged difference between the
high-and low-SIAI years (based on one standard deviation). As in the control experiment, 50-yr simulation
outcomes are obtained. Actually, the 50-yr results cannot be regarded as continuous years, but rather as 50
independent experiments with different initial values.
We employ 30 sensitivity experiment results and compare them with the control run results to reveal the connections of the sea ice anomaly and the downstream
atmospheric circulation in August.
First, the wave activity over Eurasia during July is
examined in the model experiment. The WAF anomaly
shows the apparent eastward dispersion of the Rossby
wave from the high latitudes of Europe to East Asia corresponding to anomalous Arctic sea ice (Fig. 10e), which
is consistent with the observation. Furthermore, it is
indicated from the observational analyses that the anomalous cyclone and anticyclone over East Asia directly
modulate the precipitation anomaly in eastern China. In
the model simulation, the differences between the control run and sensitivity experiment in 850-hPa wind
and integrated water vapor transport are presented in
Fig. 11. It is shown that, associated with reduced sea ice
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concentration over the BKS, an apparent anomalous cyclone emerges in southeastern China and western Pacific
while an anomalous anticyclone appears in the Korean
Peninsula and Japan in August at 850-hPa, which is
consistent with the observational regression results
(Fig. 7a). The divergent wind causes the water vapor divergence anomaly in central China, which is accompanied
by the water vapor convergence anomaly over southeastern China (Fig. 11b). Meanwhile, the significant
negative height anomaly appears in southeastern China
and western Pacific while the significant positive anomaly
emerges near the Korean Peninsula and Japan in August
(Fig. 11c; contours), indicating the formation of the PJ
pattern (Enomoto et al. 2003; Lee and Ha 2009). The
wavelike pattern propagating from the subtropical WNP
northward to East Asia is more obvious by inspecting the
wave activity flux in August at 500 hPa (Fig. 11c; vectors).
Therefore, the model simulations support the speculation
that the reduced SIA in the BKS may lead to more precipitation over southern China and less precipitation over
central China in August.
Finally, we backtrack to the sea ice anomaly and the
circulation of 1998 and 2016 cases (Fig. 12). The SIA
anomalies in the BKS are positive in July 1998 (Fig. 12a).
The vertical motions in the cross section averaged along
1058–1208E show anomalous ascending motion around
308–358N and descending motion in south to 308N in
August 1998 (Fig. 12c). The anomalous anticyclone
emerges at the lower troposphere over the western
Pacific (Fig. 12e), and the south wind component brings
abundant water vapor to central China. As for August
2016, the SIA anomalies are negative (Fig. 12b), opposite to those in July 1998. Correspondingly, anomalous
ascending motion occurs between 208 and 258N and
descending motion appears north to 308N. In addition,
anomalous northerly wind prevails in central China
(Fig. 12f), which indicates the weakening of the summer
monsoon and causes less water vapor transport to central China. Overall, the observed atmospheric anomalies
in 1998 (2016), which are concurrent with a positive
(negative) July SIA anomaly in the BKS, are consistent
with the statistically regressed ones with regard to the
corresponding SIA variability in the BKS. These results
confirm the potential impact of the Arctic sea ice on the
August precipitation over eastern China.

5. Summary and discussion
Both 1997/98 and 2015/16 saw super–El Niño events
(Shao and Zhou 2016; Zhai et al. 2016). Meanwhile, the
peak intensity and decay conditions of the two super
episodes are similar. The total rainfall in eastern China
during the summers of 1998 and 2016 increased remarkably

Unauthenticated | Downloaded 01/09/23 07:59 AM UTC

1 JUNE 2019

3403

SHEN ET AL.

FIG. 11. The difference between the sensitivity and control run in CAM4 of the August (a) 850-hPa wind (vectors;
m s21) and vorticity (shading; 1026 s21), (b) vertically integrated water vapor (vectors; kg m21 s21) and water vapor
flux divergence (shading; 1025 kg m22 s21), and (c) 500-hPa geopotential height (contours; gpm) and the associated
wave activity flux (vectors; m2 s22). Stippled values in (a) and (b) and shaded regions in (c) are significant at the 90%
confidence level based on the Student’s t test.

as expected. Additionally, the June and July rainfall
anomalies in 1998 and 2016 also exhibit many similarities under the influence of the similar super–El Niño
events, which is reasonable according to the previous
studies (e.g., Wang et al. 2000; Xie et al. 2009). However, the August precipitation anomalies between the
two years show nearly reverse patterns. The mechanism
of the reverse August precipitation anomalies over eastern China between 1998 and 2016 under similar El Niño
conditions is investigated in this study.
The August precipitation anomalies in 1998 and 2016
exhibit a dipole pattern but with opposite sign over
eastern China, that is, notable increasing (decreasing)
over central China (approximately 308–358N) and decreasing (increasing) over southeastern China (approximately south of 258N). Statistical analyses reveal that
such a dipole rainfall pattern over eastern China in August
is concurrent with pronounced SIC anomalies over the

BKS in July and August. Therefore, the July SIAI is
defined to diagnose the potential influence of sea ice on
the precipitation over eastern China. It is found that
with regard to the reduced SIA in July over the BKS, the
thermal condition of the underlying surface changes.
The positive SSTA in the polar region stimulates significant divergence anomaly at the upper troposphere,
which leads to the rotational component and the vorticity generation (Chen and Huang 2012). Consequently,
anomalous upper-level convergence emerges over the
Caspian Sea. The advections of vorticity anomaly by
the anomalous divergent flow place the effective Rossby
wave sources (Sardeshmukh and Hoskins 1988) to the
equator and apparent positive Rossby wave sources
emerge over Europe. As a result, the Rossby wavetrain propagates from Europe eastward to East Asia.
Because of the eastward propagation of the Rossby
wave activity, significantly positive barotropic and
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FIG. 12. Sea ice concentration (%) anomaly in (a) July 1998 and (b) July 2016. Vertical wind (omega and meridional wind; vectors; m s21) and omega (shading; 1022 Pa s21) anomalies for the cross section averaged along
1058–1208E in (c) August 1998 and (d) August 2016. Wind (vectors; m s21) and vorticity (shading; 1026 s21)
anomalies at 850-hPa in (e) August 1998 and (f) August 2016.

baroclinic energy conversion occurs in the jet exit region
near the Korean Peninsula in August, which resembles
well the composited anomalies associated with the PJ
pattern (Kosaka and Nakamura 2006; Kosaka et al. 2009).

It implies that the perturbation energy accumulation in
East Asia stimulates the formation of the PJ pattern,
which favors the dipole rainfall anomaly pattern over
eastern China (Hsu and Lin 2007).
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Numerical experiments are employed to verify the
results of the observational analyses. As indicated by
the model results, associated with the reduced sea ice
over the BKS, significant anomalous cyclone and anticyclone appear in August in the subtropical western
Pacific and near the Korean Peninsula/Japan, respectively. Meanwhile, the spatial pattern of the simulated height anomalies over the Korean Peninsula and
Japan and the western Pacific resembles the PJ pattern that is identified by the regressing onto the July
SIAI. Therefore, both observational and numerical analyses suggest that the sea ice anomaly over the BKS
may modulate the atmospheric circulation and precipitation in eastern China during August.
The spatial distribution of the observed rainfall anomaly
over eastern China and the anomalous large-scale atmospheric circulation in August 2016 (1998) largely resemble
(mirror) the regressed ones with regard to the July SIAI
over the BKS. Thus, the observed positive (negative) SIA
anomaly over the BKS in August 1998 (2016) suggests
the potential contribution of the upstream sea ice to the
reverse August precipitation anomalies in eastern
China between 1998 and 2016 synchronizing with strong
El Niño events.
It is usually considered that there is a close connection
between the rainfall in eastern China and the simultaneous Pacific SSTA (e.g., Li et al. 2017). Several studies
pointed out some differences in the atmosphere and
ocean between these two years. Guo et al. (2016) pointed
out that the SST is colder over the region east to Japan
during August 2016 than during August 1998. Another
study suggested that the Madden–Julian oscillation was
extremely active in the western Pacific for 25 days, which
triggered more tropical cyclones and further influenced
the significant turning of tropical and subtropical circulations in August 2016. The MJO was active over the
tropical Indian Ocean in August 1998, which is conducive to the maintenance of a strong western Pacific
subtropical high in 1998, which caused the precipitation
anomaly in eastern China (Yuan et al. 2017). On the
one hand, these studies have explained the precipitation
differences between these two years. On the other hand,
the results revealed by our study imply that, in addition
to ENSO’s impact, the effect of the interannual variability of upstream sea ice should be taken into account
when predicting the subseasonal summer, especially
August rainfall in eastern China. Moreover, the mechanism of the diversity of monthly summer rainfall in
eastern China requires more investigation.
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