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In the summer of 2013, a rare extreme heat wave occurred in the middle and lower reaches of the Yangtze River in China. Based
on high resolution reanalysis data from ECMWF, comprehensive analyses on the associated atmospheric circulation and the sea
surface temperature anomaly (SSTA) were provided. The stable and strong West Pacific Subtropical High (WPSH) was the direct
cause for the heat wave. The WPSH had four westward extensions, which brought about four hot spells in southern China. The
South Asia High (SAH) at 150 hPa was more eastward and more northward than normal. The strong Hadley circulation in the
central and western Pacific and the anomalous easterlies at 500 hPa and 250 hPa in the middle and high latitudes were favorable for
more hot days (HDs). The total HDs in the middle and lower reaches of the Yangtze River had close relationships with the zonal
wind anomalies in the middle and high latitudes, the SSTA in the Indian Ocean and Pacific, and the dry soil conditions of the
Yangtze River Valley in spring and summer. The anomalies of the tropical, subtropical, and polar circulation and the underlying
surfaces could be responsible for this extreme heat wave.

1. Introduction
The Fifth Assessment Report of Intergovernmental Panel
on Climate Change (IPCC) indicates that new analyses
continue to support the Fourth Assessment Report and IPCC
Special Report on Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation (SREX)
conclusions that there is medium confidence that globally the
length and frequency of warm spells, including heat waves,
have increased since the middle of the 20th century although
it is likely (high confidence) that heatwave frequency has
increased during this period in large parts of Europe, Asia,
and Australia [1]. The heat wave stressed the delivery of
water and energy resources and had significant morbidity and
mortality impacts on humans and livestock [2–5]. Therefore,

heat wave events have attracted considerable attention during
recent years.
In recent years, especially after the European heat wave
in 2003, many studies analyzed the magnitudes, durations,
impacts associated with heat waves, and the causes of hot
spells. The main features of European heat wave in 2003
summer were described and discussed in detail in the study
by Feudale and Shukla [6]. Model simulations indicated that
hot summers could be more frequent in a future warmer
climate, and, therefore, the European heat wave of 2003
summer might give an indication of the nature of heat
waves that could occur due to global warming [7–9]. Sea
surface temperature anomaly (SSTA) was one of the possible
factors in enhancing the heat wave in Europe [6, 10]. The
anomalous 2010 Russian heat wave that caused adverse
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impacts exceeded the amplitude and spatial extent of the
previous hottest summer in 2003 [11–13]. The principal factor
contributing to the heat wave magnitude was a severe rainfall
deficit during antecedent and concurrent seasons related to
a La Niña event [14].
There were a large number of previous studies on heat
wave events and the associated atmospheric circulation in
China. Significant increasing trend of the frequencies of heat
waves in China was found in recent decades [15–17]. It was
advantageous to the occurrences of high temperature events
in the south of the Yangtze Valley and South China when the
Tibetan Plateau High sustained, reinforced, and continually
expanded eastward and westward [18, 19]. The continuous
hot weather over southern China was associated with the
variation of the West Pacific Subtropical High (WPSH). Heat
wave events occurred when the WPSH manifested intensely
over most of southern China from late July to August stably
[20, 21]. The descending motion provided a sunny weather
in favor of the solar radiation directly down to the ground
surface that led to remarkable sensible heat flux and longwave radiation near the surface, which was favorable for the
persistent heat wave event in South China in the summer of
2003 [22]. The polar vortex leaning to the western hemisphere
for a long time led to weakening of the cold air which
influenced China, and this was one of the important reasons
why the WPSH was abnormally strong and the temperature
was persistently high in the south of China [23]. Weak cold air
transport, northward locations of subtropical high ridgeline,
and less snow cover over the Tibetan Plateau in the winter
and spring of 2005/2006 were the three main direct causes
for the extremely hot and dry weather over the Chongqing
and Sichuan areas of China in the summer of 2006 [24].
Low-level divergence, subtropical westerly jet axis shifting
northward, and the westward jet center were conducive to the
occurrence and maintenance of high temperature in China in
the summer of 2009 [25].
From July to August in 2013, a long-lasting high temperature event occurred in East China, in a zone extending
from North China southward to the midlower reaches of
the Yangtze River and to the south of the lower reaches of
the Yangtze River [26]. The number of consecutive hot days
(HDs) and daily maximum temperature (DMT) in many
regions broke the historical extreme records and caused
moderate to severe droughts in Guizhou, Hunan, Chongqing,
and other provinces. Due to few rain days, little precipitation,
high solar radiation, and high evaporation in the south of
the Yangtze River, drought brought about devastating impact
to many aspects of social life. 1610 million people and crops
of 18720 km2 in Hunan province were affected, and 353.5
million people and 1.417 million livestock were in the shortage
of drinking water [27]. 3520 km2 crops had no harvest,
and direct economic losses were 14.3 billion [27]. However,
there were few studies on the anomaly of the thorough
meteorological situation associated with the heat wave event
in 2013. Here, we take a comprehensive diagnostic analysis on
the 2013 summer heat wave in the middle and lower reaches
of the Yangtze River in China. This paper will mainly focus on
the characteristics and causes of this extreme heat wave event,
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in order to provide a reference to the forecasting of extreme
hot spell events in the future.

2. Data
The temperature records were chosen from the daily observations of 752 stations during the period 1951–2013 from the
National Meteorological Information Center of the China
Meteorological Administration [28–30]. The datasets had
been quality-controlled and used in numerous previous
studies [31–37]. The stations were evenly distributed in the
plains to the east of 95∘ E. Because of numerous missing
data before 1961 [38], the daily series of summer for 1961–
2013 were analyzed in the present paper. Stations with more
than 1-day missing records during June–August in every
month were excluded. Finally, 533 stations were used for
subsequent analysis. The analyses of atmospheric circulation in association with heat waves were based on the
latest ECMWF ERA-Interim global reanalysis data with
0.75∘ × 0.75∘ spatial resolution on 60 vertical levels from
the surface up to 0.1 hPa and 6 h temporal resolution for
1979–2013, and the sea surface temperature (SST) analyses were also chosen from the ERA-Interim data, which
were downloaded from http://www.ecmwf.int/en/research/
climate-reanalysis/browse-reanalysis-datasets.
Relative indices of high temperature extremes were considered in the present paper. A hot day (HD) was defined
if the temperature exceeded the 90th percentile of the local
daily temperature climatology, as applied in IPCC [39] and
many previous studies [40–44]. The least squares method was
applied to fit the linear trend and the statistical 𝑡-test was used
to test the significance of correlation coefficient for two time
series [45, 46]. The climatic value was the average of values
during 1981–2010.

3. The Characteristics of the Heat
Wave in 2013
In 2013, the summer average temperature in China was
21.7∘ C, which was 0.7∘ C above normal [47]. The average
summer temperature in 2006 and 2010 was also 21.7∘ C, which
was the highest since 1961 [47]. For 8 provinces from the
south of the Yellow River to the middle and lower reaches
of the Yangtze River, the average temperature (28.0∘ C) was
the highest since 1961, with 1.6∘ C above normal [47]. The
average temperature, the average maximum temperature and
the average minimum temperature over the middle and lower
reaches of the Yangtze River broke the records in the late
50 years [48]. In 23 provinces of the Yangtze River Valley,
extreme high temperature events occurred in 530 meteorological stations, and 206 stations reached the highest level in
the past 50 years (the highest daily maximum temperature
of 44.1∘ C was recorded in Xinchang in the south of the
Yangtze River). Record-breaking consecutive extreme hot
temperature events were observed in 144 stations, including
Changsha (48 days), Hengshan (48 days), and Anren (45
days) [47]. According to the report of China Meteorology
Daily, the heat wave covered an area of 3.177 million km2 for
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the period ending on 30 July 2013 [49]. Therefore, the heat
wave over the middle and lower reaches of the Yangtze River
Valley in China was long-lasting, severe, and affected a large
area with great harm in the summer of 2013.
In order to characterize the magnitude and duration of
the 2013 summer hot spell, the analysis approach in Figure 1
was similar to the previous study on heat wave by Barriopedro
et al. [11]. Figure 1 shows the spatial pattern of the highest
value of DMT anomalies averaging in different time scales
and the anomaly of the total HDs in 2013 summer in China.
Figures 1(a) to 1(e) revealed that the center of the exceptional
warmth at all temporal scales was along the reaches of
the Yangtze River. The daily and weekly positive anomalies
were particularly pronounced, exceeding the 90th percentile
during 1961–2013 by above 2∘ C. The biweekly to seasonal
positive anomalies exceeded the 90th percentile by about 1∘ C.
In Figure 1(f), the spatial distribution of the HD anomaly
in 2013 was similar to the distribution in Figures 1(a) to
1(e). The center of positive anomaly for HDs mainly located
along the reaches of the Yangtze River, with 10 days more
than the climatic average and about one week more than the
90th percentile threshold. In Chongqing, Shanghai, and the
middle and northern of Zhejiang province, the HDs exceeded
the climatic average by more than 25 days and exceeded
the 90th percentile by over 10 days. Because of the sparse
distribution of observation stations in the upper reaches of
the Yangtze River, region A (26.4∘ N–34.2∘ N, 105∘ E–122∘ E)
in Figure 1(f) was selected to analyze the hot spells over the
middle and lower reaches of the Yangtze River in the paper.

4. The Anomaly of the Atmospheric
Circulation and SST in the Summer of 2013
4.1. The Anomaly of WPSH. The likelihood of passing into
the HD threshold was more frequently reached in South
China when WPSH manifested intensely over the region
in the summer [21]. For the 2013 heat wave, Peng [49]
indicated that the anomaly of WPSH was the major and direct
reason. Figure 2 revealed that the average geopotential height
anomaly series of 500 hPa over region A had high positive
correlation with the total HDs for all the stations in region A
in the summer during 1979–2013. The correlation coefficient
is 0.58, significant at the 0.01 level. The average geopotential
height anomaly of region A in the summer of 2013 was the
second highest for 1979–2013, and the total HDs in 2013 were
the peak in recent years. In Figure 2, the total HDs in region A
presented an increasing trend. The strong heat wave events in
South China became more frequent and stronger significantly
in the 54 years [26]. The heat wave in the summer of 2013 may
also be partly due to the global warming. Global warming
altered the climatic distribution of extreme heat events, such
that heat wave might become more likely to occur.
Figure 3 shows the longitude and latitude profiles of the
500 hPa geopotential height departure from 5880 gpm in
region A in the summer of 2013. The WPSH at 500 hPa
first strengthened in region A in mid-June and intensified
in mid-July with higher geopotential height anomaly than
that in mid-June. The positive geopotential height anomaly
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over region A reached the highest in late July to mid-August.
In the end of August, the WPSH enhanced for a few days.
The number of HD stations in region A increased while
the positive geopotential height anomalies over region A
were observed and reduced while the positive anomalies
decreased. The four intensifications of the WPSH indicated
the four hot spells in the middle and lower reaches of the
Yangtze River in the summer of 2013, and the third hot spell
from late July to mid-August was the most severe. This was
consistent with analyses by Tang et al. [48].
The position of the WPSH ridge line at 500 hPa was
compared with the climatic position for the summer in
2013 (Figure 4). The WPSH ridge line was more northward
than the climatic position in early to mid-June, and more
southward from the second half of July to early August and
in late August. In mid-June, the WPSH ridge line arrived
near 28–31∘ N, which was 5–8 latitudes more northward
than the climatic position. From late July to early August,
the ridge line was 4–6 latitudes more southward than the
climatic position and stabilized in the vicinity of 25-26∘ N.
The WPSH ridge line was 2 latitudes more northward than
the climatic position in June, 1 latitude more southward in
July, and 1.5 latitudes more southward in August. The WPSH
was maintained in the vicinity of 25–30∘ N during the whole
summer, which caused the long-lasing heat wave in region A.
Meanwhile, the anomalous position of the WPSH precluded
it susceptibility to weakening by tropical easterly wave or
typhoons, which could disrupt or end the heat wave. The
easterly wave represented a kind of wave migrating westward
through deep easterlies on the south side of a subtropical high
over the western Pacific and South Asia [50]. Tropical easterly
waves were a type of atmospheric trough oriented north to
south, which moved from east to west across the tropics and
sometimes could lead to typhoons in western Pacific Ocean.
4.2. The Anomaly of the South Asia High. South Asia High
(SAH) was a strong and steady atmospheric anticyclone in
the upper troposphere and lower stratosphere over southern
Asia in the summer and had close relationship with the
atmospheric circulation of northern hemisphere and Asia
[51–56]. In particular, it had great impacts on the summer
heat waves in China [18, 19, 25, 56]. The studies by Wu et
al. [53] and Li et al. [57] revealed that the descending air
motion prevailed in the Yangtze Valley while the ridge line
of the SAH was more northward. Zhu et al. [58] pointed out
that the WPSH strengthened and extended westward, when
the SAH strengthened and moved eastward. The precipitation
was above normal in northern China and below normal in
southern China in the summer of 2013 [47]. The release of the
latent heat of condensation over the northern part of China
enhanced the geopotential height anomaly and caused the
divergence in the upper troposphere and lower stratosphere
[47]. The southward divergent air flows descended over the
WPSH and made the WPSH continue to be strong and westward [47]. Figure 5 shows the distribution of geopotential
height and the anomaly at 150 hPa in the summer of 2013, and
the 14360 gpm isoline represents the climatological position
of SAH. The center of the SAH was located near 80∘ E, and
the high value of geopotential height anomaly in Figure 5 was
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Figure 1: The distribution of the highest value of DMT anomalies (∘ C) running-averaging (a) daily, (b) weekly, (c) biweekly, (d) monthly,
and (e) seasonally and in the anomaly of the total HDs (days) in 2013 summer in China (f). The shaded areas denote the highest value of
DMT anomaly, and the lines denote the 90th percentile threshold of DMT anomaly for 1961–2013 for the corresponding time scales. The
rectangle (26.4∘ N–34.2∘ N, 105∘ E–122∘ E) in Figure 1(f) indicates region A. “ChQ,” “ShH,” and “ZhJ” in (f) indicate the geographical location
of Chongqing, Shanghai, and Zhejiang province.
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located in the region of the Yellow River Valley. Compared
with the climatological position of SAH, it was found that the
SAH was more eastward and more northward than usual in
the summer of 2013. Accompanied by the abnormal location
and strengthening of the SAH, the WPSH was stronger and
more westward in this summer.
In order to reveal the interrelation between troposphere
and stratosphere, Figure 6 shows the time-height section of
the geopotential height anomaly averaged in region A in
the summer of 2013. There were positive anomalies from
700 hPa up to 50 hPa during the most time of the summer.
The maximum of geopotential height anomaly was mainly
found at about 150 hPa, and the downward expansion of the
upper-level positive height anomaly existed. The anomaly of
SAH was found in the bottom of the stratosphere and the
anomaly of WPSH in the midupper troposphere. In Figure 6,
four eastward extensions and strengthening of the SAH were
found at 150 hPa in the second half of June, the first half
of July, late July, and late August. Meanwhile, the WPSH
strengthened and expanded to the west (Figure 3) and then
resulted in the increasing HDs in southern China.
4.3. The Anomaly of Zonal and Meridional Flows. The zonal
and meridional winds were the main components of air
movement, and the atmospheric circulation anomaly and the
occurrences of many extreme events were associated with the
anomalies of wind [21, 59–66].
4.3.1. The Anomaly of Zonal Wind. Figure 7 shows the correlation coefficient distribution between the total HDs in
region A and u-component anomaly and the distribution
of u-component anomaly in 2013 summer. At 250 hPa, the
significant negative correlation was found over the northern
Kazakhstan northeastward to the north of Lake Baikal and
the Yangtze River Valley, while significant positive correlation

was found over Uzbekistan eastward to Northeast China. In
the summer of 2013, the anomalous easterlies were observed
in two regions at 250 hPa, in north of 50∘ N and south of
36∘ N, with the maximum anomalies exceeding 6 m/s and
4 m/s, respectively. The anomalous westerly was found in
the region of 38–48∘ N, with the maximum anomaly above
12 m/s. Comparing Figure 7(a) with Figure 7(b), the distribution of zonal wind anomaly at 250 hPa in the summer
of 2013 was favorable for HDs in region A. In Figures 7(c)
and 7(d), the distribution of correlation coefficient during
1979–2013 and u-wind anomaly in 2013 summer at 500 hPa
was similar to those at 250 hPa. At 700 hPa, the significant
positive correlation was found in the south of the Balkhash
Lake (located in southeastern Kazakhstan in Central Asia
within the domain 73–80∘ E, 45–48∘ N) and from Northeast
China to the Korean Peninsula. For the mean climatology,
the subtropical monsoon prevails from Southeast China to
Northeast China at 700 hPa in summer. The HDs were more
in region A and the WPSH was more westward, when the
westerly wind was stronger from Northeast China to the
Korean Peninsula. The zonal air flow in the middle and high
latitudes of the northern hemisphere had close relationship
with the heat waves in region A.
4.3.2. The Anomaly of Meridional Wind. In summer, the
WPSH often weakened and moved eastward during the
period of tropical cyclones, and the generation and tracks of
tropical cyclones were closely associated with the intertropical convergence zone (ITCZ) [21]. Yang and Li [21] found
that the anomaly of cross-equatorial airflow in the middle
and western Pacific was one of the important causes for the
extreme high temperature in southern China in the summer
of 2003. In Figure 8(a), the strong southerly anomaly at the
top of troposphere transported northward from the southern
hemisphere to near 20∘ N and then descended, while the
northerly anomaly at the bottom of troposphere blew to near
10∘ N and then ascended. The strong ascending branch was
mainly located near 10∘ S. The Hadley circulation of northern
hemisphere was stronger in the middle and western Pacific in
the summer of 2013, which contributed to the strengthening
and extending westward of WPSH. The northerly anomaly in
the central and western Pacific was favorable for weaker ITCZ
[21]. In the summer of 2013, the northerly anomaly prevailed
in the lower troposphere between 10∘ S and 20∘ N in the middle
and western Pacific. The weakening of the southerly was
unfavorable for the generation and development of tropical
cyclones and was against the weakening of the WPSH. The
average numbers of tropical cyclones generating in the ITCZ
in July and August were 5.6 and 7.2, respectively, while
the numbers in July 2013 and August 2013 were smaller
than the climate mean, with 3 and 4, respectively [67]. At
the same time, in the northern troposphere of about 28∘ N
(Figure 8(a)), there was an anticlockwise circulation. The
strong descending branch lied in the southern of 30∘ N, and
the anticlockwise circulation also strengthened the WSPH.
Figure 8(b) shows that in Southeast Asia, the northerly
anomaly prevailed below 500 hPa between 10∘ S and 15∘ N in
the summer of 2013, while the southerly anomaly mainly
appeared in the north of 15∘ N. The South China Sea monsoon
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Figure 7: The correlation coefficient distribution between the total HDs in region A and u-component anomaly (m/s) at (a) 250 hPa, (c)
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The anomalous southerlies brought heat transport to the
middle and lower reaches of the Yangtze River and contributed to the long-lasting heat wave. The northerly anomaly
in the lower troposphere was located north of 44∘ N in the
summer of 2013. The transport of cold air in the middle and
high latitudes was more northward, and it was difficult for
the cold air to reach the middle and lower reaches of the
Yangtze River. The weak transport of cold air from north was
one of the direct causes of the severe heat wave in the middle
of the Yangtze River in the summer of 2006 [24]. Xiang et
al. [67] also indicated that the transport of cold air in the
Yangtze River Valley was weaker and more northward than
usual during the hot spell in 2013.
4.4. The Anomaly of Arctic Polar Vortex. The Arctic polar
vortex was a deep atmospheric system in the middle and
high latitudes of northern hemisphere and played a vital
role in global climate. As early as in 1949, Willett [69]
took into consideration the impact of the expanding and
reducing of the Arctic polar vortex on weather and climate.
Meteorologists in China noticed that the Arctic polar vortex
played a significant role on climate change in China in the
1980s, especially on temperature [70]. There was a close
relationship between the area and intensity of the Arctic
polar vortex and the position of subtropical high and summer
rainfall belt in China [71]. The intensity of the Arctic polar
vortex and the WPSH were the major reasons for the flood

and drought disasters in the Yangtze River and Huaihe River
Valley [72]. Weak Arctic polar vortex and strong WPSH were
favorable for hot spell in China [73]. In the summer of 2003,
the Arctic polar vortex was in the western hemisphere for a
long time, and weak cold air and persistent high temperature
were observed in southern China [23].
Figure 9 shows the distribution of climate mean geopotential height at 500 hPa in the northern hemisphere and
the anomaly in the summer of 2013. For the climate mean,
the center of the Arctic polar vortex concentrated in the
Arctic pole, and four troughs extending from the polar vortex
were located in northern Canada, northern Qinghai-Tibet
Plateau, the central Pacific, and the west coast of Europe,
respectively, while four ridges were situated between the
troughs. The North American trough located in northern
Canada was the deepest, and the trough located in the west
coast of Europe was the shallowest. Besides the westerly
troughs stretching out from the polar vortex, there were also
troughs in the middle and high latitudes near the Black Sea,
northeastern Inner Mongolia, and the west coast of North
America. Compared with the climate mean, the intensity
of the Arctic polar vortex was obviously stronger in the
summer of 2013, with the center of the anomaly lower than
−70 gpm. The polar vortex obviously extended to the western
hemisphere, and the negative anomaly was concentrated
in northeastern Canada and Greenland, while the positive
anomaly circled around the negative anomaly. In the summer
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of 2013, the ridges lying in these positive anomaly zonal
regions would be stronger, and the troughs would be weaker
than normal, so the northern part of trough in northern
Qinghai-Tibet Plateau and the trough in central Pacific were
weaker than normal. At the same time, the northern part of
the westerly trough in northern Qinghai-Tibet Plateau was
more eastward, and the southern part was more westward
and merged into one trough with the trough near the Black
Sea, combined with the climatic trough in the northeastern
Inner Mongolia; a very broad trough in southwest-northeast
direction was found in the middle and high latitudes of
Eurasia (figure omitted). The westerly in the broad trough
was straight and mostly affected the large area north of 40∘ N.
The straight westerly (enhanced westerly) blocked southward
intrusion of the Arctic air mass, and this was unfavorable

for the weakening of WPSH and disrupt of heat wave. The
straight westerly was unfavorable for the cold air invading
southward to the middle and lower reaches of the Yangtze
River.
The area of the Asian polar vortex (AAPV) in 60∘ E∼150∘ E
at 500 hPa in the summer of 2013 was calculated. It was found
that in June the AAPV was smaller than normal, and the
south border of the Asian polar vortex was more northward,
while in July and August the AAPV was larger and the south
border was more southward. Ji et al. [74] pointed out that,
in summer, the ridge of the WPSH was more southward
when the AAPV over 500 hPa was larger; on the contrary
the ridge was more northward. In June 2013, the ridge of
the WPSH was more northward locating in the middle and
lower reaches of the Yangtze River. Compared with the abrupt
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northward movement to the lower reaches of the Yellow River
and the Huaihe River Valley in normal years, the ridge in
July and August of 2013 was more southward, still locating in
the middle and lower reaches of the Yangtze River. The ridge
of the WPSH sustained in the middle and lower reaches of
the Yangtze River, as shown in Figure 4, resulting in the rare
persistent hot spell.

Figure 10 shows the correlation coefficient distribution
between the sea-level pressure (SLP) anomaly and the total
HDs and the distribution of the SLP anomaly in the summer
of 2013. The SLP anomaly in northeastern Canada, Greenland, and Iceland was significantly negatively correlated with
the total HDs in region A, and the correlation coefficient
near Iceland was below −0.45. Significant positive correlation
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coefficient was found in the middle and northern East Europe
and Siberia. The negative SLP anomalies were observed
near Greenland in the summer of 2013, with −6 hPa lower
than normal. The Arctic polar vortex was strong and biased
towards Greenland, making the polar cold air active in this
region. In summer, the continental low pressure was evident
over the Eurasian continent. The continental low was weaker
than normal in the summer of 2013, as positive SLP anomalies
were located in northern Siberia with the highest anomaly
above 4 hPa. This was unconducive to the strong cold air
invading southward to the middle and lower reaches of the
Yangtze River.
4.5. The Anomaly of SST in the Indian Ocean and the Pacific.
In China, many meteorologists studied the impacts of SSTA
on the WPSH and found that the SSTA in the Indian Ocean
and the Pacific had a close relationship with the WPSH
[75–80]. Areas of high positive correlation between WPSH
and SSTA were located at the equatorial middle and eastern
Pacific and the Indian Ocean [76]. When the western tropical
Pacific warm pool is warming, the convection is intensified
from the area around the Philippines to the Indo-China
Peninsula through the South China Sea, the WPSH may
shift northward, and the summer rainfall may be below
normal in the Yangtze River Valley [75]. Three coupled oceanatmosphere phenomena in the Indo-Pacific Oceans, El Nino,
El Nino Modoki, and the Indian Ocean Dipole (IOD) had
possible influences on summer climate in China [81].

SSTA in the spring and summer in 2013 were favorable
for more HDs in region A. SSTAs in the Indian Ocean and
the Pacific in spring were related to the heat wave in region
A in summer. As Figure 11(a) shows, significant positive
correlation was found between the total HDs in region A in
summer and SSTA in spring in the warm pool of western
equatorial Pacific, the South China Sea, the Arabian Sea, and
the south of the Bengal Bay. In the spring of 2013, there were
above 0.2∘ C positive anomalies from western Pacific to the
South China Sea and the southern Bengal Bay (Figure 11(b)).
Figure 11(c) shows the distribution of the correlation
coefficient between the SSTA in summer and the total HDs
in region A. Significant positive correlation was found from
the warm pool of the western equatorial Pacific to the
northwestern Pacific. Significant negative correlation was
found in the eastern equatorial Pacific and the Arabian
Sea. Figure 11(d) shows that there were above 0.4∘ C positive
anomalies from the warm pool of western equatorial Pacific
to the northwestern Pacific, while below −0.2∘ C negative
anomalies in the eastern equatorial Pacific and the northern
Indian Ocean. The thermal state in the tropical western
Pacific warm pool and the convection over the warm pool
play an important role in the summer climate anomalies in
East Asia [75]. When the western tropical Pacific warm pool
is warming, the upward motion is intensified in the tropical
western Pacific, and the downward motion is intensified in
the subtropical region, as shown in Figure 8(a). The WPSH
may strengthen and HDs may be frequent in the Yangtze
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Figure 12: The percentage of precipitation anomalies in China in (a) spring and (b) summer of 2013 and the percentage of volumetric soil
water anomalies in China in (c) spring and (d) summer of 2013. Shaded area denotes the negative percentage of precipitation and volumetric
soil water anomalies.

River Valley. Besides, from a large scale over the tropical
Indo-Pacific Oceans, above-normal SSTA is found in the
tropical western Pacific in the summer of 2013, while belownormal SSTA in the tropical central and eastern Pacific and
the tropical Indian Ocean. In association with SSTA in the
tropical Indo-Pacific Oceans, the convection was stronger
in the tropical western Pacific and weaker in the tropical
central and eastern Pacific and tropical Indian Ocean (figures
omitted). The distribution of SSTA in the tropical IndoPacific Oceans in the summer of 2013 favors the upward
motion over the tropical western Pacific and helps the Hadley
cell enhancement and the strengthening of the WPSH.
4.6. The Anomaly of the Soil Moisture. In the spring of 2013,
the precipitation in the middle and lower reaches of the
Yangtze River was less than normal and in some areas even
25% less (Figure 12(a)). In the summer of 2013, Meiyu began
later and ended earlier than normal in the middle and lower
reaches of the Yangtze River [82, 83], and the precipitation
brought by typhoons was also less [67, 80]. The percentage
of precipitation anomaly around the Yangtze River region
in summer was 25% ∼50% less than normal (Figure 12(b)).
Accordingly in the spring and summer, the volumetric soil
water around the Yangtze River region was about 10% less
than normal and in some regions even 15% less (Figures
12(c) and 12(d)). Heat waves can be amplified by the dry
soil conditions in the regions with precipitation deficits [82–
86]. The moisture deficits in soil in spring and summer

made the heat wave more serious in the middle and lower
reaches of the Yangtze River. Besides, the clouds in wet
regions reduce the incoming solar radiation resulting in lower
surface temperature, and dry conditions under subtropical
high system favor more sunshine resulting in higher surface
temperature [81]. A good negative correlation was found
between summer rainfall and high temperature anomalies in
South China [15].

5. Summary and Conclusions
An exceptional heat wave event occurred in southern China
from June to August in 2013, and the total HDs were 25 days
more than normal and exceeded the 90th percentile by over
10 days. In this paper, the 2013 heat wave was described, and
the associated atmospheric circulations as well as the anomaly
of the underlying surfaces were investigated.
The anomaly of the WPSH was the major and direct
reason for the heat wave in 2013. In the summer of 2013, the
WPSH underwent four westward extensions to the middle
and lower reaches of the Yangtze River and brought about
four hot spells to the Yangtze River Valley. The extension
of the WPSH from late July to mid-August was the most
westward. The ridge of the WPSH was more northward in
June, more southward in July and August, and sustained
between 25∘ and 30∘ N all summer. The anomalies of the
WPSH ridge made the hot weather come earlier and sustain
in the middle and lower reaches of the Yangtze River.
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The anomaly of the WPSH was connected with the circulation anomaly in high latitudes and low latitudes. In high
latitudes, the central position of the Arctic polar vortex was
biased in the western hemisphere. In June 2013, the AAPV
was smaller and the south border was more northward, while
in July and August the AAPV was greater and the south
border was more southward. The anomaly of AAPV made
the WPSH ridge more northward in June, more southward in
July and August, and sustain in the middle and lower reaches
of the Yangtze River. At 500 hPa, the ridges lying in these
zonal regions with positive anomaly became stronger, and
the northern part of trough in the northern Qinghai-Tibet
Plateau and the trough in the central Pacific were weaker than
normal. The westerly trough was vast and flat in the northern
China, and the zonal circulation was unfavorable for the
weakening of the WPSH. At 700 hPa, the westerly wind was
stronger from Northeast China to the Korean Peninsula and
unconducive to the strong cold air invading southward to the
middle and lower reaches of the Yangtze River and weakening
the heat wave.
In low latitudes, the center of the SAH at 150 hPa was
located near 80∘ E in the summer of 2013, and the highest
geopotential height anomaly at 150 hPa was in the Yellow
River Valley. The SAH was overall more eastward and more
northward in the summer of 2013, meanwhile the WPSH
was more westward and stronger. Besides, the ITCZ in the
central and western tropical Pacific was weaker during the
whole summer of 2013. The northerly anomaly dominated
in the lower troposphere in the tropical Pacific. The effects
by tropical easterly waves (a kind of wave moving from east
to west across the tropics) and typhoons in the south of the
WPSH were weak when the ridge moved southward in the
second half of July to early August, which were unfavorable for the weakening of heat wave. The strong southerly
prevailed in the middle and lower reaches of the Yangtze
River in the summer of 2013. The Hadley circulation in the
northern hemisphere was stronger in the central and western
Pacific. The upward motion in the central and western Pacific
and downward motion in the subtropical region contributed
to the strengthening of the WPSH. Meanwhile, anticyclone
anomaly near 28∘ N indicated the strengthening of the WSPH.
The heat wave in the middle and lower reaches of the
Yangtze River in the summer of 2013 was closely correlated
with SSTA in the Indian and Pacific oceans. The positive SSTA
was found in the warm pool of the western equatorial Pacific
to the northwestern Pacific while negative anomalies in the
eastern equatorial Pacific and the northern Indian Ocean
in the summer of 2013 were found. The dynamical linkages
between the SSTA in the Indian Ocean and the Pacific and
the heat wave around Yangtze River regions were complex
and worth further investigating. The convection and upward
flow were stronger over the tropical western Pacific, while the
convection was weak and downward flow was confined in the
eastern Pacific and the tropical Indian Ocean. The warming
in the warm pool of the tropical western Pacific could drive
ascending anomalous flow in the tropical region and the
enhancement of the Hadley circulation. Strong descending
anomalous flow was observed in the subtropical region,
connecting with the strengthening of the WPSH. However,
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the positive SSTA over the northwestern Pacific within 20–
30∘ N in the summer of 2013 might be favorable for an upward
motion in the local area. The precise mechanism responsible
for their association needs to be further investigated. Besides,
statistically significant correlation values existed over remote
areas such as the west of Mexico westward to the Hawaiian
Islands, the southeastern Pacific near the Easter Island, and
the central of the southern Indian Ocean. But it was not
clear whether there was an important remote dynamical
process (e.g., teleconnection) that could affect HDs in China.
The numerical model will be applied in further study to
see whether and how the SSTA in remote areas affects the
atmospheric circulation and therefore influence the heat
wave.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The authors thank the anonymous reviewers and editors for
their helpful comments and suggestions. The authors thank
Dr. Kaijun Wu for his help on data calculation and processing.
This research was supported by the National Natural Science
Foundation of China (Grant no. 41205039) and China Meteorological Administration Special Public Welfare Research
Fund (GYHY201206017 and GYHY201306033).

References
[1] D. L. Hartmann, A. M. G. Klein Tank, M. Rusticucci et al.,
“Observations: atmosphere and surface,” in Climate Change
2013: The Physical Science Basis. Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, UK,
2013.
[2] A. Davis, Heat Claims As Many As 38 People, Tests State Energy
Supply, Associated Press, San Jose Mercury News, 2006.
[3] K. Knowlton, M. Rotkin-Ellman, G. King et al., “The 2006 California heat wave: impacts on hospitalizations and emergency
department visits,” Environmental Health Perspectives, vol. 117,
no. 1, pp. 61–67, 2009.
[4] O. Munoz, 139 Deaths Later, Heat Wave Appears Over, Associated Press, Forbes, New York, NY, USA, 2006.
[5] USAgNet, California’s cattle death toll surpasses 25000, 2006.
[6] L. Feudale and J. Shukla, “Influence of sea surface temperature
on the European heat wave of 2003 summer. Part I: an
observational study,” Climate Dynamics, vol. 36, no. 9-10, pp.
1691–1703, 2011.
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