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The abnormal characteristics of extremely warm early summer (EWES) in North China

under different decadal backgrounds were contrastively analyzed. Their relationships

with upper- and lower-level atmospheric circulation and global sea surface temperature

anomalies (SSTAs) are also discussed. Results show that temperature anomalies of

EWES in North China are overall higher than normal in both cold (1961–1993) and warm

(1994–2019) periods, but the anomalies of the latter are much higher than that of the

former. EWES in North China is directly related to the circulation lying between 40◦ and

50◦N in the middle troposphere, which leads to positive temperature anomalies occurring

from the bottom to the upper level of the troposphere together with a high anomaly trend

tilting northward. The persistent and strong Eurasian continental high (ECH) and weak

Northeast China cold vortex (NECV) activity, together with the strong western Pacific

subtropical high (WPSH) are major factors that directly lead to EWES in North China.

ECH and WPSH are stronger and larger, and NECV are weaker and more northward in

the warm period than in the cold period. In addition, the positive SSTAs in the tropical

Indian Ocean and the Kuroshio area are favorable for the stronger and larger ECH and

WPSH as well as the weaker and more northward NECV, causing strong anticyclonic and

downward circulation system controlling North China, resulting in the extremely warm

temperatures there. The joint impact of the positive tropical Indian Ocean SSTAs and the

Kuroshio region SSTAs is more significant during warm than cold periods, resulting in

much stronger EWES in North China during warm periods.

Keywords: the North China, extremely warm early summer, decadal backgrounds, atmospheric circulation, sea

surface temperature

INTRODUCTION

Climate has changed significantly all over the world during the past century. Against the
background of global warming, as one of the worldwide major meteorological disasters, extreme
high temperature and drought events occur with increasing frequency in summers. The Fifth
Assessment Report of the Intergovernmental Panel on Climate Change indicates that the extremely
warm temperatures on most land areas worldwide has increased significantly (IPCC, 2013).
Zhai and Pan (2003) point out that China is also prone to frequently occurring extremely high
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temperatures, such as the high temperature that occurred
abruptly over the middle and lower reaches of the Yangtze
River right after the end of Meiyu season in 2016 (Ding et al.,
2018), which aroused nationwide attention. Qin (2015) conclude
that the risk of future extremely high temperatures is high all
over China. As a densely populated, economically developed
area, North China’s summer extreme high temperature events
will result in extremely warm summers, which may have a
major influence on industry, agriculture, health, and economic
development. Therefore, it is of great significance to analyze
the characteristics of extreme warm summer in North China
and study its possible causes to better predict severe seasonal
temperature anomalies and improve the ability to prevent
extreme high temperature–related losses.

There is a series of studies that discuss the
temperature/drought in North China. For example, abnormal
high temperatures in summer are often caused by a lack
of precipitation, long maintenance of abnormal circulation,
prevailing abnormal radiation, and descending motions jointly
(Hu et al., 2011). Plenty of studies reveal that the most direct
impact factor for high temperatures in southern China is
the western Pacific subtropical high (WPSH). Over WPSH
controlling areas, prevailing descending motions lead to long
duration of high temperatures and lack of precipitation. Besides
this, the eastward extension of the South Asian high at the
upper level also influences the duration of the extreme warm
temperature in southern China, together with the westward
stretch of the WPSH, owing to the reversed zonal oscillation of
these two circulation systems (Li et al., 2015). In addition, the
persistent activity of the Northeast China cold vortex (NECV)
can also significantly affect China’s summertime temperature.
During summers with high occurrences of the NECV, known
as the cooler summer, the central and southern parts of the
northeast and most areas of North China tend to have below-
normal temperatures (Hu et al., 2011). Apart from this, the
Bay of Bengal together with the Somali cross-equatorial flows,
being the upstream synoptic systems of the East Asian summer
monsoon, may also impact the intensity and maintenance of
southern China’s extremely warm temperatures (Ding et al.,
2018). Consequently, studies on the temperature itself and the
influences of circulation systems are of great impact (Ding et al.,
2019). Currently, studies about extremely warm temperature in
North China are mainly focused on high temperatures and heat
waves in summer; however, due to global or regional warming, it
is also necessary to further address the differences of its forming
mechanism between relative cold and warm periods.

A variety of external forcing factors can affect the atmospheric
circulation systems influencing summertime high temperatures
in China, among which different oceanic areas’ sea surface
temperature anomalies (SSTAs) play a vital role (Wang and
Chen, 2014; Li et al., 2019). Some studies indicate that offshore
SSTAs impact abnormal summer temperatures. For instance, the
equatorial western Pacific warm pool is a critical region affecting
Northeast China’s summer temperature, and the Kuroshio region
also shows good correlation with the summertime temperatures
in this area (Ding et al., 2019). When the Kuroshio area’s
summer and early autumn SSTAs are significantly warm, the

500-hPa geopotential height from northern China to the east
coast of Japan is correspondingly higher than normal, weakening
the East Asian trough (EAH), and giving a rise to extremely
warm temperatures in northern China. Meanwhile, the Indian
Ocean Basin mode (IOBM) positive SSTAs can provoke the
“Matsuno-Gill pattern” in the troposphere, where the Kelvin
wave propagates to the Western Pacific, inducing Ekman
divergent airflows developing into an anticyclonic circulation at
the lower level so as to suppress convection, thereby affecting the
circulation system of the entire Eurasian region (Matsuno, 1966;
Gill, 1980; Yang and Liu, 2008). The distribution of sea surface
temperature (SST) of the Indian Ocean (IO) influences the
interaction of planetary-scale Asian monsoon systems between
high and low latitudes (Yan and Xiao, 2000; Li et al., 2011). It is
indicated that the IOBMpositive SSTAs can result in an abnormal
cyclone at the lower level in Northeast China, accompanied by
ascending motion (Hu et al., 2011, 2012). Also, the relay action
of the tropical IO SST impacts the intensity of the subsequent
WPSH (Ding et al., 2010; Huang et al., 2010, 2011; Ding and Li,
2012; Yuan et al., 2017).

Previous studies conclude that the interannual variation of
temperature in North China has good spatial consistency, and
extreme high temperature events occur mostly in early summer,
i.e., from June to July (You, 2019). However, the different
characteristics of extremely warm early summer (EWES) in
North China under different decadal backgrounds and the
variation of internal atmospheric causes as well as external
forcing factors require further study. Yet the physical mechanism
of the possible causes of extreme high temperature events
occurring in early summer in North China under different
decadal backgrounds needs to be explored. In view of the
abovementioned considerations, EWES in North China during
cold and warm periods were analyzed to reveal the changes of
atmospheric systems along with the external forcing factors. It
will be of great help to understand the mechanism lying behind
the extremely warm temperatures in North China and provide
useful information to improve the short-term climate prediction.

The article is organized as follows: The data sets and methods
applied in the study are described in section Data and Method.
The abnormal characteristics of EWES in North China during
cold and warm periods are analyzed contrastively in section
The Ewes in Cold and Warm Periods. Section Atmospheric
Circulation and External Forcing Factors contains characteristics
of the corresponding atmospheric circulation and the possible
SSTA causes. The conclusions together with some discussions are
presented in section Conclusions and Discussion.

DATA AND METHOD

Daily mean temperature data of 2,400 stations over the period
1961–2019 provided by the National Meteorological Information
Center of China are used for the present study; 290 stations
in North China (35–44◦N, 110–120◦E) are extracted to analyze
the variation characteristics of the early summer (June to July)
temperature in the area. The atmospheric circulation data used
in the present analysis are derived from the National Centers
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FIGURE 1 | The 1961–2019 time series of (A) the early summer mean temperature anomalies averaged over North China (black bars, units: ◦C; blue line is the mean

temperature anomalies averaged in the cold period; red line, warm period; red bars represent the selected extremely warm years) and running t-test (gray dashed lines

indicate the 95% significance level; red dot represents the abrupt change year 1993). The mean (the second line) and maximum (the last line) temperature anomalies

distribution (units: ◦C) of EWES in North China during (B,E) the cold period, (C,F) the warm period, and (D,G) the difference between the warm period minus the cold

period (contour: mean temperature anomalies; shading areas indicate the 95% significance level).
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FIGURE 2 | Latitude–height profile of normalized temperature average of extremely warm years over 110–120◦E in (A) the cold period and (B) the warm period, and

(C) the difference of the warm period minus the cold period (contour: mean temperature anomalies; shading areas indicate the 90% significance level).

for Environmental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) reanalysis data, covering geopotential
height and air temperature at different levels together with the
wind fields at 850 hPa and 500 hPa on global 2.5◦ × 2.5◦ grids
over the period 1961–2019 (Kalnay et al., 1996; Kistler et al.,
2001). The Hadley Center monthly mean SST data set is also used
with horizontal resolution of 1◦ × 1◦ over 1961–2019 (Rayner
et al., 2003). Running t-test and T-test methods are applied to
give the significance tests of variables and the correlation. The
present study focuses on early summer temperatures in North
China, which means the averaged mean temperatures on daily
bases during June–July. The abovementioned variables are used
to analyze the mean early summer temperature.

THE EWES IN COLD AND WARM PERIODS

To visually present the variation feature of temperatures in
early summer in North China, the time series of early summer
mean temperature anomalies during 1961–2019 are displayed
in Figure 1A. It is evident that a distinct interdecadal change
occurred in the 1990s. The average early summer mean
temperatures are below climatological values during 1961–1993.

Hence, this period is defined as the cold period. However, the
early summer mean temperatures show a significant increasing
trend since the 1990s, when mean temperatures are above
climatological values so that 1994–2019 is defined as the warm
period contrastively. To better understand the possible causes of
the EWES in North China during the cold and warm periods,
the hottest 3 years in the cold period (1961, 1968, 1972) and
the hottest 3 years in the warm period (2000, 2018, 2019) are
selected as the typical extremely warm years (hereinafter referred
to as extremely warm years) to analyze abnormal temperature
characteristics, corresponding internal atmospheric causes, and
external forcing factors.

The distribution of early summer temperatures in North
China is overall higher than normal in extremely warm years
during both warm and cold periods (Figures 1B,C,E,F). In cold
periods, mean temperature positive anomalies are above 0.5◦C
in most areas of North China, where the temperature anomalies
are higher than 1◦C in the northeastern and central region of
Hebei. In the warm period, temperature anomalies are overall
higher than 1◦C with the temperature anomaly higher than
2◦C occurring in the Midwest of Inner Mongolia. As shown
in Figures 1E,F, the distribution of the maximum temperature
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anomalies is consistent with the mean temperature anomalies
but more strengthened. Figure 1D displays the difference of
early summer temperatures between warm and cold periods in
extremely warm years. The temperatures in the warm period are
significantly higher than those in the cold period with the most
significant area located in theMidwest of InnerMongolia, central
region of Hebei, and northern part of Shandong. The difference
of the maximum temperature anomalies between the warm
minus the cold periods is also similar to the mean temperature,
but the significantly different area is smaller (Figure 1G).

Figure 2 displays normalized temperature anomaly latitude–
height cross section averaged over 110–120◦E. Apparently,
positive temperature anomalies exist from the bottom to the top
of the troposphere in extremely warm years during both cold
and warm periods with a weak northward tilt trend. The center
of the positive temperature anomaly in cold period extremely
warm years is located in the area of 40–50◦N, 400–200 hPa, in
which the anomaly is >one and a quarter standard deviations.
In contrast, the center of the positive temperature anomaly in
the warm period is located in the area of 40–55◦N, 600–300
hPa with the anomaly exceeding one and a quarter standard
deviations. It is evident that the center is larger and stronger
in the warm period than that in the cold period with a more
distinct vertical distribution feature. As for North China, positive
surface air temperature anomalies occurring from the bottom
to the top of the troposphere with the center lying in the
middle level of the troposphere, indicates that they are directly
connected to circulation anomalies in the middle troposphere
along with the lower troposphere. In Figure 2C, extremely warm
year temperature anomalies from the surface to the upper level
troposphere in the warm period is much higher than that in the
cold period, yet tropopause is on the contrary with the most
significant area located in 1,000–800 hPa.

ATMOSPHERIC CIRCULATION AND
EXTERNAL FORCING FACTORS

According to previous research, the NECV, Eurasian continental
high (ECH), and WPSH have great impact on the early summer
temperature anomalies in eastern China (Hu et al., 2011; Zhang,
2011). Figure 3 shows that the intensity of the ECH in warm
periods is obviously stronger than that in cold periods. The area
of theWPSH is equivalent to normal, and its west-extended ridge
point is slightly more westward than normal in warm period
extremely warm years, whereas the area of the WPSH in cold
period extremely warm years is smaller than normal. Meanwhile,
the climate average of the zero vorticity contour lies near the
position of 35◦N, whereas it is located near the position of 40◦N
in the cold period and 45◦N in the warm period, indicating
the NECV center at the level of 500 hPa is apparently north of
its climate-averaged position, and the cold vortex activities are
weaker than normal for EWES in North China, especially during
the warm period.

That is, the NECV has a more significant influence on EWES
in North China during the warm period than the cold period.
Besides this, the 850-hPa cyclone of wind anomalies lies in the

FIGURE 3 | Distribution of the ECH difference of extremely warm years

between the warm and cold periods (shaded; units: gpm), 5,880-gpm

contours (gray thick line indicates climate mean, green and yellow thick line for

extremely warm years of warm period and cold period, respectively) and the

850-hPa wind anomalies difference of extremely warm years between warm

and cold periods (vector; units: m s −1; Letters A and C represent low-level

anticyclone and cyclone anomalies, respectively.) Thick red line, blue thick line,

and black thick lines mean the NECV southern boundaries (the zero-vorticity

line) for extremely warm years of the warm period, cold period, and climate

mean, respectively.

Mongolia region and the anticyclonic circulation is located over
the Sea of Japan and north of the Korean Peninsula. North China,
controlled by anticyclonic circulation, is prone to descending
motions, which leads to high temperatures in this area.

Figures 4A,B display the temporal variability of geopotential
height at the level of 500 hPa of early summer averaged across
100–120◦E, where 5,760-gpm contours and shadings denote the
ridge line of ECH. It is found that the averaged ridge line of
warm period early summer ECH shifted further northward than
the normal and cold period ridge line of ECH, which is slightly
more southward than normal (Figure 4A). In addition, the ridge
line of ECH in warm period extremely warm years is much
further northward than normal, only shifting further southward
than normal briefly in early June and late June, whereas the
ridge line of ECH in cold period extremely warm years is overall
much further northward than normal, shifting further southward
than normal briefly in early June and early July (Figure 4B).
Figures 4C,D show temporal variability of geopotential height at
the level of 500 hPa in early summer averaged over 110–130◦E,
where 5,860-gpm contours and shadings denote the ridge line
of WPSH. The ridge line of the warm period averaged WPSH
is slightly more northward than normal and the cold period in
June yet equivalent to normal and the cold period in early July
(Figure 4C). Besides this, the ridge line of WPSH of extremely
warm years with intensity stronger than normal, reaches the
most northward in late July (Figure 4D). Furthermore, daily
evolution of vorticity averaged over 110–130◦E at the level of
500 hPa is presented in Figures 4E,F, which denotes the inter-
seasonal NECV variability. It is shown that the NECV during
the warm period also exhibits weaker features and shifts further
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FIGURE 4 | Time–latitude profiles of (A,B) geopotential height at 500 hPa averaged over 100–120◦E (units: gmp; shading for geopotential height lower than 5,760

gpm, red and black lines for warm and cold period, respectively) and (C,D) geopotential height at 500 hPa averaged over 110–130◦E (units: m s −1; shading for

geopotential height higher than 5,860 gpm, red and black lines for extreme years of warm and cold periods, respectively) and (E,F) vorticity averaged over 110–130◦E

(units: 10−6 s−2; shading for vorticity > 10−5 s−2 for the cold period, red contour for the warm period). The left panel shows annual mean variables, and the right panel

shows extremely warm years averaged variables [(A,C,E) are average for warm and cold periods; (B,D,F) are average for extremely warm years of warm and cold

period].

northward than during the cold period. The vorticity is negative
over 30–45◦N in middle and late July, indicating that the NECV
activity is weak in this period (Figure 4F), which is basically

coincident with the ECH andWPSH ridge line reaching the most
northward (Figures 4B,D). Notably, the negative vorticity center
locates more northward, meaning that the NECV is weaker in
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FIGURE 5 | Distributions of early summer SSTA average (units: ◦C) of extreme years over (A,B) tropical IO and (C,D) the Kuroshio area in the cold period (A,C) and

the warm period (B,D).

the warm period than in the cold period. Therefore, the long
duration of strong and northward shifted ECH and weakened
NECV together with strong WPSH are the major atmospheric
reasons that directly result in the EWES in North China. These
atmospheric circulation anomalies have greater impact on the
warm period than the cold period, resulting in the anomalies of
high temperatures of EWES being much more significant in the
warm period than the cold period.

Wallace and Horel (1981) and Wallace and Shukla (1983)
concludes that energy is transferred from tropical SSTA to
temperate regions mainly through the two-dimensional Rossby
wave train, evoking a significant response of the atmospheric
circulation. In that case, finding out whether possible external
forcing factors that affect EWES in North China is of great
importance. Distributions of the early summer SSTA average of
the tropical IO and Kuroshio area in the cold and warm periods
and in extremely warm years during two periods are presented,
respectively (Figure 5). It can be found that SSTAs of tropical IO
switches from negative anomalies to positive ones, showing an IO
basin-wide (IOBW)-like mode shifting from a negative phase to
a positive one (Figures 5A,B). SSTAs in the Kuroshio area show
similar variation features as those of tropical IO (Figures 5C,D).
The studies referenced above point out that the action of the
tropical IO SSTAs have an impact on atmospheric circulation by
stimulating the Kelvin wave, giving rise to climate change in East
Asia (Xie et al., 2009; Ding et al., 2010; Huang et al., 2010, 2011;
Ding and Li, 2012; Yuan et al., 2017). In addition, SSTAs of the

Kuroshio area can lead to abnormal EAH, affecting the East Asia
climate (Sun and Wang, 2006; Yang et al., 2013; Shi et al., 2015).
Hence, SSTAs of IOBW and the Kuroshio area might have major
influence on EWES in the North China.

To potentially reveal the underlying impact mechanism of the
abovementioned key area SSTAs on EWES in North China, the
IOBW index in terms of the SSTA averaged over 20◦S−20◦N,
40–110◦E, and Kuroshio SST index (KCS index) in terms of the
SSTA averaged over 35◦N, 140–150◦E and 25–30◦N, 125–150◦E
are extracted from the 130 climate signal indices data set (http://
cmdp.ncc-cma.net/Monitoring/cn_index_130.php). Time series
of normalized IOBW and KCS indexes in early summer during
1961–2019 are given in Figure 6. It can be seen that the IOBW
and KCS indexes both demonstrate significant decadal variability
with a pronounced shift from negative to positive in the early
1990s. That is, the average indexes are negative before the 1990s,
meaning that SSTs are overall below normal, whereas the average
indices are positive after the 1990s, indicating that SSTAs are
overall above normal. The correlation coefficient between North
China early summer temperature and IOBW and KCS indexes
are 0.26 and 0.51, respectively, passing the 95% significance
level. The correlation coefficient between the detrended North
China early summer temperature and detrended IOBW and
KCS indexes were calculated. The detrended result between
North China early summer temperatures and the KCS index
(0.40) is consistent with the not detrended one (0.51),
passing the 95% significance level. Hence, SSTAs of IOBW
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FIGURE 6 | Time series of normalized IOBW and KCS indexes of early summer during 1961–2019.

FIGURE 7 | Regression of 500 the hPa geopotential height against the IOBW index in early summer during (A) the cold period and (B) the warm period (dotted areas

indicate the 95% significance level), and (C) difference of 500-hPa geopotential height (unit: gpm) between warm and cold periods calculated by linear regression.
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FIGURE 8 | As in Figure 7 except for the results of KCS index.

and the Kuroshio area may have great impacts on EWES
in North China.

Based on the above analysis, persistent strong and northward
shifted ECH and weak NECV, together with strong WPSH, are
major reasons responsible for EWES in North China. The impact
of these factors is much stronger in warm periods than in cold
ones. The mechanism of how the positive SSTAs of IOBW and
the Kuroshio area affect vital circulation systems and EWES in
North China, especially the differences between warm and cold
period are further analyzed in the following content.

Figures 7A,B demonstrate the regression of geopotential
height at the level of 500 hPa on the IOBW index in early
summer. There is a positive center located over the middle
and high latitudes of Eurasia (90–120◦E, 40–60◦N) during the
warm period, indicating that the positive IOBW contributes
to a stronger ECH (Figure 7B), whereas the positive center is
weaker in the cold period, which suggests that the impact of
IOBW on the ECH is also much weaker than the warm period
(Figure 7A). The tropical western Pacific is controlled by positive
anomalies in Figures 7A,B, implying positive IOBW is in favor
of intensified WPSH, and the influence of IOBW in the warm
period is much stronger than in the cold period. Previous studies
conclude that the IO SST warming trend mainly leads to strong
and large WPSH, and the correlation between the IO SST and

geopotential height over the eastern region of Siberia is positive
(Nitta, 1987; Huang and Lu, 1989; Huang and Yan, 1999; Yan
and Xiao, 2000; Ding et al., 2019), which is consistent with the
conclusions obtained in the present study. The difference of 500
hPa geopotential height between the warm and cold periods
is further calculated using regression coefficients demonstrated
in Figures 7A,B. The geopotential height difference (Figure 7C)
shows significantly positive values over almost all areas from
Eurasia east of Siberia to Northeast China, even to North China,
which means the geopotential height at the level of 500 hPa
over Northeast China and North China during the warm period
is prone to be higher and the NECV is less active than in
the cold period, when tropical IO SSTAs are above normal.
In other words, the IOBW index is positive, which leads to
more significant EWES in North China. Above all, the overall
warmer than normal SSTs in tropical IO are conducive to a
stronger ECH and WPSH and a weaker NECV, causing North
China EWES with much stronger intensity during warm than
cold periods.

Figure 8 demonstrates the regression of 500-hPa geopotential
height against the KCS index in early summer. During the
cold period, North China is controlled by positive anomalies,
indicating that, when the KCS index is positive, i.e., warming SSTs
in the Kuroshio area, the geopotential height over North China

Frontiers in Climate | www.frontiersin.org 9 November 2021 | Volume 3 | Article 762997

https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles


Li et al. Causes of Extremely Warm Early Summer

FIGURE 9 | Detrended regression of 500-hPa geopotential height against the KCS index in early summer during (A) the cold period and (B) the warm period (dotted

areas indicate the 95% significance level), and (C) difference of 500-hPa geopotential height (unit: gpm) between warm and cold periods calculated by detrended

linear regression.

is higher than normal, which can lead to higher temperatures in
North China (Figure 8A). During the warm period, the positive
anomalies controlling area extends, covering most regions of
the middle and high latitudes of Eurasia (90–120◦E, 40–60◦N),
and negative anomalies controlling the Sea of Japan (Figure 8B).
This pattern is in favor of higher than normal climate early
summer temperatures in North China. Geopotential height
anomalies are much higher during the warm period than the cold
period. Previous studies point out that the warming trend of the
Kuroshio area SST mainly leads to positive geopotential height
anomalies over most regions of the middle and high latitudes
of Eurasia and significant heating in the lower troposphere,
stimulating upward and northward wave activity flux, resulting in
the abnormally intensifiedWPSHover the East Asia coast (Wang,
2004). The difference of 500-hPa geopotential height between
the warm and cold periods is also calculated using regression
coefficients demonstrated in Figures 8A,B. The geopotential
height difference pattern shown in Figure 8C indicates stronger
ECH and WPSH, less active and more northward NECV during
the warm period than the cold period when the Kuroshio area
SSTAs are above normal. That is to say, the positive KCS index
can lead to more significant EWES in North China.

Additionally, the detrended regressions of 500-hPa
geopotential height against the KCS index were calculated

(Figure 9). As shown in Figure 9, the distribution of detrended
regressions is basically consistent with the not detrended
regressions (Figure 8) with an increasing significant area
of the detrended correlation coefficient during the cold
period (Figure 10A). The difference of 500-hPa geopotential
height between the warm and cold periods calculated by
detrended linear regression (Figure 10C) is similar to the not
detrended result (Figure 8C) but with a slightly weakening. The
detrended regressions of 500-hPa geopotential height against the
IOBW index were also calculated (not shown here) with similar
distribution to the not detrended result during the warm period
but a different pattern during the cold period.

Based on the results obtained, warming SSTs over IOBW and
the Kuroshio area can both lead to a warm early summer in
North China. To further investigate the common influence of
them on the warm early summer in North China, we selected
the top 5 years with the highest IOBW and KCS indexes at
the same time are chosen (1998, 2015, 1991, 2016, and 2019,
hereinafter referred to as high-index years) and the 5 years with
the lowest IOBW and KCS indexes (1968, 1965, 1976, 1974,
and 1985, hereinafter referred as low-index years). Composite
analysis is conducted to investigate the atmospheric circulation
difference in early summer between high and low index years
(Figure 9). With warming in tropical IO and the Kuroshio area
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FIGURE 10 | Composite of atmospheric circulation of high- and low-index

years (the difference of 500-hPa eddy geopotential height (shading, units:

gpm) and the 850-hPa wind (vector, units: m s −1) between high- and

low-index years). Letters A and C represent anomalous low-level anticyclone

and cyclone, respectively. The thick solid lines marked as 0 indicate the

southern boundaries of NECV with the red line for high-index years and blue

line for low-index years. Thick dashed lines are the same as solid lines except

for denoting the WPSH position.

SSTs, the eddy geopotential height denoted WPSH is larger than
the original geopotential height denotedWPSH (not shown here)
in both high and low, which reflects the basic circulation feature
corresponding to the extreme hot summer events. However, as
shown in Figure 9, the WPSH of the high-index year denoted
by the distribution of the 500-hPa eddy geopotential height is
much larger than that of the low-index year, which implies
the probable influence of global warming. The zero vorticity
line in high-index years, located near 60◦N, is more northward
than it in the low-index years (50◦N), meaning weaker activity
and more northward location of NECV in high index years. In
addition, North China is controlled by anticyclone anomalies at
850-hPa wind anomalies. Therefore, early summer temperatures
in North China are much higher in high-index years than low
ones. According to previous studies, positive SSTAs in tropical
IO can stimulate a wave train similar to the Pacific–North
American and the East Asia–Pacific teleconnection patterns over
middle and high latitudes of the Northern Hemisphere and
give rise to more intensified ECH and WPSH (Yan and Xiao,
2000). Moreover, abnormally high SSTs in the Kuroshio area can
weaken the activity of NECV and intensify ECH and WPSH by
ocean-atmosphere interaction (Wang, 2004; Ding et al., 2019).
These results are consistent with the conclusions obtained in the
present study.

CONCLUSIONS AND DISCUSSION

The present study analyzes the characteristics of EWES in North
China and explores the possible mechanisms behind it to further
understand themechanism of EWES in North China and provide

useful information to improve the short-term climate prediction.
Major conclusions are as follows.

A distinct decadal change of early summer temperature
average in North China occurred in 1993. The distribution of
early summer temperatures in North China is overall higher
than normal in extremely warm years in both cold (1961–1993)
and warm (1994–2019) periods. In the cold period, positive
temperature anomalies of extremely warm years are above 0.5◦C
in most areas of North China, where the temperature anomalies
are above 1◦C in the northeast and central region of Hebei.
In the warm period, temperature anomalies are overall higher
than 1◦C in North China with the temperature anomalies
higher than 2◦C occurring in the Midwest of Inner Mongolia.
The EWES occurring in the warm period are significantly
stronger than those in the cold period with the most significant
areas located in the Midwest of Inner Mongolia, the central
region of Hebei province, and the north part of Shandong
province. Temperatures in North China are directly related to
the circulation in the middle troposphere, causing the positive
anomalies of extremely warm years occurring from the bottom
to the top of the troposphere in both cold and warm periods
and with a weak northward tilt trend and more distinct vertical
distribution in the warm period.

The intensity of the ECH in warm period extremely warm
years is obviously stronger than that in the cold period. Notably,
the area of the WPSH is equivalent to normal, and its west ridge
point is slightly more westward than normal in extremely warm
years, whereas the area of the WPSH in cold period extremely
warm years is smaller than normal. The NECV center at the level
of 500 hPa lies significantly north of its climate-averaged position,
and the cold vortex activities are weaker than normal during
extremely warm years in North China, especially during the
warm period. The vorticity of extremely warm years is negative
over 30◦-45◦N in middle and late July, indicating that the NECV
activity is weak in this period, which basically matches the feature
of ECH andWPSH. Compared with extremely warm years in the
cold period, the negative vorticity center locates more northward;
NECV is much weaker in the warm period. Therefore, the long
duration of the strong and northward shifted ECH and weakened
NECV together with strong WPSH are the major atmospheric
reasons that directly lead to the EWES in North China. These
three atmospheric factors’ impact on the warm period is much
stronger than the cold period, causing the EWES occurring in
the warm period to be significantly stronger than those in the
cold period.

Based on the 2013 hottest summer on record in Eastern China,
Sun et al. (2014) reveal that anthropogenic influence has caused
a more than 60-fold increase in the likelihood of the extreme
warm 2013 summer since the early 1950s, project that similarly
hot summers will become even more frequent in the future, and
estimate that a rapid increase in the risk of extreme summer heat
in Eastern China. Besides this, geopotential height (gph) is used
to measure the western Pacific high and other high/low pressure
systems in this study. Under a global warming background, the
gph increases almost everywhere as predicted by the hypsometric
equation, and it may cause a discrepancy between changes in gph
and changes in atmospheric circulation (Yang and Sun, 2003; He
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FIGURE 11 | Sketch map of North China’s possible EWES causes. The

dashed blue line (WPSH cold) and solid red line (WPSH warm) represent

WPSH position during extremely warm years in the warm and cold periods,

respectively. The thick lines (marked as warm, cold, and clim) mean the

southern boundaries (the zero-vorticity line) of NECV with the red (blue) line

extremely warm years for warm (cold) period and black line for climatological

state. Letters A and C correspondingly mean the low-level anomalies of the

anticyclone and cyclone.

et al., 2018; He and Zhou, 2020; Jia et al., 2021). For example, as
seen in Figure 10, the decadal difference (difference between the
high-index years concentrated in the latter period and the low-
index years concentrated in the early period, almost equivalent
to decadal difference) in the gph is positive almost everywhere,
and the cyclone over northeastern China is associated with a
weak positive gph anomaly. To solve this apparent discrepancy,
He et al. (2018) and He and Zhou (2020) suggest using eddy
geopotential height (obtained by removing regional averaged gph
within 0–40◦N for each year) instead of gph.

Positive SSTA in the tropical IO and the Kuroshio area are
favorable for the stronger and larger ECH and WPSH as well
as the weaker and more northward NECV, leading to stronger

anticyclonic circulation over Northern China, giving rise to
downward air motion controlling this area, resulting in a rise
of temperature in North China. The joint effect of warming

SSTAs over tropical IO and the Kuroshio area provides favorable
conditions for the occurrence of EWES in North China. The
impact of the positive tropical IO and the Kuroshio area SSTA
of the warm period is more significant than the cold period,
resulting in much stronger EWES in North China during the
warm period (Figure 11).

It should be stressed that external forcing factors other than
the signals studied in the present study, such as upstream sea
ice and snow cover, can also affect the East Asian atmospheric
circulation system significantly, which closely results in the
extremely warm temperature (Yasunari et al., 1991; Wu et al.,
2009, 2013; He et al., 2020; Labe et al., 2020; Li et al., 2020). An
interesting research topic, therefore—one that cannot be ignored
and that we intend to investigate ourselves in the future—
is to examine the effects of other factors on the EWES in
North China.
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