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ABSTRACT

South China experiences extreme heat (EH) most frequently in eastern China. This study specifically ex-
plores the large-scale circulation anomalies associated with long-lived EH events in south China. The results
show that there is an anomalous cyclone (anticyclone) and active (inactive) convection over south China (the
western Pacific) before the EH onset; then, an anticyclone develops and moves northwestward and dominates
over south China on the onset day. The anomalous anticyclone maintains its strength over south China and
then diminishes and is replaced by another cyclone migrating from the western Pacific after the final day of the
EH event. Consequently, the temperature increases over south China around the onset day and is anoma-
lously warm for approximately 10 days on average and then decreases shortly thereafter. The fluctuating
anomalies over south China and the western Pacific are intimately related to two intraseasonal oscillation
(ISO) modes, namely, the 5-25- and 30-90-day oscillations, which originate from the tropical western Pacific
and propagate northwestward. The 5-25-day oscillation is vital to triggering and terminating EH, accounting
for approximately half of the original temperature and circulation anomaly transitions. The 30-90-day os-
cillation favors the persistent warming during EH events, accounting for approximately one-third of the
original prolonged warming and anticyclonic anomaly. This result suggests that different ISO modes play
crucial roles at different stages of the events. Moreover, a higher annual frequency of long-lived EH days in
south China is associated with the transition phase from El Nifio to La Nifia. It is suggested that both medium-
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range and interannual forecasting of long-lived EH in south China are possible.

1. Introduction

Against the background of global warming, the sur-
face air temperature is undergoing a sustained warming
trend (Collins et al. 2000; Alexander et al. 2006; Li and
Yan 2009; Wei and Chen 2011; WMO 2013). The latest
World Meteorological Organization (WMO) report on
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global climate stated that 2011-15 was the warmest 5-yr
period on record, with unprecedented warming wide-
spread across every continent except Africa (WMO
2015). In July 2015, western and central Europe expe-
rienced the most severe heat wave since the deadly heat
wave in 2003. A persistent heat wave swept many parts
of eastern Asia (such as Japan, South Korea, and eastern
China) in July and August 2013, with a peak tempera-
ture of 41.6°C occurring in Hangzhou, a city located in
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eastern China. The persistent occurrence of extreme
heat (EH) greatly threatens human health and causes
substantial economic losses (Teofilo and Stitt 1995;
Kilbourne 1997; Valor et al. 2001; Coumou and
Rahmstorf2012). For instance, more than 3700 deaths in
India and Pakistan resulted from the heat wave in May
and June 2015 (WMO 2015). Approximately 1%-3% of
the available daytime work hours were estimated to
have been lost as a result of EH by the mid-1990s, sig-
nificantly reducing productivity and economic output
(UNDP 2016). Moreover, the frequency of EH events
and the subsequent impacts on humans and society are
projected to increase (Kunkel et al. 2010; Lau and Nath
2012; IPCC 2013; Li et al. 2014; Lelieveld et al. 2016;
UNDP 2016). Therefore, there is undoubtedly an urgent
demand to understand the causes of EH.

South China is located in a tropical-subtropical region
and is influenced by the East Asian southwesterly
monsoon in the summer. South China has also witnessed
an obvious increasing trend of EH frequency in recent
decades (~4.5 daysdecade '), ranking high among the
different regions in eastern China (Gao et al. 2008; Wei
and Chen 2009; Wang et al. 2016). In addition, south
China is densely populated, making it more vulnerable to
EH in terms of societal impacts. For example, Guangdong
Province, located in south China, has a population of over
100 million and is growing at a rate of 1.9% yr~*. Hence,
investigating the causes of EH in south China is of great
significance to social development.

The large-scale circulations responsible for the oc-
currence of EH in south China exhibit unique features.
Typically, the occurrence of EH is caused by an anti-
cyclonic anomaly over the high-temperature region,
which induces more adiabatic heating, reduces cloud
cover, and increases solar radiation at the surface (Black
et al. 2004; Wei et al. 2004; Gershunov et al. 2009; Zhang
and Zhang 2010; Fang and Jian 2011). However, our
prior work found that the composite circulation pattern
associated with EH in south China is different from the
typical anticyclonic pattern and is uniquely character-
ized by a pair of anticyclonic—cyclonic anomalies in the
lower troposphere (Chen and Lu 2015). According to
this work, there is an anomalous anticyclone over south
China and an anomalous cyclone to the southeast of
south China. This finding points to the scientific signifi-
cance of determining what causes EH in south China.

The boreal summer intraseasonal oscillation (ISO)
over the western Pacific is considered a key factor that
influences the variation of climate in East Asia, and two
predominant ISO bands lie at 5-25-day (also refers to
the 10-20- or 10-25-day bands in some references) and
30-90-day (also refers to the 30-60- or 25-90-day bands
in some references) time scales (Ren and Huang 2002;
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Mao and Chan 2005; Chen et al. 2015). The 5-25- and
30-90-day oscillations originate from the equatorial
Pacific and propagate either northwestward or north-
ward, modulating the subtropical monsoon flow and
subsequently the climate over East Asia, including south
China (Jia and Yang 2013; Xu and Lu 2015; Chen and
Zhai 2017; Gao et al. 2017). During the ISO life cycle,
the dominance of the anticyclonic phase induces
anomalous subsidence and drier air conditions, favoring
higher temperatures and the occurrence of EH events.
In contrast, the appearance of the cyclonic phase de-
creases the air temperature and inhibits EH events.
Therefore, the duration of EH events might be related
to the periodicity of the dominant ISO.

In our prior work, Chen et al. (2016), we suggested
that the 5-25-day oscillation of the tropical atmosphere
plays a vital role in the occurrence of EH events over
south China and that the warming related to the 5—
25-day oscillation accounts for 80% of the warming
amplitude on the day of EH onset. Consistent with the
5-25-day oscillation, the higher temperature lasts for
about three days after the onset of an EH event in the
composite results of Chen et al. (2016; their Fig. 7),
which is approximately equal to /4 of the 5-25-day ISO
periodicity. A preliminary survey on the duration of the
EH events defined by Chen et al. (2016) shows that 63%
of the events last for no more than three days, as illus-
trated in Fig. 1a.

However, the EH events in south China can last for
much longer. For example, in the summer of 2003, a
record-breaking heat wave hit south China, with a large
area suffering from EH for more than 1 month (Wang
et al. 2006). In July 2007, a severe heat wave swept across
Guangdong Province, resulting in an average duration
of EH of up to 14 days over all observational stations
(Liu et al. 2008). Such extreme heat waves bring con-
tinuous severe heat conditions and inhibit humans from
good rest, thus posing a greater threat to human society
than short-lived EH events. Therefore, specific studies
on long-lived EH events should be undertaken to un-
derstand the causes of their occurrence.

Several case studies have been conducted on long-
lived EH events in south China. Yang and Li (2005) and
Wang et al. (2016) analyzed the circulation character-
istics during the EH event in 2003 and suggested that the
prolonged abnormal strong and western-extending
subtropical high was responsible for the occurrence of
continuous EH in south China. Liu et al. (2008) analyzed
the persistent EH event in Guangdong Province in July
2007 and obtained similar results. However, the results
of these studies are based on analyses of limited cases,
which are obviously different from the composite results
of Chen et al. (2016) representing short-lived EH events,
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FI1G. 1. (a) Occurrence frequency of EH events with different durations (days). Long-lived (black bars) and short-lived (gray bars) EH
events lasting for more and less than 5 days, respectively. (b)—(g) Composite 700-hPa wind anomalies (vectors; ms™ ') averaged from
—2 days to the onset day for the EH events with durations ranging from 1 to 6 days. The shaded areas indicate that either the zonal or

meridional wind anomaly is significant at the 95% confidence level.

that is, the anticyclone—cyclone pair. The indication
therefore is that the circulation patterns responsible for
long-lived EH events might be distinct from those re-
sponsible for short-lived EH events. Investigating the
large-scale circulation anomalies associated with long-
lived EH events from a climatological viewpoint forms
the primary motivation for this study. The roles of ISOs
are addressed, including the 5-25- and 30-90-day
oscillations.

On the other hand, the annual frequency of EH may
be modulated by tropical sea surface temperature
anomalies (SSTAs). El Nifio-Southern Oscillation
(ENSO), which is the most outstanding mode of the

interannual variation of tropical Pacific SSTAs, is em-
phasized as an important factor influencing the East
Asian climate. Previous studies have suggested that
during the summer following the mature phase of El
Nifio, there is an anomalous anticyclone over the west-
ern North Pacific (Wang et al. 2000; Xie et al. 2009; Wu
et al. 2010). The anomalous anticyclone might influence
the temperature in south China and thus modulate the
frequency of EH. The current study determines the in-
fluence of ENSO on the annual frequency of long-lived
EH days in south China.

The remainder of the paper is organized as follows.
Section 2 describes the data, definitions, and methods.
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Section 3 presents the temporal and spatial evolutions of
temperature anomalies associated with long-lived EH
events in south China. Section 4 explores the large-scale
circulation anomalies associated with long-lived EH
events and the influences of ISOs. Section 5 further
detects the influence of ENSO on the annual frequency
of long-lived EH days in south China. Section 6 presents
the conclusions of the study.

2. Data, definitions, and methods
a. Data

The data period is from July to August between 1979
and 2013. This selection of the summer season is the
same as in Chen et al. (2016), in which it is indicated that
EH days in July and August account for 89% of the total
EH days in south China.

The data used in this study are extracted from four
datasets. First, the daily temperature data are from the
homogenized mean, maximum, and minimum surface
air temperature series from 753 national standard sta-
tions in China (Li et al. 2016), which were revised to
remove the inhomogeneity caused by frequent changes
in observing locations and protocols (Li and Yan 2009).
Second, the 6-hourly circulation data are from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) interim reanalysis (ERA-Interim; Dee et al.
2011), with a horizontal resolution of 1.5° X 1.5° and 23
vertical pressure levels from 1000 to 200 hPa. The data at
0600 UTC (1400 local standard time) are used to rep-
resent the circulation associated with EH. Third, the
daily outgoing longwave radiation (OLR) anomalies are
derived from the National Oceanic and Atmospheric
Administration (Liebmann and Smith 1996), which act
as a proxy for anomalous large-scale convective activity.
The horizontal resolution of the OLR data is 2.5° X 2.5°.
Fourth, the monthly sea surface temperature data are
derived from the HadISST, with a horizontal resolution
of 1° X 1° (Rayner et al. 2003).

b. Definitions

The area of south China covered by this study includes
the observational stations south of 28°N and east of
105°E, including 149 stations in total (denoted by the
blue dots in Figs. 4 and 5). EH is defined as the days
when more than one-third of the 149 stations in south
China recorded a maximum temperature 7Tp,,x above
35°C. The threshold of 35°C is adopted by the China
Meteorological Administration to define EH and is
widely used in various studies (e.g., Wei and Chen 2009;
Chen and Lu 2014a,b). This definition yields a total of
436 EH days in south China, accounting for 20% of the
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study period (2170 days). Furthermore, EH days with
gaps of no more than 5 days are merged into one EH
event. Finally, 96 EH events are obtained, and the av-
erage duration of each event is 4.5 days. These defini-
tions of south China EH and EH events are the same as
in Chen et al. (2016). Another definition of EH, where
both Tihax > 35°C and minimum temperature 7y, >
25°C, was also examined, and the results were similar to
those presented in the current study (not shown).

The EH events are further divided into long- and
short-lived EH events. To decide the division criterion,
we first perform a general survey on the composite cir-
culation anomalies responsible for EH events with dif-
ferent durations (1,2, 3 days, and so on). It turns out that
the composite circulation anomalies associated with EH
events lasting no more than 5 days (1-5 days) are similar
and are characterized by an anticyclone—cyclone pair
around south China (Figs. 1b—f). In contrast, the circu-
lation anomalies associated with EH events lasting for
6 days exhibit distinct patterns, featuring an anticyclone
over south China (Fig. 1g). In addition, the longest EH
event—that is, the 2003 EH event spanning 39 days from
4 July to 11 August (including 28 EH days satisfying our
definition)—is also related to a persistent anticyclonic
anomaly over south China (not shown). Thus, the cir-
culation anomalies responsible for the occurrence of
short- and long-lived EH events might be different, and
EH events with duration >5 days (=5 days) can be
classified as long-lived (short lived) EH events.

According to the abovementioned definitions, there
are a total of 26 long-lived EH events (including 274 EH
days) and 70 short-lived EH events (including 162 EH
days). The short-lived EH events account for the ma-
jority (73%) of all events; thus, the analysis results of the
short-lived EH events are similar to the results of all
events, as presented in Chen et al. (2016) (not shown).
Therefore, the current study specifically focuses on the
long-lived EH events, investigating the related large-
scale characteristics and causes. Despite the lower pro-
portion, long-lived EH events include 1.7 times as many
EH days as the short-lived EH events, posing a greater
threat and suggesting the importance for understanding
the reasons for occurrence.

c. Methods

A composite analysis is performed to investigate the
large-scale anomalies associated with long-lived EH
events from a climatological perspective. The anom-
alies around both the EH onset day and end day are
analyzed to comprehensively understand the entire pro-
cess of long-lived EH events. When analyzing the spa-
tial evolutions of large-scale anomalies, nonoverlapping
3-day means around the onset and end days (from —6
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to —4 days, from —3 to —1 day, onset or end day,
from +1 to +3 days, and from +4 to +6 days) are used
to exclude synoptic variations, which are not the subject
of this study. The daily anomalies are computed by de-
ducting the climatology of the corresponding days from
the raw data. The Student’s ¢ test with a confidence level
of 95% and effective sample lengths is used to estimate
the temporal significance of the composite anomalies
(Wilks 2006).

Field significance testing is further performed on each
composite field, based on the Monte Carlo techniques
proposed by Livezey and Chen (1983). First, 1000 ran-
dom simulations are carried out to select 26 days (rep-
resenting the onset days of 26 long-lived EH events) out
of 2170 days (all the days in July—August from 1979 to
2013) and a composite analysis is performed on the se-
lected events. To remain consistent with the observa-
tional analysis, the 26 onset days are selected regardless
of sequence, and the 10 days before to 10 days after each
selected onset day represent the corresponding duration
for each EH event. For example, if 15 July and 18 Au-
gust are selected as two random onset days, then 5-
25 July and 8-28 August would be selected as two EH
events. Second, the 2.5th and 97.5th percentiles of the
1000 simulations for each grid are chosen as the lower
and upper thresholds of the 95% confidence level, re-
spectively. Third, the number of significant grids in the
composite field is counted for each simulation, and then
the 1000 numbers are sorted as an increasing series
Niooo- Finally, for each composite field of the 26 EH
events from the observations, the number of significant
grids N according to the Student’s ¢ test is counted and
the percentage of N in the Ny series is used as the
confidence level of the observational composite field.
(The field confidence level is marked above each panel
in Figs. 4-9.)

To investigate the roles of ISOs in the occurrence of
long-lived EH events over south China, the 5-25- and 30—
90-day-filtered components are extracted from the orig-
inal anomalies. Lanczos temporal filtering is employed to
extract the corresponding ISO series. In section 5, during
the analysis of the influence of ENSO on the interannual
variation of EH frequency in south China, composite
analysis and significance testing by the Student’s ¢ test
with a confidence level of 90% are performed.

3. Temporal and spatial evolution of temperature
anomalies associated with long-lived EH events
in south China

Figure 1la shows the occurrence frequency of EH
events with different durations. A large proportion of
EH events last for no more than 3 days, accounting for

CHEN ET AL.

05 - -

Tmax_ano

00 13 A\ A

-0.5

-1.0 = T T T T T T T T T T
-26d -20d -15d -10d -5d Onset +5d +10d +15d +20d +25d

FI1G. 2. Composite evolution of daily 7,,x anomalies (°C) from
25 days before to 25 days after the onset days of long-lived EH events.
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south China.

63% of all events (60/96). Therefore, the composite
analyses of all EH events as presented by Chen et al.
(2016) mainly describe the short-lived EH events. There
are also some EH events that persist for a long period,
with three events lasting for more than one month and
the longest event lasting for 39 days (from 4 July to
11 August 2003). In total, the long-lived EH events
(duration >5 days) account for 27% (26 events) of all
EH events, comprising 63% (274 days) of all EH days.

The composite evolution of the temperature anoma-
lies averaged over south China around the onset days of
long-lived EH events is displayed in Fig. 2. The tem-
perature anomalies show small oscillations before the
EH onset days, with negative anomalies from —7
to —3 days. Then, the temperature obviously increases
beginning on day —1, reaches the warmest on day +1
with an amplitude of +1.8°C, and then remains
above +1.0°C (+0.5°C) until day +8 (day +10). After-
ward, the temperature gradually decreases but stays
abnormally positive. Overall, the warmer air conditions
could last for approximately 10 days during long-lived
EH events, apparently longer than the short-lived EH
events, which last for less than 5 days (shown in Fig. 3c).

Figure 3 compares the evolution of the original tem-
perature anomalies with the corresponding 5-25- and
30-90-day-filtered components around the long-lived
EH onset days and end days, and the evolution around
short-lived EH onset days are also shown for compari-
son. For the onset of long-lived EH events, the 5-
25-day-filtered component adequately captures the
original oscillations before the onset day and the re-
versal from a negative anomaly to a positive anomaly
from -2 to —1 day (Fig. 3a). The 5-25-day-filtered
component plays a predominant role in the original
warming before +3 days. The warming associated with
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the 5-25-day oscillation reaches the maximum at +1 day
(+0.9°C) and accounts for 48% of the original warming
on the onset day and +1 day. In contrast, the 30-90-day-
filtered component is in a positive phase beginning on
the onset day and contributes to the original warming
after onset. The warming contributed by the 30-90-day
oscillation gradually increases after EH onset, with a
peak amplitude of +0.4°C at +6 days and the largest
ratio of 53% at +11 days. The warming associated with
the 30-90-day oscillation becomes dominant, while the
5-25-day oscillation becomes weak after +3 days.
Therefore, it is suggested that the 5-25-day oscillation is
vital to triggering the EH, while the 30-90-day oscilla-
tion is important for the persistence of higher temper-
ature during long-lived EH events.

The composite temperature evolutions around the
end days of long-lived EH events are symmetric to those
around the onset days (Fig. 3b). On the one hand, the
30-90-day-filtered component is in its positive phase
before the end day and the positive phase plays an im-
portant role in the persistent warming before —3 days.
On the other hand, the 5-25-day-filtered component
adequately captures the original anomaly beginning
on —3 days, playing a predominant role in the warming
during the late stage of the EH events and the termi-
nation of long-lived EH. Compared to long-lived EH
events, the temperature evolutions for short-lived EH
events are essentially different. The 5-25-day-filtered
component accounts for the majority of the original
temperature anomaly during the whole process, while
the 30-90-day oscillation is negligible (Fig. 3c). There-
fore, it is implied that ISO activities associated with
long-lived EH events and short-lived EH events are
different.

Figures 4 and 5 demonstrate the composite spatial
evolutions of temperature anomalies around the onset
day and end day of long-lived EH events, including the
original anomaly, 5-25- and 30-90-day-filtered anoma-
lies. Hereafter, the anomalies on the onset and end days,
and the adjacent nonoverlapping 3-day means are ana-
lyzed to exclude synoptic variations. For the original
anomaly, anomalous cooling occurs over south China
from —6 to —4 days before the onset day and then
quickly diminishes and turns into significant warming
on the onset day with an amplitude of over +2°C (Figs.
4a—c). Afterward, the warming over south China remains
and is still significant from +4 to +6 days (Figs. 4d—e).
The composite anomaly of the 5-25-day-filtered com-
ponent resembles the original anomaly in the early stage
from —6 to +3 days, with a negative anomaly over south
China from —6 to —4 days that turns into a positive
anomaly beginning on the onset day until +3 days
(Figs. 4f—i). The warming associated with the 5-25-day
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FIG. 4. Composite spatial evolutions of the nonoverlapping 3-day mean T,,x anomalies around the onset days
of long-lived EH events (°C): (a)—(e) The original anomaly (contour interval of 1°C), (f)—(j) the 5-25-day-filtered
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negative anomalies. The shaded areas are statistically significant at the 95% confidence level. The blue dots
indicate the stations in south China. The percentages in the parentheses above the panels denote the confidence
levels of the field significance testing, and the same is true in the following figures.

219



220

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

(a)-6to-4 (99.9%)  orig

N T

100E
(b) -3to-1 (99.9%)

110E  120E

orig
1

100E  110E
(c) End (99.5%)

120E

orig
]

100E 110E 120E
(d) +1t0+3 (97.3%) orig

100E 110E 120E
(e)+4to+6 (69.5%) orig

100E

110E  120E

JOURNAL OF CLIMATE

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

(f)-6to-4 (77.5%) 5.054

/\ T T T
100E  110E  120E

(g)-9t0-1(9?-9%%) 5-25d

100E

110E
(h) End (99.3%)

120E
5-25d

......
P

100E
(i) +1t0+3 (99.9%) 5-25¢

110E 120E

100E

110E 120E
(j)+4t0+6 (99.6%) 5-25d

<o
" oY

-

-
—————. "

4 N !

100E
FIG. 5. As in Fig. 4, but for the anomalies around the end days of long-lived EH events.

110E 120E

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

40N

30N

20N

VOLUME 31

(k)-6t0-4 (99.8%) 30-90d

100E 110E
(1) -3to-1 (99%)

120E
30-90d

100E  110E  120E
(m) End (95.8%) 30-90d

100E 110E 120E

(n) +1t0+3 (81%) 30-90d

100E

110E  120E

(0)+4t0+6(80.6%) 30-90d

LN
100E

110E



1 JANUARY 2018

oscillation reaches +1°C over south China on the onset
day, accounting for approximately half of the original
warming (Fig. 4h). In contrast, the 30-90-day-filtered
component shows a weak anomaly before the onset day
and then a significant positive anomaly develops over
south China after the onset day (Figs. 4k-o0). The
warming associated with the 30-90-day oscillation be-
comes important during the late stage after onset, and the
warming amplitude over south China reaches +0.5°C
between +4 and +6 days, accounting for approximately
half of the original warming (Fig. 40).

The spatial evolution of the temperature anomalies
around the EH end day display characteristics sym-
metrical to those around the onset day (Fig. 5). For the
original anomaly, the warming over south China is quite
strong beginning on —6 days to the end day and then is
gradually replaced by anomalous cooling afterward
(Figs. Sa—e). The early persistent warming before the
end day is related to the 30-90-day oscillation (Fig. 5k),
while the reversal from warming to cooling from —3
to +3 days is mostly due to the 5-25-day oscillation
(Figs. 5g—i). Thereby, it can be inferred that the 5-25-day
oscillation is responsible for the transformation of the
temperature anomaly leading to the onset and termi-
nation of EH events, that is, from a negative anomaly
to a positive anomaly or vice versa, while the 30-90-day
oscillation favors the continuous warming during long-
lived EH events.

4. Evolution of circulation anomalies and ISOs
associated with long-lived EH events in south
China

The lower-tropospheric circulation anomalies are
analyzed in this section to detect the causes of the
temperature anomalies during long-lived EH events. In
fact, an empirical orthogonal function (EOF) analysis of
the 500-hPa geopotential height anomalies on EH days
over the Eurasian continent has also been performed,
but no principal component was found to be significantly
related to the length or strength of EH events (not
shown). Therefore, only the analysis results of the lower-
tropospheric circulation are presented. Figure 6 shows
the evolution of the 700-hPa wind anomalies around the
EH onset day. For the original anomaly, there is a sig-
nificant anticyclone over the western Pacific and a dis-
cernible cyclone over south China from —6 to —4 days
before the onset day (Fig. 6a). Then, the anomalous
cyclone vanishes while the anomalous anticyclone
strengthens and propagates northwestward, and south
China is dominated by the anticyclonic anomaly on the
onset day (Figs. 6b,c). The dominance of an anomalous
anticyclone results in anomalous subsidence, lower
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humidity, and subsequently more solar radiation at the
surface, favoring the occurrence of higher temperatures
(not shown). After the onset day, the anticyclone re-
mains over south China albeit getting weaker, and the
anomalous anticyclone is still significant from +4
to +6 days (Figs. 6d,e). The prolonged dominance of an
anticyclonic anomaly favors the maintenance of higher
temperatures over south China.

The 5-25-day-filtered circulation anomaly resembles
the original anomaly from —6 days to the onset day
(Figs. 6f-h). There is an anomalous anticyclone-cyclone
pair over the western Pacific and south China from —6
to —4 days, and the cyclone over south China appears to
be significant (Fig. 6f). The pair propagates northwest-
ward and the anticyclonic anomaly strengthens and
governs south China on the onset day (Figs. 6g,h). The
amplitude of the 5-25-day-filtered anomaly accounts for
approximately two-thirds of the original anomaly, in-
dicating the importance of the 5-25-day oscillation in
the triggering of an EH event by the circulation anom-
alies, which propagates from the western Pacific.

The 30-90-day-filtered circulation demonstrates a
persistent anticyclonic anomaly from —6 to +6 days,
which gradually strengthens and propagates from the
western Pacific to south China (Figs. 6k—0). The anom-
alous anticyclone is quite weak at the beginning but
becomes obvious beginning on the onset day (Figs.
6k-m). After the onset day, the anticyclonic anomaly
remains over south China, which resembles the original
anomaly and accounts for approximately one-third of
the amplitude (Figs. 6n,0). Therefore, the anticyclonic
component of the 30-90-day oscillation, propagating
from the western Pacific, contributes to the persistence
of the original anticyclonic anomaly and higher tem-
peratures over south China after the onset of an
EH event.

The circulation anomalies around the end day of long-
lived EH events are somewhat symmetrical to those
around the onset day (Fig. 7). For the original anomaly,
there is a significant anticyclone over south China before
the end day, accompanied by a cyclone to the southeast
(Figs. 7a,b). The anticyclone—cyclone pair propagates
northwestward as the cyclonic (anticyclonic) component
gets stronger (weaker). The cyclonic component is
centered over the eastern edge of south China on the
end day and moves to south China from +1 to +3 days
(Figs. 7c,d). The approach of the cyclonic anomaly fa-
vors lower temperatures and leads to the termination of
EH events.

The 5-25-day-filtered anomaly shows an anticyclone
to the southeast of south China from —6 to —4 days, and
the anticyclone moves to south China with a cyclone
developing over the western Pacific between -3
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FIG. 7. As in Fig. 6, but for the anomalies around the end days of long-lived EH events.
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and —1 day, and then the cyclone moves northwestward
to south China (Figs. 7f-i). The 5-25-day-filtered
anomaly is similar to the original anomaly from —3
to +3 days, accounting for approximately two-thirds of
the original amplitude and contributing greatly to the
termination of long-lived EH events. In contrast, the 30—
90-day-filtered anomaly presents a significant anticy-
clone over south China from —6 to —4 days, and then the
anticyclone gradually weakens and turns into a cyclonic
anomaly after the end day (Figs. 7k—o0). The anticyclone
from —6 to —4 days is similar to the original anomaly
and favors the persistent warming over south China
before the end day. Therefore, the cyclonic component
associated with the 5-25-day oscillation is vital for the
termination of EH events, while the persistent anticy-
clonic component associated with the 30-90-day oscil-
lation is favorable for the maintenance of warming
during EH events.

Furthermore, the OLR is analyzed to detect the heat
source of the ISO activities that influence south China.
Figure 8 displays the evolutions of OLR anomalies
around the onset day of long-lived EH events. The
original OLR anomaly shows a wave train originating
from the Maritime Continent over the tropical western
Pacific and propagating northwestward to south China
(Figs. 8a—e). From —6 to —4 days, there is one positive
OLR anomaly centered to the east of the Philippines
and two negative centers located over the tropical
Maritime Continent and south China (Fig. 8a). Then,
the positive anomaly migrates northwestward and is
located over south China on the onset day (Figs. 8b,c).
The positive OLR anomaly over south China indicates
the inhibition of convection, favoring higher tempera-
tures and resulting in the onset of EH. After the onset
day, a positive OLR anomaly remains over south China
and favors the maintenance of higher temperatures
(Figs. 8d,e).

The 5-25-day-filtered OLR anomaly resembles the
original anomaly from —6 to +3 days, showing a wave
train originating from the tropical Maritime Continent
and propagating northwestward to south China
(Figs. 8f-i). South China is significantly dominated by
the negative phase of the OLR anomaly from —6
to —4 days and by the positive phase on the onset day
(Figs. 8f and 8h, respectively). The positive OLR
anomaly associated with the 5-25-day oscillation ac-
counts for approximately two-thirds of the original
anomaly over south China on the onset day, which
contributes greatly to triggering the EH events.

In contrast, the 30-90-day-filtered OLR shows a pair
of positive—negative anomalies that gradually propagate
northwestward from the tropical western Pacific to
south China, and south China is continuously influenced
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by the positive phase of the OLR anomaly from —6
to +6 days (Figs. 8k—0). The 30-90-day-filtered anom-
alies show larger zonal regimes and slower migration
compared with the 5-25-day-filtered anomalies. Before
the onset day, the positive anomaly is centered to the
east of the Philippines, and the negative anomaly is
centered over the tropical Maritime Continent (Figs. 8k,l).
Beginning on the onset day, the significant positive anomaly
reaches south China and slowly shifts northwestward
(Figs. 8m-o0). South China is dominated by a significant
positive OLR anomaly from +1 to +6 days for the 30—
90-day-filtered component, accounting for approximately
one-third of the original anomaly and favoring the per-
sistence of higher temperatures.

Figure 9 demonstrates the evolution of OLR anoma-
lies around the long-lived EH end day. For the original
anomaly, there is a pair of positive-negative anomalies
propagating from the western Pacific to south China,
along a near-westward path at approximately 20°N
(Figs. 9a—e). A positive anomaly occurs over south
China before the end day and is replaced by the negative
anomaly from the western Pacific beginning on the end
day. The approach of the negative OLR anomaly leads
to lower temperatures and terminates the EH events.
Both the 5-25- and 30-90-day-filtered anomalies over
south China show transitions from a positive phase to a
negative phase around the EH end day, but the former
transition occurs at the end day and the latter occurs
from +4 to +6 days (Figs. 9h and 90, respectively).
When comparing the original anomaly with the 5-25-
and 30-90-day-filtered anomalies, the original positive
OLR anomaly during the early days from —6 to —4 days
is consistent with the positive phase of the 30-90-day
oscillation (Figs. 9a,k), while the transformation from a
positive to a negative anomaly from —3 to +3 days is
intimately related to the phase transition of the 5-25-day
oscillation (Figs. 9b-d,g-i).

Figures 10 show the propagations of the OLR anom-
alies along the northwestward (westward) path from the
western Pacific to south China during a longer time
segment from —33 to +33 days around the onset day
(end day) to better illustrate the origins of the oscilla-
tions. The northwestward path is along the positive—
negative OLR anomaly centers around the EH onset
day, denoted by the dashed line from 5°S, 140°E to 30°N,
105°E, as shown in Fig. 8b. The original and 5-25- and
30-90-day-filtered anomalies around the onset day
clearly propagate northwestward from the tropical
western Pacific to south China, and the initial anomalies
could be derived from the near-equatorial region
(Figs. 10a—c). For the area of south China around 21°N,
114°E, the evolution of the original anomaly from
negative to positive between —18 and +18 days is
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FIG. 10. The northwestward propagation of the (a) original and (b) 5-25- and (c) 30-90-day-filtered OLR anomalies around the onset
days of long-lived EH events. The northwestward path lies from 5°S, 140°E to 30°N, 105°E, as denoted by the dashed line in Fig. 8b. The
westward propagation of the (d) original and (e) 5-25- and (f) 30-90-day-filtered OLR anomalies around the end days. The westward path
is the meridional mean between 15° and 25°N, denoted by the two dashed lines in Fig. 9b. The units and shaded intervals are the same as in
Fig. 8. The areas marked by hatching are significant at the 95% confidence level.

accompanied by the phase transitions of both the 5-
25- and 30-90-day oscillations. The phase transition cycle of
the 5-25-day oscillation from —9 to +3 days resembles the
original anomaly and favors the onset of EH events, while
the positive phase of the 30-90-day oscillation contributes
greatly to the original anomaly from +3 to +12 days.
Compared to the northwestward propagation of the
OLR anomaly around the onset day, the anomaly
around the end day appears to propagate westward
(Fig. 9). Hence, the path that is analyzed for the end day
is chosen as the meridional mean between 15° and 25°N,
denoted by the dashed lines in Fig. 9b. The anomalies
propagate from the western Pacific to south China for
the original and 5-25- and 30-90-day-filtered anomalies
(Figs. 10d—f). For the area of south China located
between 105° and 120°E, the transition of the original

OLR anomaly from positive to negative around the end
day is associated with the phase transitions of both the
5-25- and 30-90-day oscillations. The original OLR
anomaly over south China is presented as a persistent
positive anomaly from —18 days to the end day and is
then replaced by the negative anomaly originating from
the east (Fig. 10d). The original persistent positive
anomaly before —3 days is closely related to the positive
phase of the 30-90-day oscillation (Fig. 10f), while the
reversal of the original anomaly from —3 to +3 days
is mainly associated with the 5-25-day oscillation
(Fig. 10e). Thereby, it is demonstrated that the ISOs
originate from the tropical western Pacific and propa-
gate northwestward to south China, and different ISO
modes play important roles at different stages of the
long-lived EH events.
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5. Influence of ENSO on the annual frequency of
long-lived EH days in south China

This section further detects the influence of tropical
SSTAs on the annual frequency of long-lived EH days in
south China. Figure 11 shows the annual frequency of
long-lived EH days from 1979 to 2013, and the frequency
presents an obvious interannual variation. To in-
vestigate the causes of the interannual variation of the
EH frequency, we select the years with high EH fre-
quencies and low EH frequencies to perform the com-
posite analysis. The high-frequency years are defined as
the years with more than 15 EH days (standard de-
viation greater than 0.7), and the low-frequency years
are defined as the years without an EH day (standard
deviation less than —0.7). In total, there are 8 (15) years
with high (low) EH frequencies, which are listed in
Table 1. In the following, only the composite differences
between the high index years and the low index years are
presented. We also evaluated the composite anomalies
for high index years and low index years, and the former
(latter) are similar to (opposite from) the composite dif-
ferences but with a lower confidence level (not shown).

Figure 12 demonstrates the composite differences of
SSTAs between the years with high and low EH fre-
quencies, including the SSTAs in the preceding winter,
the simultaneous summer, and the incoming winter.
Significant warming occurs over the eastern Pacific in
the preceding winter and evolves into significant cooling
over the central-eastern Pacific during the simultaneous
summer and incoming winter (Figs. 12a—c). The higher
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frequency of EH in south China is associated with the
decaying phase of El Nifio during the preceding winter
and the developing phase of La Nifia during the simul-
taneous summer, appearing as the transition phase from
El Nifio to La Nifia.

To explore how ENSO influences the EH in south
China, the Nifio-3 index in the preceding winter is
employed, and a composite analysis of the atmo-
spheric circulation is performed according to the in-
dex. The Nifio-3 index is computed as the SSTA
averaged over 5°S-5°N, 150°-90°W during the pre-
ceding winter, denoted by the black box in Fig. 12a.
The years with a Niflo-3 index higher (lower) than 0.7
(—0.7) standard deviation are defined as El Nifio (La
Nifia) years, and there are seven El Nifio years and
seven La Nifa years, as listed in Table 1. Figure 13a
shows the composite difference of the lower-tropospheric
wind anomalies during the summer between El Nifio
and La Nifa years. There is a significant anticyclonic
anomaly over south China, which likely emerges during
the summer following El Nifio. The anticyclonic
anomaly favors higher temperatures over south China.
Similarly, the composite difference of the lower-
tropospheric wind between the years with high and
low frequencies of EH also presents an anomalous
anticyclone over south China (Fig. 13b). This similarity
implies that El Nifio (La Nifia) in the preceding winter
could enhance (reduce) the occurrence frequency of
EH in south China through favoring an anomalous
anticyclone (cyclone) over south China during the
following summer.

The present results tend to be consistent with Wang
et al. (2014). However, caution should be used when
comparing the present study with their results because
of some crucial differences between these studies. First,
the locations are different: this study focuses on south
China, while the other study focuses on the lower reach
of the Yangtze River basin. Second, this study distin-
guishes the long-lived EH events from the short-lived
EH events, but the other study merges the events. In
actuality, there are substantial differences between
Fig. 11 in this study and Fig. 2c in Wang et al. (2014),
which show the annual frequency of long-lived EH days
and the time coefficient of the first EOF mode of all EH
days, respectively. Furthermore, we examined the
SSTAs associated with the interannual variation of
short-lived EH days in south China based on a com-
posite analysis, the same as Fig. 12. The SSTA pattern
associated with short-lived EH is opposite from that
associated with long-lived EH to some extent, but the
significance is lower (not shown). Therefore, it is speci-
fied in the present study that the correspondence be-
tween more (less) EH days in the summer and El Nifio
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TABLE 1. List of years with high and low EH frequencies and high and low Nifio-3 indices in the preceding winter.

Index No. of yr Years
High EH frequency (frequency = 15 days; std dev > 0.7) 8 1989, 1992, 1998, 2003, 2007, 2009, 2010, and 2011
Low EH frequency (frequency = 0 days; std dev < —0.7) 15 1980, 1982, 1985, 1986, 1987, 1991, 1993, 1994, 1996,
1997, 1999, 2002, 2006, 2008, and 2012
High Nifio-3 index (std dev > 0.7) 7 1983, 1987, 1992, 1995, 1998, 2003, and 2010
Low Nifio-3 index (std dev < —0.7) 7 1985, 1989, 1999, 2000, 2006, 2008, and 2011

(La Nifia) in the preceding winter is significant for long-
lived EH but not for short-lived EH.

6. Conclusions

The large-scale circulation anomalies responsible for
the occurrence of long-lived EH events in south China
are investigated in the current study. The role of boreal
summer ISO over the western Pacific is another focus,
including the two profound ISO modes, namely, the 5-
25-day oscillation and the 30-90-day oscillation. Ac-
cordingly, the 5-25- and 30-90-day-filtered data are
extracted, together with the original anomalies, to ana-
lyze the causes of long-lived EH events in south China.
Furthermore, the influence of ENSO on the annual
frequency of long-lived EH days in south China is
explored.

The temporal and spatial evolution of the tempera-
ture anomalies associated with long-lived EH events are
first analyzed. The results show that the temperature
over south China obviously increases around the EH
onset day and then remains anomalously high for ap-
proximately 10 days on average and decreases around
the EH end day. Both the 5-25- and 30-90-day oscilla-
tions contribute to the evolution of long-lived EH events
in south China, but their relative roles vary at different
stages of the EH events. The 5-25-day-filtered compo-
nent shows obvious oscillations around the onset and
end days of the EH events and adequately captures the
rapid temperature increase or decrease, accounting for
approximately half of the temperature variation. In
contrast, the warming phase of the 30-90-day compo-
nent gradually develops after the EH onset day. The
warming associated with the 30-90-day oscillation peaks
at +6 days and then the warming decays gradually.
Hence, it can be concluded that the 5-25-day oscillation
plays a vital role in triggering and terminating the EH
events, and the 30-90-day oscillation is important for the
persistence of higher temperatures during long-lived
EH events.

The circulation anomalies associated with long-lived
EH events are demonstrated as an anticyclone—cyclone
pair that propagates northwestward from the western
Pacific to south China before the EH onset day. The

anticyclonic component migrates to south China on
the onset day and then remains over south China after
the onset. The anticyclonic anomaly is coupled with
convection inhibition over south China, which increases
the air temperature and favors the onset and persistence
of EH events. A new cyclonic anomaly is generated over
the western Pacific and moves westward to south China
around the EH end day. The approach of a cyclonic
anomaly and its dominance over south China is ac-
companied by abnormal active convection, terminating
the higher temperatures and ending the EH events.
These circulation anomalies are intimately related to
the ISOs of the tropical atmosphere. Both the 5-25- and
30-90-day-filtered OLR anomalies display an oscillating
pattern over the western Pacific and south China that
originates from the tropical Maritime Continent and
propagates northwestward. The inactive convection

(@) DJF-1° ‘

_diff
20N ¢

20S — , :
90E 120E 150E 180 150W 120W 90W
(b) JA _ diff
20N
0 1
20S
90E 120E 150E 180 150W 120W 90W
(c) DJF diff
20N |
0 1
208

90E 120E 150E 180 150W120W 90W
[ e —— I
-1 -0.8 06 04 02 0 02 04 06 08 1

FI1G. 12. Composite difference of SSTAs between the years with
high EH frequencies and low EH frequencies. The SSTAs (°C) are
averaged during the (a) preceding winter (DJF—1), (b) simultaneous
summer [July-August (JA)], and (c) following winter (DJF). The
dotted areas are significant at the 90% confidence level. The years
used for composite analysis are listed in Table 1.
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FIG. 13. Composite difference of the 700-hPa wind anomalies (vectors; ms ') (a) between El Nifio and La Nifia
years and (b) between years with high EH frequencies and low EH frequencies. The shaded areas indicate that
either the zonal or meridional wind anomaly is significant at the 90% confidence level. The years used for composite

analysis are listed in Table 1.

phase of the 5-25-day oscillation migrates from the
tropical western Pacific to south China around the onset
day, leading to the initiation of EH. Afterward, the in-
active convection associated with the 30-90-day oscil-
lation develops over south China and becomes
predominant, favoring the continuation of warming.
Later, before the EH end day, the inactive convection of
the 30-90-day oscillation decays, while the 5-25-day
oscillation becomes dominant again, with active con-
vection shifting from the western Pacific to south China
and terminating the EH. Overall, the 5-25-day-filtered
component accounts for approximately two-thirds of the
original anomalies adjacent to the onset day and end
day, and the 30-90-day-filtered component accounts for
approximately one-third of the anomalies during the EH
events. It is thus indicated that the synergy between the
5-25- and 30-90-day oscillations of the tropical atmo-
sphere greatly contributes to the occurrence of long-
lived EH events in south China.

Preliminary work has been conducted comparing
various filters (e.g., 30-60 days) to the Madden—Julian
oscillation (MJO) cycle based on the real-time multi-
variate MJO (RMM) index released by the Australian
Bureau of Meteorology. The results show that long-lived
EH days tend to occur more frequently during phases 1, 2,
5,and 6 of the MJO cycle, while they occur less frequently
during phases 3, 4, 7, and 8 (not shown). However, the
ratios of EH days to all days of each phase are not sig-
nificantly distinguished (not shown). Accordingly, a
question arises: why does the MJO exhibit such distinct
days at different phases of the MJO? Further work should
be undertaken to explore this question.

On the other hand, the annual frequency of long-lived
EH days in south China is modulated by ENSO. Higher
EH frequency is associated with the decaying phase of
El Nifio in the preceding winter and the developing

phase of La Nifa in the simultaneous summer. The
warmer SST in the preceding winter over the eastern
Pacific enhances the frequency of EH days by favoring
an anomalous anticyclone over south China during the
following summer.

The significant influences of ISO and ENSO on EH
events indicate the possibility of medium-range and in-
terannual forecasting of high temperatures in south
China. More concretely, different ISO modes should be
addressed when considering EH events with different
lengths. For short-lived EH events, the 5-25-day oscilla-
tion is predominant during the entire process. In contrast,
long-lived EH events result from the combined influences
of the 5-25- and 30-90-day oscillations, with the 5-25-day
oscillation important for triggering and terminating EH
events and the 30-90-day oscillation contributing to
persistent warming. At the same time, it is worth
comparing the accuracy of the temperature forecast for
long-lived and short-lived EH events in the current
numerical weather forecasting systems, which would
help improve the forecast accuracy. Furthermore, it is
believed that the frequency of EH will generally in-
crease under global warming. However, the regional
trend of EH frequency is supposed to be affected by the
changes in regional circulation patterns (Horton et al.
2015; Grotjahn et al. 2016). The present results suggest
that special attention should be paid to the ISOs over
the western Pacific and south China to better project
the future changes of the EH events in south China.
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