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Abstract
Liaoning Province in China experienced an extremely severe drought event in July–August (midsummer) 2014. We investi-
gated the features and related circulation anomalies of this drought event using observational data, NCEP/NCAR reanalysis 
datasets, and the NOAA extended reconstructed sea surface temperature dataset. Precipitation in Liaoning Province was 
very low in midsummer 2014, leading to the worst drought in the past 50 years. Water vapor diverged from Liaoning Prov-
ince with a strong descending flow. Two factors facilitated this extreme drought event. The first was the teleconnections at 
mid- and high latitudes related to the East Asian–Pacific (EAP), Eurasian (EU), and Silk Road (SR) patterns. Rossby wave 
energy dispersed eastward along the EU pattern at high latitudes and along the SR pattern at mid-latitudes, reinforcing the 
centers of the geopotential height anomalies of the negative phase of EAP pattern. This resulted in the southward position-
ing of the western Pacific subtropical high (WPSH) and the weaker East Asian summer monsoon (EASM), leading to the 
drought event in Liaoning Province. The second factor affecting the drought event was anomalous thermal forcing over the 
northwestern Pacific, the Maritime Continental (MC) region, and the Indian Ocean. The sea surface temperature anomalies 
(SSTAs) were positive in the equatorial Pacific and most of the Indian Ocean and presented a positive–negative–positive 
sandwich structure from the warm pool of the western Pacific at low latitudes to high latitudes to the north of the equatorial 
Pacific and to the west of 160 °W. Anomalous winds converged over the Indo-China Peninsula and the MC region from the 
southern equatorial Indian Ocean and the western Pacific in the lower troposphere and converged into the Bay of Bengal 
and the western Pacific from the Japanese archipelago and east of the Indonesian islands in the upper troposphere, building 
an anomalous descending flow over Liaoning Province.

1  Introduction

There have been frequent drought events in China and Eur-
asia in recent years (Kim et al. 2011; Zhang et al. 2013, 
2015; Schubert et al. 2014; Zhang and Zhou 2015; Bar-
riopedro et al. 2012; Ma et al. 2019; Jiao et al. 2019). In 

July–August (midsummer) 2014, a severe drought event 
occurred in Liaoning Province. The lack of precipitation not 
only caused river levels in Liaoning Province to be unusu-
ally low and even dry up, but also had a serious impact on 
agricultural production and daily life, leading to large losses 
in the national economy (Jiao et al. 2018).

Liaoning Province is located in the south of northeast 
China on the east coast of the Eurasian continent, and there-
fore, has an East Asian monsoon climate. Precipitation is 
mainly concentrated in the summer months. Summer pre-
cipitation in Liaoning Province has significant interannual 
and interdecadal variations (Yang and Wang 2006; Li et al. 
2014), but the long-term variation trend is unclear (Jiao et al. 
2018; Li et al. 2014). The summer precipitation in this prov-
ince is mainly affected by the East Asian summer monsoon 
(EASM) (Yang and Wang 2006). Large-scale circulation fea-
tures influencing precipitation in Liaoning Province include 
the subtropical upper westerly jet, the western Pacific sub-
tropical high (WPSH), the low-level jet, the westerly trough, 
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the polar vortex, and the South Asian high (Jiao et al. 2018; 
Yang and Wang 2006; Li et al. 2014).

The Silk Road (SR, Lu et al. 2002; Enomoto et al. 2003) 
pattern propagating zonally in the subtropical westerly jet 
zone and the East Asian–Pacific (EAP, Huang and Li 1987) 
pattern propagating along the meridional direction on the 
coast of East Asia are the two most important teleconnection 
patterns affecting the East Asian summer climate anomalies 
(Huang et al. 2016). The continuous hot and dry summer 
of 2013 in the mid- and lower reaches of the Yangtze River 
(Wang et al. 2017) and the severe drought in northeast Asia 
during the summer of 2014 (Wang and He 2015) are all 
closely related to these teleconnection patterns. The sum-
mer droughts that occurred in north China in 1999 and 2000 
were related to the Eurasian (EU, Wallace and Gutzler 1981) 
pattern (Wei et al. 2004). The dispersion of Rossby wave 
energy in the mid- and upper troposphere in the northern 
hemisphere plays an important part in the formation and 
maintenance of important circulation systems affecting the 
summer climate in China and the occurrence of extreme 
weather events (Wang et al. 2017; Wang and He 2015; Shi 
et al. 2009; Ke and Guan 2014; Xu et al. 2017; Li et al. 2016; 
Ye et al. 2019; Sun et al. 2019).

Sea surface temperature anomalies (SSTAs) have an 
important effect on anomalous summer precipitation in 
northeast China. The severe hot drought event that occurred 
in northeast China, the Korean Peninsula, and Japan during 
summer 2014 was related to the northeastern propagation 
of Rossby waves triggered by the Indian Ocean Dipole (Saji 
et al. 1999; Guan and Yamagata 2003). Analysis shows that 
SSTAs in the subtropical southeastern Pacific in the previ-
ous winter can trigger an alternating cyclone–anticyclone 
wave train spanning the northern and southern hemispheres 
from the key sea area to the northeast and cause an anomaly 
in the atmospheric circulation in mid- and high latitudes of 
the northern hemisphere, affecting summer precipitation in 
northeast China (Gao and Gao 2015). Analysis revealed that 
the decadal relationship between the Kuroshio sea surface 
temperature (SST) in winter and summer precipitation in 
northeast China changed from a weak positive correlation 
in 1950s to a strong negative correlation in recent years. 
In years with abnormal summer precipitation in northeast 
China, the thermal anomalies of the Kuroshio SST can cause 
an anomaly in the WPSH and intensify the cold vortex in 
northeast China, leading to the summer precipitation anoma-
lies over northeast China (Gao and Gao 2014). Wang et al. 
(2016) found that the difference in the anomalous Kuroshio 
SST and its area of extension between two El Niño events 
could cause the deviation of the anomalous circulation 
along the East Asian coast, leading to the anomalous sum-
mer precipitation in northeast China in 1998 and 2010. The 
anomalous ocean heat content can also lead to blocking of 
the WPSH and the Okhotsk Sea high-pressure anomalies 

and, in turn, to the summer precipitation anomalies in north-
east China (Wang et al. 2013). Studies have shown that the 
SSTAs in the warm pool region of the western Pacific Ocean 
can excite the planetary wave propagating to the northeast, 
thus forming the EAP/PJ (Pacific–Japan) pattern teleconnec-
tion (Wang and He 2015; Nitta 1987; Kurihara and Tsuyuki 
1987). The SSTAs in the warm pool area of the western 
Pacific Ocean was a significant positive anomaly in summer 
2014 and the SST in the northern Pacific Ocean was the 
warmest in the past 60 years. A strong pressure–temperature 
pattern was generated under the combined effect of these 
factors, which moved the WPSH anomaly southward and 
resulted in an unusually strong East Asian trough, leading 
to the anomalous southward location of the rain belt and an 
anomalous drought in northeast Asia (Wang and He 2015).

Although the cause of the severe summer drought in 
northeast Asia in 2014 has been analyzed, analysis specific 
to Liaoning Province, which was seriously affected by this 
event, is limited. The causes of summer precipitation anoma-
lies in Liaoning Province analyzed from the perspective of 
the dispersion of Rossby wave energy, atmospheric telecon-
nections, and thermal forcing in mid- and high latitudes are 
also rare. We, therefore, studied the possible mechanism of 
formation of the extreme drought event in Liaoning Province 
during midsummer 2014 from the perspective of meteoro-
logical drought based on precipitation data from observa-
tional and reanalysis datasets.

2 � Data and methodology

The data used in this study include the monthly National 
Centers for Environmental Prediction/National Center for 
Atmospheric Research (NCEP/NCAR) reanalysis datasets 
for midsummer during the time period 1981–2014 with 17 
levels in the vertical direction and a grid mesh of 2.5° × 2.5° 
(Kalnay et al. 1996), the monthly National Oceanic and 
Atmospheric Administration (NOAA) Extended Recon-
structed Sea Surface Temperature (ERSSTv4) dataset with 
a grid mesh of 2° × 2° for midsummer during the time period 
1981–2014 (Smith et  al. 2008), and daily precipitation 
data from 53 meteorological stations in Liaoning Province 
(Fig. 1a) during the time period 1962–2014. In this work, 
midsummer refers to the months of July and August. The 
climatological mean refers to the average values for the time 
period 1981–2010. Anomalies represent the deviation from 
the climatological mean.

The horizontal component of the wave activity flux 
(Takaya and Nakamura 1997, 2001) (the T-N flux) is used 
to diagnose the disturbance in the propagation of energy in 
the quasi-stationary planetary wave. The T-N flux is inde-
pendent of the wave phase under the WKB approximation 
and is consistent with the local group velocity direction of 
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the stationary Rossby wave. The remainder of the T-N flux 
relative to the phase velocity is Wr , which is expressed on 
the pressure coordinate as

where p is the pressure,U is the background flow ( U = U
i + V j ), and � ′ is the quasi-geostrophic perturbation stream 
function.

The thermal dynamic equation is used to diagnose the 
response of the atmosphere to thermal forcing of underlying 
surface, which is expressed as

where the first, second, and third terms on the right-hand 
side represent dynamic heating from the horizontal advec-
tion of the potential temperature, dynamic heating from con-
vection, and diabatic heating, respectively.

According to the method of Huang (2004), the EAP index 
is defined as
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sin 45◦∕ sin� is the standardized midsummer-
mean 500 hPa geopotential height anomaly at a grid point 
with the latitude � , and Z�

= Z − Z is the midsummer-mean 
500 hPa geopotential height anomaly at the grid point.

3 � Results

3.1 � Extreme drought in Liaoning Province 
during midsummer 2014 and local circulation 
features

The spatial distribution of precipitation in Liaoning Prov-
ince was non-uniform in midsummer 2014 (Fig. 1a). The 
maximum precipitation occurred in southeastern Liaoning 
Province and the minimum in the west. There was an over-
all gradual decrease in precipitation from east to west. The 
total precipitation was less than the climatological mean 
precipitation, with a maximum negative anomaly lower 
than − 190 mm (Fig. 1b). The time series of the mean total 
precipitation anomalies over Liaoning Province (Fig. 1c) 
indicated that the precipitation varied significantly on both 
interannual and interdecadal timescales. The total precipita-
tion anomaly during midsummer 2014 was − 168 mm, the 
lowest since 1962.

During midsummer 2014, many stations in Liaoning 
Province experienced the lowest and the second lowest pre-
cipitation, whose percentage was as high as 60.4%. 92.5% 
of the stations had the 1st to 9th lowest precipitation rank 
(Table 1). Only seven rainfall events with a regionally aver-
age rainfall > 5 mm·day−1 occurred in Liaoning Province 
during midsummer 2014 (Table 2). This small number of 
rainy days and lower rainfall at most stations caused the 
drought in Liaoning Province in midsummer 2014.

Liaoning Province was controlled by descending air dur-
ing midsummer 2014 (Fig. 2a, b). The anomalous zonal–ver-
tical circulation (Fig. 2a) is represented by the vertical veloc-
ity and the divergent component of the zonal wind averaged 
over 38.6–43.6 °N. Strong anomalous downdrafts could be 
seen in the region between 118.6 and 126.0 °E (Liaoning 
Province). Strong anomalous upward motion was observed 
in the region between 135 and 150 °E, where existing the 
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Fig. 1   a Locations of 53 stations in Liaoning Province (dots) and the 
distribution of total precipitation (shading; units: mm) during mid-
summer 2014. b Precipitation anomalies (mm) and c time series of 
precipitation anomalies (mm) averaged over Liaoning Province dur-
ing midsummer in the time period 1962–2014

Table 1   Number of stations 
with different ranking of 
precipitation since 1962 and 
their percentage in total stations

Rank Number Percentage

1st–2nd 32 60.4
3rd–9th 17 32.1
≥ 10th 4 7.5
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maximum SSTAs in the Sea of Japan and the northwestern 
Pacific Ocean. The anomalous meridional–vertical circula-
tion (Fig. 2b), with a strong anomalous branch of downward 
motion, was also observed over Liaoning Province in the 
region between 38.6 and 43.6 °N. There were two symmetri-
cal abnormal circulations in the south and north of Liaoning 
Province, which strengthened the downward motion.

Water vapor diverged from Liaoning Province into the 
surrounding region (Fig. 2c), which did not favor the pro-
duction of rainfall in Liaoning Province. A strong center of 
divergence of water vapor flux was located in Liaoning Prov-
ince and the western Pacific, with one strong center of water 
vapor convergence in the eastern Pacific. This distribution of 
water vapor transport corresponded to the lack of rainfall in 
Liaoning Province. There was also a strong center of water 
vapor convergence in the Tibetan Plateau, but weak water 
vapor convergence was seen from south China to Japan.

Changes in the local anomalous circulation directly 
affect the anomalous precipitation. Liaoning Province was 
controlled by an anomalous anticyclonic circulation in 
the lower troposphere (Fig. 3a) and there was an anoma-
lous anticyclone in the western Pacific to the southeast of 
Japan and a trough between these two regions. There was an 
anomalous cyclone in the mid-troposphere (Fig. 3b) over the 
Sea of Japan and Liaoning Province was controlled by the 
northeastern airflow on the western side of this anomalous 
cyclone. There were two anomalous anticyclones over the 
island of Taiwan and the western Pacific. The circulation 
pattern in the upper troposphere (Fig. 3c) was similar to that 
in the mid-troposphere, although the center of the anoma-
lous cyclone shifted to northeast China and there were two 
anomalous anticyclones at low latitudes. Liaoning Province 
was located exactly under the area of anomalous divergence 
in the lower and mid-troposphere and the area of anomalous 
convergence in the upper troposphere, resulting in an abnor-
mal downdraft locally.

3.2 � Teleconnections at mid‑ and high latitudes

The local factors that facilitated the severe negative anoma-
lous precipitation in midsummer 2014 were the divergence 
of water vapor and the strong descending air. The reason for 
this severe drought event in midsummer 2014 over Liaoning 
Province deserves further investigation. Figure 4 shows the 
circulation anomalies related to the upstream perturbations 
of the westerlies in midsummer 2014.

A positive–negative–positive wave train structure was 
observed in the East Asian–Pacific region from south 
to north in the lower, mid- and upper tropopause. Espe-
cially, the wave train structures in geopotential height 

Table 2   Dates of regional mean 
precipitation > 5 mm·day−1 
in Liaoning Province during 
midsummer 2014

2014 dates Precipitation 
(mm·day−1)

17 July 11.6
21 July 32.7
22 July 8.3
25 July 7.6
23 August 8.2
24 August 12.3
25 August 11.7

c

b

a

Fig. 2   a Anomalous zonal–vertical circulation averaged over 38.6–
43.6° N, with shading indicating the zonal component of the diver-
gent wind anomalies (m·s−1). b Anomalous meridional–vertical cir-
culation averaged over 118.6–126.0° E, with shading indicating the 
meridional component of the divergent wind anomalies (m·s−1). c 
Anomalies in the water vapor flux integrated from the Earth’s sur-
face up to 300 hPa (vectors; kg·m−1·s−1) and the velocity potential of 
the water vapor flux (shading and contours; 106 m2·s−1) during mid-
summer 2014. Black rectangles in (c) denotes the region of Liaoning 
Province
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anomalies could be seen clearly at 500 hPa (Fig. 4b) and 
200 hPa (Fig. 4c). Positive geopotential height anomalies 
were observed from the Philippines to the western Pacific, 
negative geopotential height anomalies from north China to 
Japan and its eastern ocean, and positive geopotential height 
anomalies from Siberia to the Russian Far East. This distri-
bution of geopotential height anomalies was consistent with 
the EAP teleconnection (Huang and Li 1987) structure and 
contributed to the more southward position of the WPSH 
and the weakened EASM, causing decreased precipita-
tion in northeast Asia (Wang and He 2015) and increased 
precipitation in south China (He 2015). The structure of 
sea-level pressure (SLP) anomalies was different from the 
geopotential height anomalies at 500 and 200 hPa. Positive 
SLP anomalies could be seen over most of China, south 
Japan and its southern ocean; negative SLP anomalies were 
observed over most of Siberia, north Japan and its eastern 

ocean; and positive SLP anomalies over the Kamchatka Pen-
insula. There was a clear baroclinic structure over Liaoning 
Province.

The geopotential height anomalies at 500 and 200 hPa 
(Fig. 4b, c) showed a positive–negative–positive–nega-
tive–positive–negative wave train structure in mid-latitudes 
from southern Greenland eastward to western Europe, 
the Black Sea–Aral Sea, Lake Balkhash, western China 
and eastern China–Japan. This wave train structure led to 
positive–negative–positive–negative SLP anomalies from 
southern Greenland eastward to western Europe and the 
Caspian Sea, the Black Sea and most of China, and the 
Sikhote Mountains to southern Japan (Fig. 4a). Anticy-
clone–cyclone–anticyclone–cyclone anomalies were cor-
respondingly observed at 850 hPa from northern Africa 
and western Europe to the northwestern Pacific (Fig. 5a). 
The wave train structure was consistent with the SR pat-
tern (Lu et al. 2002; Enomoto et al. 2003). A positive–nega-
tive–positive wave train structure was seen at high latitudes 
(60°N–80°N, 20°W—180°E) from northern Europe to Sibe-
ria and the Russian Far East at 500 and 200 hPa (Fig. 4b, c), 
consistent with the EU pattern (Wallace and Gutzler 1981).

The Rossby wave energy dispersed eastward from North 
Atlantic played an important part in the formation and main-
tenance of the EAP pattern (Wang et al. 2017; Xu et al. 
2017; Wang and He 2015; Shi et al. 2009). Rossby wave 
energy dispersed eastward along the EU pattern at high lati-
tudes and converged in the Russian Far East, reinforcing the 
northern-most geopotential height anomalies center of the 
negative phase of EAP pattern. Meanwhile, Rossby wave 
energy dispersed eastward along the SR pattern at mid-lati-
tudes and, when the energy reached East Asia, it converged 
with the Rossby wave energy that dispersed northward from 
the South China Sea and the western Pacific to east China 
and Japan, strengthening the geopotential height anoma-
lies centers of the negative phase of EAP pattern located 
at mid- and lower latitudes. As a result, the WPSH shifted 
southward, contributing to the weaker EASM. The cold air 
was, therefore, stronger than normal, but the warm air was 
weaker and it was difficult to produce precipitation in Liaon-
ing Province.

Shi et al. (2009) found that the Rossby wave energy origi-
nated from the northeastern Atlantic in the upper and middle 
troposphere, which propagated through Lake Balkhash and 
turns northeastward to northeast Asia, playing an impor-
tant role in the formation and maintenance of the northern-
most geopotential height anomalies center of the EAP pat-
tern. Wang et al. (2017) and Xu et al. (2017) also revealed 
that the Rossby waves originated from the North Atlantic 
along the westerly jet stream waveguide dispersed to East 
Asian-Pacific region, enhancing the geopotential height 
anomalies center of the EAP pattern at high latitude and 
hence contributing to its maintenance and development. The 

c

b

a

Fig. 3   Anomalous rotational wind (stream) and divergence (shading) 
at a 850, b 500, and c 200 hPa during midsummer 2014. Purple rec-
tangles denote the region of Liaoning Province. The letters “A” and 
“C” represent the anomalous anticyclone and cyclone, respectively
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correlation coefficient between the standardized EAP index 
and the midsummer precipitation anomalies time series in 
Liaoning Province was 0.253, which was significant at the 
90% confidence level, and further demonstrated the impor-
tant influence of the negative phase of EAP pattern on this 
extreme event.

3.3 � Impacts of thermal forcing over the Pacific 
and Indian oceans

The SSTAs (Fig. 5a) were positive in the equatorial Pacific 
during midsummer 2014. In the north of the equatorial 
Pacific and west of 160 °W, the SSTAs presented a posi-
tive–negative–positive sandwich structure from the warm 
pool of the western Pacific at low latitudes to the northern 
Pacific at high latitudes. In particular, the positive SSTAs in 
the northern Pacific north of 40 °N were significant and the 
distribution pattern was similar to the EAP pattern of the tel-
econnection structure. The SSTAs were positive in most of 
the Indian Ocean and were relatively higher in the north and 
lower in the south. The responses of the atmosphere to the 

underlying surface thermal forcing were as follows. Positive 
anomalies of diabatic heating were found in the Maritime 
Continental (MC) region, whereas negative anomalies of 
diabatic heating were found in northwest Pacific (Fig. 5d). 
The diabatic heating was balanced by the dynamic cooling 
caused by the ascending motion of the MC region and the 
dynamic heating caused by atmospheric subsidence over the 
northwestern Pacific (Fig. 5c). Positive anomalies of diaba-
tic heating were observed in the northern equatorial Indian 
Ocean, whereas negative anomalies were observed in the 
southern equatorial Indian Ocean (Fig. 5d). Diabatic heating 
was balanced by dynamic cooling caused by the ascending 
motion of the northern equatorial Indian Ocean and dynamic 
heating caused by atmospheric subsidence over the southern 
equatorial Indian Ocean (Fig. 5c).

The anomalous heating could induce circulation anoma-
lies. The circulation anomalies caused by thermodynamic 
forcing can be explained by Fig. 6. There were two strong 
centers of divergence in the southern equatorial Indian 
Ocean and the northwestern Pacific in the lower troposphere 
and two strong centers of convergence over the Indo-China 

Fig. 4   a Sea-level pressure 
anomalies (shading; hPa) and 
wave activity flux at 850 hPa 
(vectors; m2·s−2) during mid-
summer 2014. b Geopotential 
height anomalies (shading; 
dagpm) and wave activity flux 
at 500 hPa (vectors; m2·s−2) 
during midsummer 2014. c 
Geopotential height anomalies 
(shading; dagpm) and wave 
activity flux at 200 hPa (vectors; 
m2·s−2) during midsummer 
2014. Purple rectangles denote 
the region of Liaoning Province

c

b

a
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Peninsula and the MC region (Fig. 6a). Two centers of diver-
gence in the Japanese archipelago and east of the Indonesian 
islands and two strong centers of convergence over the Bay 
of Bengal and the western Pacific were seen in the upper 
troposphere (Fig. 6c). The anomalous winds caused by the 
SSTAs converged over the Indo–China Peninsula and the 
MC region from the southern equatorial Indian Ocean and 
the western Pacific in the lower troposphere (Fig. 6a). The 

anomalous winds converged into the Bay of Bengal and the 
western Pacific from the Japanese archipelago and east of 
the Indonesian islands in the upper troposphere (Fig. 6c). 
Affected by this, the anomalous winds diverged in the lower 
troposphere (Fig. 6a) and converged in the upper troposphere 
(Fig. 6c) over Liaoning Province, resulting in an anoma-
lous downdraft (Figs. 2b and 6a). The SSTAs in the Indian 
Ocean were positive, indicating that the difference in ther-
mal energy between the land and sea was weakened. The 
EASM was, therefore, weak, resulting in an insufficient flow 
of warm and wet air toward Liaoning Province (Figs. 2c and 
5a).

4 � Summary and conclusions

We studied the extreme drought event in Liaoning Province 
during midsummer 2014 using the NCEP/NCAR monthly 
reanalysis product, the NOAA extended reconstructed SSTs, 
and daily rainfall data from 53 observational stations. Our 
conclusions are as follows.

Liaoning Province experienced the most severe drought 
since 1962 in midsummer 2014. This event was marked by 
an unusual lack of rainfall and a low number of rainy days. 
The anomalous circulation over Liaoning Province was baro-
clinic during the drought event and a center of divergence 
was observed in the lower troposphere. Water vapor diverged 
away from Liaoning Province. There were two important 
factors responsible for the formation of the circulation 
anomalies over Liaoning Province.

The effect of large-scale circulations on this extreme 
drought event was schematically illustrated in Fig. 7. One 
factor was the teleconnections in mid- and high latitudes 
related to the EAP, EU and SR patterns. The position of 
WPSH was affected by the negative phase of EAP pattern 
and was further south than normal. The EASM was, there-
fore, weakened, contributing to the southward location of the 
rain belt. The dispersion of energy from Rossby waves was 
one of the main causes of the formation and maintenance of 
the EAP pattern. The Rossby wave energy dispersed east-
ward along the EU pattern at high latitudes, reinforcing the 
northern-most geopotential height anomalies center of the 
negative phase of EAP pattern. The energy dispersed east-
ward along the SR pattern at mid-latitudes, strengthening the 
geopotential height anomalies centers of the negative phase 
of EAP pattern in mid- and lower latitudes. The negative 
phase of EAP pattern was ultimately maintained. As a result, 
the WPSH shifted southward, contributing to the weaker 
EASM. It was, therefore, difficult to produce precipitation 
in Liaoning Province.

The other factor responsible for the formation of the 
circulation anomalies over Liaoning Province was anoma-
lous thermal forcing in the northwestern Pacific, the MC 

d

c

b

a

d

c

b

a

Fig. 5   a Sea surface temperature anomalies (shading; ℃) and wind 
field anomalies at 850 hPa (vectors; m·s−1) during midsummer 2014. 
b Anomalies of dynamic heating (shading; K·day−1) obtained by inte-
grating the horizontal advection of potential temperature vertically 
from the Earth’s surface up to 100  hPa during midsummer 2014. c 
Anomalies of dynamic heating (shading; K·day−1) obtained by inte-
grating the convection of potential temperature vertically from the 
Earth’s surface up to 100 hPa during midsummer 2014. d Anomalies 
of vertically integrated diabatic heating (shading; K·day−1) during 
midsummer 2014. Purple rectangles denote the region of Liaoning 
Province
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region, and the Indian Ocean. The SSTAs were positive 
in the equatorial Pacific and most of the Indian Ocean 
during midsummer 2014. The SSTAs presented a posi-
tive–negative–positive sandwich structure from the warm 
pool of the western Pacific at low latitudes to high lati-
tudes to the north of the equatorial Pacific and to the west 
of 160° W. The anomalous winds affected by thermal forc-
ing converged into the Indo-China Peninsula and the MC 
region from the southern equatorial Indian Ocean and the 
western Pacific in the lower troposphere and converged 
into the Bay of Bengal and the western Pacific from the 

Japanese archipelago and east of the Indonesian islands in 
the upper troposphere, resulting in an anomalous down-
draft over Liaoning Province. The SSTAs in the Indian 
Ocean were positive, resulting in a weakened difference 
in thermal energy between the land and sea. The EASM 
was, therefore, weak and the lessened warm and wet air 
flow delivered to Liaoning Province led to the midsummer 
drought.
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