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is located more southwards after the early 1990s, and it is 
favored by the tropical SSTA. The warmer SST in summer 
over the western tropical Pacific enhances the local con-
vection and triggers an anomalous local Hadley cell with 
stronger subsidence over South China, directly leading to 
higher pressure over South China. Moreover, the colder 
SST over the central–eastern Pacific induces an anomalous 
Walker circulation and further strengthens the convection 
over the western tropical Pacific, exerting an indirect impact 
on the higher pressure over South China. The relative role 
of the western Pacific warming and central–eastern Pacific 
cooling is verified by CAM4 simulations. The intimate 
relationship between the tropical SSTA and South China 
temperature occurs during the El Niño to La Niña transi-
tion phase, which is the case after the early 1990s and sug-
gests higher predictability for South China temperature in 
the recent decades.
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1  Introduction

South China, located at the tropical-subtropical region 
influenced by East Asian monsoon, suffers from high tem-
perature frequently in summer. The temperature in South 
China reaches the highest in July–August (hereafter mid-
summer), with 90% of extreme heat days occurring in this 
period (Chen et al. 2016). The frequency of extreme heat in 
South China ranks high in China both in terms of the clima-
tological frequency and increasing trend (Gao et al. 2008; 
Wei and Chen 2009). The high temperature in mid-summer 
greatly threats the human society, such as increasing human 
health risk, reducing crop yields and causing excessive use 

Abstract  South China suffers from high temperature fre-
quently in mid-summer and this study aims to explore the 
interdecadal change of interannual variation of the mid-sum-
mer temperature in South China. It is revealed that the rela-
tionship between South China temperature and atmospheric 
circulation and sea surface temperature anomaly (SSTA) 
experiences an interdecadal change around the early 1990s. 
Before the early 1990s, warmer summer in South China is 
associated with the mid-latitude teleconnection featured by 
higher pressure over the Ural Mountains and the Korean 
Peninsula and lower pressure around the Lake Baikal. South 
China is located at the southern flank of an anomalous high 
pressure. After the early 1990s, South China tempera-
ture is prominently influenced by the tropical SSTA, and 
meanwhile the mid-latitude teleconnection becomes much 
weaker. Warmer summer is associated with higher pressure 
centered over South China and the El Niño to La Niña tran-
sition phase. The higher pressure influencing South China 
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of electricity resource (He et al. 2008; Zeng et al. 2011; 
Li et al. 2014). On the other hand, South China is char-
acterized by highly centralized population and economics, 
more vulnerable to meteorological disasters. Therefore, it 
is important to understand the causes of mid-summer tem-
perature variation in South China. The current study aims 
at the interannual variation of the mid-summer temperature 
in South China and investigates the interdecadal change in 
the influencing factors.

A preliminary analysis shows that the mid-summer 
temperature in South China presents large interannual 
variability and the interannual component contributes 
greatly to the original anomaly (Fig. 1). In particular, the 
hottest summer in 2003 is basically related to the interan-
nual variability, with the interannual component account-
ing for 94% of the total warming. Moreover, the top two 

warmest years of the interannual component, i.e., 2003 
and 1998, are also accompanied by the top two highest 
extreme heat (EH) frequencies (Fig. 1). Hence, it is of 
great significance to study the interannual variation of the 
mid-summer temperature in South China, which is help-
ful for understanding the total temperature variation and 
occurrence of extreme cases.

Some previous studies have been conducted to explore 
the causes of the interannual variation of mid-summer tem-
perature in South China. On the one hand, the atmospheric 
circulation associated with the temperature variation pre-
sents significant geopotential height anomaly at 500 hPa 
over South China (Luo and Ji 2005; Yan and Huang 2005; 
Sun et al. 2011). Higher pressure occurs over South China 
in warmer years, indicating the strengthening and westward 
shifting of the subtropical high over the western North 
Pacific (Gong et al. 2004; Yang and Li 2005; Wang et al. 
2016). Besides the local pressure anomaly, the variation of 
South China temperature is related to a wave train pattern 
spanning the Eurasian continent, indicating the influence 
from the extratropical atmospheric circulation (Luo and Ji 
2005; Yan and Huang 2005; Ding and Qian 2012; Wang 
et al. 2013). On the other hand, the sea surface temperature 
(SST) over the tropical Pacific exhibits obvious anomalies 
corresponding to the temperature variation in South China. 
There is significantly warmer SST over the central–eastern 
tropical Pacific during the winter and spring before warmer 
summer in South China, appearing as an El Niño pattern 
(Luo and Ji 2005; Ren et al. 2011).

The influence of tropical Pacific SST anomaly (SSTA) 
on the East Asian monsoon circulation has been addressed 
extensively by previous studies. Wang et al. (2000) sug-
gested that the warmer SST in winter over the central 
tropical Pacific would favor an anomalous anticyclone at 
the lower troposphere over the western North Pacific via 
a Rossby-wave response, and the anomalous anticyclone 
would persist until the following early summer through a 
positive thermodynamic air-sea feedback. But the anticy-
clonic anomaly only persists until early summer in presence 
of the mean northeasterly trades. A further study by Chen 
et al. (2015) suggested that the colder SST in summer over 
the central–eastern Pacific is important for the maintenance 
of the anticyclonic anomaly over the western North Pacific 
throughout the summer during El Niño to La Niña transi-
tion years, through a Rossby-wave response to the northwest 
of the colder SST. Meanwhile, the SSTA over the western 
tropical Pacific could directly exert an impact on the East 
Asian atmospheric circulation through a meridional verti-
cal cell (Hu 1997; Sui et al. 2007). Warmer SST over the 
western tropical Pacific would favor stronger ascending 
motion over the tropics and subsequent descending motion 
over the western North Pacific, the latter of which implies 
the westward-extending of the subtropical high.

(a)

(b)

Fig. 1   a Mid-summer temperature anomaly averaged over the South 
China stations during 1979–2013 (black line) and the corresponding 
interannual component (red line) (units: °C), and the annual occur-
rence frequency of extreme heat (EH) days in South China (bars; unit: 
day). The counting of EH frequency is based on the definition of EH 
the same as Chen et  al. (2016), defined as the days on which more 
than 1/3 of the stations in South China have Tmax exceeding 35  °C. 
b Regressed anomaly of mid-summer temperature over the obser-
vational stations in China against the temperature anomaly in South 
China (units: °C). The dotted stations are significant at the 90% sig-
nificant level. The red rectangle denotes the domain of South China
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On the other hand, the summer climate in East Asia 
experiences a prominent interdecadal change in the 
early 1990s. The East Asian summer monsoon obviously 
weakens after the early 1990s, manifested by a signifi-
cant decrease in the subtropical jet, a barotropic anticy-
clonic anomaly over northeastern Asia, and an anomalous 
meridional vertical overturning circulation over the tropi-
cal region (Kwon et al. 2007; Wang et al. 2009; Zhang 
et al. 2016). Meanwhile, there is a decadal modulation 
in the relationship between the East Asian summer mon-
soon, western North Pacific summer monsoon and tropical 
Pacific SST in the early 1990s (Kwon et al. 2005; Yim 
et al. 2008). Accompanying the change of summer mon-
soon, the precipitation over East Asia also experiences 
an evident interdecadal change. The dominant variabil-
ity mode of summer precipitation changes from a tripolar 
to a dipole pattern in the early 1990s, and the precipi-
tation over South China significantly increases since the 
early 1990s (Kwon et al. 2007; Ding et al. 2008; Wu et al. 
2010). Moreover, the interannual variation of precipita-
tion in South China and its influencing factors also pre-
sent an obvious interdecadal change. Chen et al. (2017) 
revealed that the interannual variability of the summer pre-
cipitation over South China obviously increases after the 
early 1990s, and it is partly attributable to the increased 
amplitude of the eastern tropical Indian Ocean SST and 
the enhanced influence of the North Atlantic triple SST 
pattern. Yim et al. (2014) indicated that the controlling 
SSTA for East Asian early summer rainfall variation has 
also changed around the mid-1990s, characterized by a 
slow decay of eastern Pacific warming before mid-1990s 
and a rapid decay of central Pacific warming and a tripolar 
SST in North Atlantic after the mid-1990s.

Compared with the extensive studies on precipitation, 
the investigation on the interdecadal change of tempera-
ture is far not enough. Specifically, the current study 
aims to reveal the interdecadal change on the relationship 
between the mid-summer temperature in South China and 
the atmospheric circulation and tropical Pacific SST. The 
relative contribution of the SSTA over the western Pacific 
and central–eastern Pacific to the atmospheric circulation 
pattern responsible for the temperature variation in South 
China would also be investigated using the CAM4 model. 
The rest of the paper is organized as follows. Section 2 
describes the data, methods and model experiments used 
for analysis. Section 3 reveals the interdecadal change of 
the relationship between South China temperature and 
atmospheric circulation and SSTA around the early 1990s. 
Section 4 presents the atmospheric circulation and SSTA 
responsible for the South China temperature variation dur-
ing the two epochs before and after the early 1990s. Sec-
tion 5 gives the conclusions.

2 � Data, methods and model experiments

2.1 � Data and methods

The analyzed period covers the mid-summer (July–August) 
from 1979 to 2013 because the temperature in South China 
reaches the highest in July–August (Chen et al. 2016). The 
data used in this study are derived from five datasets: (1) 
homogenized daily maximum surface air temperature (Tmax) 
of 753 national standard stations in China (Li et al. 2016). 
South China denotes the region south of 28°N and east of 
105°E including 149 stations, which is the same as Chen 
et al. (2016). The mid-summer temperature of South China 
is computed as the Tmax averaged over the 149 stations dur-
ing July–August. We have also repeated the analyses but 
computing the reference temperature series as the average 
daily mean temperature (Tmean) and daily minimum tempera-
ture (Tmin), and the results turn out to be similar (not shown). 
(2) Monthly data of the European Center for Medium-Range 
Weather Forecasts Interim Reanalysis (ERA-Interim; Dee 
et al. 2011), with a horizontal resolution of 2.5° × 2.5°. (3) 
Outgoing longwave radiation (OLR) data with a horizontal 
resolution of 2.5° × 2.5° from the National Oceanic and 
Atmospheric Administration (NOAA; Liebmann and Smith 
1996), which could manifest the large-scale convection. (4) 
HadISST monthly sea surface temperature with a horizontal 
resolution of 1° × 1° (Rayner et al. 2003). (5) Precipitation 
data with a horizontal resolution of 2.5° × 2.5° from Global 
Precipitation Climatology Project (GPCP).

This study focuses on the interannual variation of the 
mid-summer temperature in South China. Thus a 9-year 
high-pass filter is applied to all the variables to extract the 
interannual components, based on the Lanczos temporal 
filtering. In analysis of the patterns associated with the tem-
perature variation, the variable anomalies are regressed onto 
the temperature anomaly averaged over South China. The 
Student’s t test with a significant level of 90% is used for 
estimating the significance.

2.2 � Model experiments

The Community Atmosphere Model Version 4 (CAM4) is 
employed in the current study, which is developed by the 
National Center for Atmospheric Research (NCAR) and also 
serves as the atmospheric component of the Community Cli-
mate System Model Version 4 (CCSM4). The CAM4 model 
could reasonably reproduce the mean climate, and a detailed 
description of the model and simulation can be found in 
Neale et al. (2013). The model has a horizontal resolution 
of approximate 1.9° latitude × 2.5° longitude and 26 vertical 
levels extending from the surface to near 3.5 hPa.

In order to detect the relative role of the western Pacific 
and central–eastern Pacific SSTA in the formation of 
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atmospheric circulation responsible for the mid-summer 
temperature variation in South China, four numerical sim-
ulations are performed. The first simulation is the control 
run (hereafter CTL run), in which the forcing SST is the 
observed climatological mean seasonal cycle of global SST. 
The other three idealized sensitivity experiments are forced 
by SST with anomalies during July–August added to the 
climatological mean upon different regions (Fig. 10a–c): (1) 
both an increase of 0.4 °C over the western tropical Pacific 

covering (10°S–10°N, 105°E–160°E) and a decrease of 
0.8 °C over the central–eastern tropical Pacific covering 
the Niño3.4 region (5°S–5°N, 170°W–120°W) (hereafter 
WP_EP run); (2) only an increase of 0.4 °C over the west-
ern tropical Pacific (hereafter WP run); (3) only a decrease 
of 0.8 °C over the central–eastern tropical Pacific (hereafter 
EP run). The amplitudes and regions of SSTA are based 
on the simultaneous regressed SSTA pattern against the 
South China temperature (Figs. 3b, 7d). For western Pacific, 

(a) (b)

Fig. 2   a Regressed anomaly of 500-hPa geopotential height (con-
tours; unit: gpm; the shading areas are significant) and the corre-
sponding wave activity flux (vectors; unit: m2  s− 2; only the vectors 
greater than 0.1 are plotted) against the mid-summer temperature 
anomaly in South China for the whole period from 1979 to 2013. 
The yellow (blue) shading areas are statistically significant positive 

(negative) at the 90% significant level. The dash box is chosen as the 
key region of the geopotential height anomaly, covering (20°N–35°N, 
105°E–130°E). b 11-year sliding correlation coefficient between the 
mid-summer temperature anomaly in South China and the geopoten-
tial height anomaly averaged over the key region. The dashed line 
denotes the 90% significant level

(a) (c)

(b)

Fig. 3   Regressed SSTA in the a preceding winter from December 
to February and b simultaneous mid-summer from July to August 
against the mid-summer temperature in South China for the whole 
period from 1979 to 2013 (shading; units: °C). The dotted areas are 
statistically significant at the 90% significant level. The black boxes 
are chosen as the key regions of SSTA, including (10°S–10°N, 
105°E–160°E) over the western tropical Pacific and Niño3.4 region 

(5°S–5°N, 170°W–120°W) over the central–eastern tropical Pacific. c 
11-year sliding correlation coefficients between the mid-summer tem-
perature anomaly in South China and the SSTA over the key regions, 
including the central–eastern Pacific SST during the preceding winter 
(red line) and July–August (blue line) and the western tropical Pacific 
SST during July–August (black line). The dashed lines denote the 
90% significant level
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only the warming between 10°S–10°N is imposed, because 
the SSTA within this region plays an active role to influ-
ence the atmosphere, while the SSTA beyond this latitude 
is a response to the atmospheric circulation, which would 
be deduced from Fig. 8. Each simulation is integrated for 
20 years and the last 19 years are used for analysis since the 
first year is regarded as the spin up. The differences between 
the sensitivity experiments and the CTL run are calculated 
to manifest the forcing effect of different SSTA patterns. 
The Student’s t test at 90% significant level is employed for 
estimating the significance.

3 � Interdecadal change of the relationship 
between South China temperature 
and atmospheric circulation and SST 
around the early 1990s

Figure 1a exhibits the mid-summer temperature anoma-
lies in South China spanning from 1979 to 2013 and the 
corresponding interannual component. It is shown that the 
temperature presents notable interannual variability, and the 
interannual component deviates from the original anomaly 
in many years especially since the early 1990s. Therefore, 
it is necessary to extract the interannual component for the 
current study. Hereafter, all the variables are the 9-year 
high-pass filtered components. The regressed anomaly of 
mid-summer temperature over the observational stations in 
China against the temperature anomaly in South China pre-
sents a dipole mode (Fig. 1b). For the warmer years in South 
China, there is significantly higher (lower) temperature south 
(north) of 30°N, manifesting a meridional connection.

Figure 2a demonstrates the regressed anomaly of 500-
hPa geopotential height and the corresponding wave activity 
flux against the temperature anomaly in South China dur-
ing 1979–2013. The geopotential height shows significantly 
positive anomalies over South China and around the Ural 
Mountains, and meanwhile negative anomalies to the south 
of the Lake Baikal and over Europe, forming a wave train 
spanning from Europe to East Asia. This mid-latitude wave 
train pattern is similar to the result of Luo and Ji (2005), 
which analyzed the composite difference between abnor-
mally warm and cold mid-summer in South China. The 
wave activity flux associated with the mid-latitude wave 
train propagates from Europe to South China, with eastward 
flux from Europe to the Ural Mountains and southeastward 
flux from the Ural Mountains to the Lake Baikal and further 
to South China. Meanwhile, there is northeastward wave 
activity flux propagating from the low-latitude region to the 
higher-pressure center around South China and then further 
to North Pacific. It is hence implied that the higher pressure 
over South China results from the combined effect of the 
mid-latitude and tropical disturbance.

In order to detect the interdecadal change on the relation-
ship between South China temperature and atmospheric cir-
culation, the geopotential height anomaly averaged on the 
centered area (20°N–35°N, 105°E–130°E) over South China 
is defined as the circulation index H500, and the 11-year slid-
ing correlation coefficient between South China temperature 
and H500 is calculated (Fig. 2b). It is noticeable that the cor-
relation coefficient abruptly increases in the early 1990s: The 
coefficient is blow 0.45 and not significant before 1993, but 
above 0.7 and significant since 1993. Therefore, the relation-
ship between South China temperature anomaly and local 
pressure anomaly centered over South China is only significant 
since the early 1990s.

Moreover, the correlation between South China mid-
summer temperature and tropical Pacific SST also displays 
an interdecadal change around the early 1990s. Figure 3a, b 
demonstrates the regressed SSTA against the South China tem-
perature anomaly for the whole period from 1979 to 2013, 
including the SSTA during the preceding winter and simul-
taneous mid-summer. The winter SSTA shows significant 
warming (cooling) over the central–eastern (western) Pacific, 
appearing as an El Niño pattern (Fig. 3a). On the contrary, the 
mid-summer SSTA demonstrates a La Niña pattern, with sig-
nificant cooling (warming) over the central–eastern (western) 
Pacific (Fig. 3b). It is thus implied that the warmer summer in 
South China is associated with the El Niño to La Niña transi-
tion phase evolving from the preceding winter. Accordingly, 
we select the high correlated regions over the western tropi-
cal Pacific (10°S–10°N, 105°E–160°E) and central–eastern 
tropical Pacific Niño3.4 region (5°S–5°N, 170°W–120°W) 
as the key SST regions, and then calculate the 11-year slid-
ing correlation coefficient between South China temperature 
and key-region SST. The result shows that the relationship 
of higher South China temperature and preceding-winter 
warmer SST over the central–eastern Pacific, simultaneous 
colder SST over the central–eastern Pacific and warmer SST 
over the western Pacific presents clear interdecadal changes 
around the early 1990s (Fig. 3c). The correlation coefficients 
are insignificant before 1993 or 1992, and become generally 
significant afterwards. Thereby, it is revealed that the rela-
tionship between South China mid-summer temperature and 
atmospheric circulation and tropical Pacific SST experiences 
an evident interdecadal change around the early 1990s. The 
specific characteristics associated with South China tempera-
ture anomalies in the two epochs before and after 1993 would 
be compared in the following.
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4 � Atmospheric circulation and SSTA responsible 
for the South China temperature variation 
during the two epochs before and after the early 
1990s

Figure 4 exhibits the regressed anomalies of mid-summer 
temperature over the observational stations in China against 
the temperature anomaly in South China for the two epochs 
before and after 1993, respectively. Both epochs present a 
dipole mode, but differ in the meridional positions of the 
anomaly centers. The anomalous pattern for the second 
epoch is quite similar to the whole period from 1979 to 2013 
(Figs. 1b, 4b), with warm center south of 30°N and cold 
anomaly in the north. In comparison, the anomaly centers 
for the first epoch obviously shift northwards (Fig. 4a). The 
warm center is located along the Yangtze River at 30°N, 
and the cold anomaly also migrates northwards to north of 
38°N. It is noticed that the positive correlation along the 
coast of southeast China is weak during the first epoch and 
it is related to the interdecadal change in the main variability 
mode of South China temperature. An Empirical Orthogonal 
Function (EOF) analysis on the interannual component of 
the temperature anomalies over South China is performed 
for both epochs. The spatial pattern of the first leading mode 
shows opposite signs along the southeastern coast and the 

rest area and the amplitude along the southeastern coast is 
relatively small for the first epoch, while shows uniform 
signs over the whole area for the second epoch (not shown). 
Nevertheless, the first leading mode for the entire period 
exhibits uniform signs over South China (not shown), thus 
it is reasonable to compute the reference time series as the 
temperature averaged over South China.

Figure 5 shows the regressed anomalies of 500-hPa geo-
potential height, wave activity flux and 850-hPa wind against 
the South China temperature for the two epochs, respec-
tively. For the first epoch from 1979 to 1992, there are sig-
nificant higher pressure centered over the Korean Peninsula, 
lower pressure centered to the east of the Lake Baikal and 
higher pressure around the Ural Mountains (Fig. 5a). The 
corresponding wave activity flux exhibits southeastward 
propagation along the three anomaly centers from the Ural 
Mountains to East Asia, illustrating the influence from the 
mid-latitude teleconnection. Compared to the whole period 
as shown in Fig. 2a, the mid-latitude wave train pattern for 
the first epoch shifts northwards and the East Asian higher 
pressure is centered north of South China. The higher pres-
sure north of South China is mainly attributable to the mid-
latitude influence while the tropical influence is feeble, since 
the northeastward wave activity flux from the tropics could 
not reach the higher-pressure center. Consistent with the 
500-hPa geopotential height, the regressed 850-hPa wind 
anomaly shows an anomalous anticyclone around the Korean 
Peninsula, with the southwestern part stretching to South 
China (Fig. 5b). Northeasterly anomaly appears over South 
China, indicating a weaker southwesterly monsoon. Anoma-
lous divergence of water vapor flux occurs over South China 
but with small significant area (shadings in Fig. 5b), which 
might favor drier air condition.

For the second epoch from 1993 to 2013, significant 
higher pressure appears over South China, which is located 
obviously more southwards compared to the first epoch 
(Fig. 5c). Meanwhile, there is also a wave train spanning 
from Europe to East Asia along the mid-latitude, presenting 
features similar to the whole period but quite different from 
the first epoch. For the first epoch, the lower pressure near 
the Lake Baikal is comparable to the higher pressure near 
the Ural Mountains in terms of magnitude. For the second 
epoch, the higher pressure around the Ural Mountains elon-
gates more eastwards to Northeast Asia while the lower pres-
sure around the Lake Baikal shrinks and gets much weaker, 
leading to weaker connection between the mid-latitude and 
low-latitude regions. Correspondingly, the wave activity flux 
during the second epoch shows much smaller southeastward 
propagation from the Ural Mountains to East Asia, suggest-
ing that the influence from the mid-latitude is weaker than 
the first epoch. However, the East Asian higher pressure for 
the second epoch remains quite strong and shifts southwards 
to center over South China. The formation of significant 

(a)

(b)

Fig. 4   The same as Fig. 1b, except a for the first epoch during 1979–
1992 and b for the second epoch during 1993–2013
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higher pressure over South China is accompanied by the 
northeastward wave activity flux from the tropics, suggest-
ing that the tropical disturbance plays an important role in 
the second epoch. In the lower troposphere, the regressed 
anomaly of 850-hPa wind shows a significant anticyclone 
over South China, with strong southwesterly anomaly pre-
vailing in the west and north of South China (Fig. 5d). The 
anomalous southwesterly would enhance the summer mon-
soon. The enhanced southwesterly increases the northward 
water vapor transport and results in anomalous divergence 
of water vapor flux over South China (shadings in Fig. 5d), 
which could favor anomalous dry air condition and high air 
temperature.

To specify the main processes contributing to the tem-
perature variations in South China, the regressed anomalies 
of vertical velocity, specific humidity, total cloud cover, sur-
face net downward shortwave radiation, vertical adiabatic 
heating and horizontal temperature advection are analyzed 
(Fig. 6). Associated with the higher pressure, stronger sub-
sidence and lower humidity occur throughout the whole 
troposphere along the meridional section averaged between 

110°E–120°E (Fig. 6a, b). For the first epoch, the subsiding 
and dry anomalies are centered near 30°N, but also extend 
southwards to South China located at 20°N–28°N. In con-
trast, for the second epoch the anomalous centers are located 
around 25°N and over South China, which are more south-
ward in comparison with the first epoch. The displacements 
of anomalous centers between the two epochs are in agree-
ment with the different positions of the East Asian higher 
pressure and higher temperature centers. The anomalous 
subsidence and dry air condition lead to less cloud cover 
and more solar radiation at the surface, which is significant 
for both epochs (Fig. 6c, d). Meanwhile, the anomalous 
subsidence might bring stronger vertical adiabatic heating. 
However, the significant enhancement of vertical adiaba-
tic heating occurs over South China only during the second 
epoch, while occurs over the Yangtze River during the first 
epoch (contours in Fig. 6e, f). The horizontal temperature 
advection shows negative anomalies over South China for 
both epochs (shadings in Fig. 6e, f), which is unfavorable 
for higher temperature. Therefore, the temperature variation 
over South China is mainly determined by the shortwave 

(a) (b)

(c) (d)

Fig. 5   a and c are the same as Fig. 2a, except a for the first epoch 
during 1979–1992 and c for the second epoch during 1993–2013. b 
and d are the regressed anomalies of 850-hPa wind (vectors; units: 
m s− 1; the black vectors are significant) and water vapor flux diver-

gence (shadings; units: 10− 5 g kg− 1 s− 1; only the significant areas are 
plotted) against the mid-summer temperature anomaly in South China 
during 1979–1992 and 1993–2013, respectively
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radiation before the early 1990s, and by the shortwave radia-
tion and vertical adiabatic heating after the early 1990s.

The simultaneous tropical SSTA and precipitation anom-
aly associated with the South China temperature variations 
in the two epochs are compared, and the SSTA in the pre-
ceding winter is also analyzed (Fig. 7). For the first epoch, 
there are only small significant areas scattering over the 
tropical Pacific (Fig. 7a, c, e). In the mid-summer, negative 
(positive) SSTA and less (more) precipitation occur over the 

central (western) tropical Pacific but with low significance 
level (Fig. 7c, e). In comparison, the regressed anomalies 
of SST and precipitation for the second epoch appear to be 
much more significant over the tropical Pacific (Fig. 7b, d, 
f). The SSTA evolves from an El Niño pattern in the preced-
ing winter to a La Niña pattern in the mid-summer (Fig. 7b, 
d). Significantly less (more) precipitation occurs over the 
central–eastern (western) tropical Pacific in the mid-sum-
mer (Fig. 7f), which would act as anomalous heat source 

Fig. 6   Regressed anomalies 
of a, b vertical velocity omega 
(contours; unit: 10− 4 hPa s− 1; 
the dotted areas are significant) 
and specific humidity (shading; 
unit: g kg− 1; only the significant 
areas are shaded) along the 
meridional section average 
between 110°E and 120°E, c, 
d Total cloud cover (contours; 
units: %) and surface net down-
ward shortwave flux (shadings; 
units: W s− 1), e, f 850-hPa 
vertical adiabatic heating (con-
tours; units: 10− 5 K s− 1; contour 
intervals are 1 × 10− 5 K s− 1) and 
850-hPa horizontal temperature 
advection (shadings; units: 10− 6 
K s− 1). Only the significant 
areas are plotted in c–f. The 
anomalies are regressed against 
the mid-summer temperature 
anomaly in South China during 
the first epoch 1979–1992 (left 
panels) and the second epoch 
1993–2013 (right panels)

(a) (b)

(c) (d)

(e) (f)
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influencing the atmospheric circulation. It is thus implied 
that the influence of tropical SSTA on the temperature vari-
ation over South China during the second epoch is much 
more significant than the first epoch. The anomalous patterns 
for the second epoch are quite similar to the patterns for the 
whole period from 1979 to 2013 (Fig. 3a, b), indicating that 
the connection between the tropical Pacific SST and South 
China temperature is mainly due to their significant correla-
tion after the early 1990s.

The SSTA over the tropical Pacific would modulate the 
East Asian monsoon circulation and thus influence the South 
China temperature. The warmer SST over the central–east-
ern Pacific during the preceding winter could trigger an 
anomalous lower-tropospheric anticyclone over the west-
ern North Pacific and maintain it until early summer (Wang 
et al. 2000). The further persistence of the anticyclonic 
anomaly throughout the summer might be favored by the 
colder summer SST over the central–eastern Pacific during 
El Niño to La Niña transition years, through a Rossby-wave 
response (Chen et al. 2015). At the same time, the warmer 
summer SST over the western tropical Pacific may induce 
anomalous ascent in situ, which may result in anomalous 
descent and lower-level anticyclone over the western North 
Pacific via a local Hadley circulation. For both epochs, an 
anomalous anticyclone is observed over the western North 
Pacific (Fig. 5b, d). The anticyclone for the first epoch is 

located at the low-latitude region east of the Philippines and 
Indonesia, which may contribute to the anomalous low-level 
anticyclone over eastern China via a meridional wave-train 
pattern (Fig. 5b). But the circulation anomalies at the low 
latitude show low significance level during the first epoch. 
In contrast, the anticyclone for the second epoch is located to 
the east of South China, which is obviously more northward 
and with much higher significance level (Fig. 5d). This dif-
ference is related to the more significant SSTA and precipi-
tation anomaly during the second epoch and confirms the 
stronger influence of tropical SSTA on South China tempera-
ture after the early 1990s. The relative contribution of the 
negative SSTA over the central–eastern tropical Pacific and 
the positive SSTA over the western tropical Pacific to the 
anomalous atmospheric circulation over South China would 
be further investigated based on observational analysis and 
model simulations. Here we focus on the second epoch when 
the tropical SSTA plays a more significant role.

Figure 8 displays the regressed anomalies of OLR, sur-
face downward shortwave radiation and downward latent 
heat flux against the South China temperature for the second 
epoch. There are significantly negative anomalies of OLR, 
downward shortwave radiation and downward latent heat 
flux over the western tropical Pacific, manifesting a stronger 
convection due to the warmer underlying SST (Fig. 8a–c). In 
contrast, positive anomalies of OLR, downward shortwave 

(a)

(c)

(e) (f)

(d)

(b)

Fig. 7   Regressed anomalies of a, b SST in the preceding winter 
(units: °C), c, d SST in the simultaneous mid-summer (units: °C) and 
e, f precipitation in the simultaneous mid-summer (units: mm  d− 1). 
The anomalies are regressed against the mid-summer temperature 

anomaly in South China during the first epoch 1979–1992 (left pan-
els) and the second epoch 1993–2013 (right panels). The dotted areas 
are statistically significant at the 90% significant level
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radiation and downward latent heat flux occur at the regions 
north of 10°N, covering the western North Pacific, north-
ern South China Sea and South China. It can be inferred 
that the SSTA north of 10°N is a response to the atmos-
pheric circulation, since weaker convection would result in 
less cloud cover, more solar radiation at surface and thus 
warmer SST. Therefore, for the CAM4 sensitivity simula-
tions which would be presented later, warmer SST over the 
western Pacific is only imposed within 10°S–10°N, which 
is also consistent with the key SST region chosen in Fig. 3b.

The stronger convection over the western tropical Pacific 
triggers an anomalous local Hadley circulation with the 
descending motion appearing between 20°N–30°N, which is 
favorable for the higher pressure over South China (Fig. 9a). 
It is noticeable that the tropical ascending motion is con-
strained to south of 10°N, confirming that the warmer SST 
south of 10°N plays an active role to influence the atmos-
pheric circulation. Furthermore, the convection over the 
western tropical Pacific is also enhanced by the colder 
SST over the center–eastern Pacific through an anomalous 

Walker circulation. The regressed anomaly of zonal circu-
lation averaged between 10°S and 10°N shows significant 
descending over the central Pacific and ascending over the 
western Pacific (Fig. 9b). Therefore, both the SSTA over the 
western Pacific and central–eastern Pacific play a role in the 
anomalous atmospheric circulation associated with South 
China temperature variation.

In order to compare the relative role of the western Pacific 
warming and central–eastern Pacific cooling, CAM4 model 
is employed to perform a control experiment (CTL run) 
and three sensitivity experiments forced by different SSTA 
patterns (WP_EP run, WP run and EP run; Fig. 10a–c). 
Detailed descriptions of the experiments are presented in 
Sect. 2.2. The difference between the WP_EP run and CTL 
run would manifest the combining effect of the western 
Pacific warming and central–eastern Pacific cooling on the 
circulation anomaly, while the WP run and EP run sepa-
rately evaluate the effect of western Pacific warming and 
central–eastern Pacific cooling. The circulation anomaly 
response to the WP_EP run obtains a significant 850-hPa 

(a) (b) (c)

Fig. 8   Regressed anomalies of the a outgoing longwave radiation, b downward shortwave radiation and c downward latent heat flux against the 
mid-summer temperature anomaly in South China for the second epoch during 1993–2013. Units: W m− 2. The dotted areas are significant

Fig. 9   Regressed anomalies of 
the a meridional vertical circu-
lation averaged between 110°E 
and 120°E and b zonal vertical 
circulation averaged between 
10°S and 10°N against the mid-
summer temperature anomaly 
in South China for the second 
epoch during 1993–2013. The 
units are m s− 1 for the horizon-
tal velocity and − 10− 4 hPa s− 1 
for the vertical velocity omega. 
The shaded areas are significant 
either for the horizontal or verti-
cal velocity

(a) (b)
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anticyclone and 500-hPa higher pressure over South China 
(Fig. 10d). This circulation pattern is similar to the observa-
tion (Fig. 5c, d), confirming that the concurrence of warmer 
SST over the western tropical Pacific and colder SST over 
the central–eastern Pacific favors higher pressure over South 
China. The WP run also obtains a significant 850-hPa anti-
cyclonic anomaly and 500-hPa higher pressure over South 
China, which is located more northwards compared to the 
WP_EP run (Fig. 10e). It is thus indicated that the western 
Pacific warming is vital for the circulation anomaly over 
South China. In contrast, the EP run exhibits an 850-hPa 
anticyclonic anomaly over the western North Pacific with 
only significant easterly in the southern edge, and the 500-
hPa geopotential height anomaly is quite weak (Fig. 10f). 
The 850-hPa anticyclonic anomaly is similar to the simu-
lating result of Chen et al. (2015), which suggested that 
the colder summer SST over the central–eastern Pacific is 
important for maintaining the anticyclonic anomaly over the 
western North Pacific throughout summer during El Niño to 
La Niña transition years. However, the anticyclone excited 
by the central–eastern Pacific cooling is mostly located over 
the ocean, while the direct effect on the circulation anomaly 
over South China is weak. On the other hand, the anomalous 
Walker circulation is only significant for the WP_EP run, 
while not complete for either the WP run or EP run (not 
shown). Therefore, it is suggested that the western tropical 

Pacific SST could remarkably influence the atmospheric 
circulation over South China via the local Hadley circula-
tion modulated by the convection over the topics, while the 
central–eastern Pacific SST exerts an indirect impact by 
influencing the convection over the western tropical Pacific 
through the Walker circulation.

The above results reveal the important role of the western 
tropical Pacific SSTA, which is much more significant for 
the second epoch than for the first epoch. Thus we further 
examine the SSTA evolutions associated with the west-
ern tropical Pacific SSTA for the two epochs, respectively. 
Figure 11 shows the regressed SSTA during the preceding 
winter, spring and simultaneous mid-summer against the 
western tropical Pacific SSTA averaged over the key region 
(10°S–10°N, 105°E–160°E). For the first epoch, there is 
negative (positive) SSTA over the central–eastern (western) 
Pacific, which gradually strengthens from the preceding win-
ter to spring and to summer (Fig. 11a–c). In contrast, for the 
second epoch, significantly positive (negative) SSTA occurs 
over the central–eastern (western) Pacific in the previous 
winter, and then gradually weakens from winter to spring, 
and transforms into the opposite phase from spring to sum-
mer (Fig. 11d–f). It is shown that the warmer mid-summer 
SST over the western tropical Pacific is related to the La 
Niña developing phase for the first epoch, while the El Niño 
to La Niña transition phase for the second epoch. Putting 

(a) (b) (c)

(d) (e) (f)

Fig. 10   SSTA imposed to the sensitivity experiments: a WP_
EP run, b WP run and c EP run. The anomalous region is 
(10°S–10°N, 105°E–160°E) over the western Pacific and (5°S–5°N, 
170°W–120°W) over the central-eastern Pacific. d and e are the dif-

ferences of 500-hPa geopotential height (shading; units: gpm; only 
the significant areas are shaded) and 850-hPa wind (vectors; units: 
m  s− 1; the black vectors are significant) between the sensitivity 
experiments and the control run
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Figs. 11 and 7 together, it is clear that the SSTA pattern 
related to the western tropical Pacific SSTA for the second 
epoch are quite similar to the pattern related to the tempera-
ture anomaly over South China. Therefore, it is implied that 
the intimate relationship between the western tropical Pacific 
SSTA and South China temperature anomaly occurs in the 
summers during El Niño to La Niña transition years, which 
is significant since the early 1990s.

5 � Conclusions

The current study reveals that the atmospheric circulation 
and tropical SSTA pattern responsible for the interannual 
variation of mid-summer temperature in South China experi-
ence an obvious interdecadal change around the early 1990s. 
For the whole period from 1979 to 2013, the temperature 
anomaly in South China is attributable to the influence from 
both the extratropical atmospheric circulation and tropical 
Pacific SSTA. On the one hand, warmer summer in South 
China is related to a mid-latitude teleconnection with higher-
pressure centers over South China and the Ural Mountains 
and lower-pressure centers south of the Lake Baikal and 
over Europe. On the other hand, the tropical Pacific SSTA 
associated with warmer summer in South China is featured 
by an El Niño pattern in the preceding winter and a La Niña 
pattern in the simultaneous mid-summer, appearing as the 
El Niño to La Niña transition phase. However, the above 

relationship is only significant after 1993, so the atmos-
pheric circulation and tropical Pacific SSTA responsible for 
the South China temperature variation are compared for the 
two epochs before and after 1993.

For the first epoch before 1993, the interannual varia-
tion of South China temperature is significantly influenced 
by the extratropical teleconnection while the tropical SSTA 
presents relatively weak signal. The extratropical telecon-
nection is located more northwards compared to the whole 
period, featured by higher pressure around the Ural Moun-
tains, lower pressure east of the Lake Baikal and higher 
pressure around the Korean Peninsula. Along with the mid-
latitude teleconnection, obvious wave activity flux propa-
gates southeastwards from the Ural Mountains to East Asia. 
South China is located at the southern flank of an anomalous 
high pressure. The higher pressure results in stronger subsid-
ence and lower humidity throughout the whole troposphere, 
which decreases the cloud cover and increases the solar radi-
ation at the surface and thus leads to higher air temperature. 
All the anomalous centers are located to the north of South 
China with the anomalous scope extending to South China.

For the variation of South China temperature during the 
second epoch after 1993, the influence of tropical SSTA is 
much more significant while the influence of mid-latitude 
atmospheric circulation is weaker compared with the first 
epoch. The extratropical teleconnection is much weaker 
during the second epoch, denoted by the smaller magni-
tude and extension of the lower pressure around the Lake 

(a) (d)

(f)

(b)

(c)

(e)

Fig. 11   Regressed SSTA in the preceding winter (December–Janu-
ary), spring (March–May) and simultaneous mid-summer (July–
August) against the mid-summer SSTA averaged over the western 

tropical Pacific key region (10°S–10°N, 105°E–160°E) (units: °C). 
a–c are for the first epoch during 1979–1992 and d–f are for the sec-
ond epoch during 1993–2013. The dotted areas are significant



2125Interdecadal change on the relationship between the mid-summer temperature in South China…

1 3

Baikal. Correspondingly, the southeastward wave activity 
flux propagating from the mid-latitude region to the low-
latitude region is much weaker. However, there is significant 
higher pressure centered over South China, which is located 
much more southwards in comparison with the first epoch. 
The formation of higher-pressure center over South China 
is favored by the influence from the tropics, manifested by 
the obvious northeastward wave activity flux from the low-
latitude region to South China. The higher pressure results in 
stronger subsidence and lower humidity centered over South 
China. On the one hand, the anomalous subsiding and dry air 
condition reduce the cloud cover and enhance solar radiation 
at the surface and thus favor higher air temperature, which is 
similar to the first epoch. On the other hand, the anomalous 
subsidence brings stronger vertical adiabatic heating over 
South China and thus further increases the air temperature, 
which is insignificant in the first epoch.

The SSTA associated with the variation of South China 
temperature during the first epoch shows small significant 
areas scattering over the tropical Pacific, suggesting a rela-
tively weak influence on the circulation over South China. 
In contrast, the tropical Pacific SSTA associated with higher 
South China temperature during the second epoch signif-
icantly presents the El Niño to La Niña transition phase, 
which is similar to the whole period. The relative contri-
bution of the western Pacific warming and central–eastern 
Pacific cooling during the mid-summer in the second epoch 
to the formation of higher pressure over South China is fur-
ther investigated, based on the observational analysis and 
model simulations with CAM4. The results show that the 
warmer SST over the tropical western Pacific would trigger 
a local Hadley circulation with stronger convection over the 
tropics and subsidence over South China, the latter of which 
would directly lead to higher pressure over South China. 
As for the colder SST over the central–eastern Pacific, the 
Rossby-wave response to the cooling presents weak sig-
nal over South China. Instead, the central–eastern Pacific 
cooling would favor an anomalous Walker circulation and 
enhance the convection over the western tropical Pacific. 
It is thus indicated that the central–eastern Pacific plays an 
indirect role in influencing the South China temperature.

The influence of the western tropical Pacific SSTA on the 
South China temperature for the second epoch is much more 
significant than that for the first epoch, and it is related to 
the difference in the accompanying SSTA pattern over the 
tropical Pacific. The warmer SST in summer over the west-
ern tropical Pacific is associated with the El Niño to La Niña 
transition phase for the second epoch while La Niña develop-
ing phase for the first epoch. On the other hand, the El Niño 
to La Niña transition phase is favorable for the occurrence 
of warmer summer in South China. Thereby, the relationship 
between the tropical Pacific SSTA and South China tem-
perature is built for the second epoch. It is implied that the 

mid-summer temperature of South China is more predictable 
during the El Niño to La Niña transition years, which is the 
case for the recent decades since the early 1990s.
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