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ABSTRACT

The western Pacific subtropical high (WPSH) is regarded as the key circulation system that dominates the

summer heat waves over eastern China, but whether theWPSH–summer heat wave connection changes with

time remains unknown. In this study, decadal variations in the WPSH–heat wave connection were examined

for the period 1959–2016 using dailymaximum temperature data from 654 observational stations across China

and global reanalysis datasets. The results show that the correlation coefficient between the WPSH intensity

(WPSHI) and the number of heat-wave days (NHD)was 0.65 (.99% confidence level) during positive phases

of the Pacific decadal oscillation (PDO), whereas that during negative phases of the PDO was only 0.12

(,80% confidence level). The remarkable difference in correlations is due to the more westward extension

of a stronger WPSH in El Niño decaying summers during the positive phases of PDO. The stronger Indian

Ocean warming in El Niño decaying-year summers for PDO positive phases in comparison to PDO negative

phases is associated with enhanced convection and heating, which further drive a stronger anticyclone over

the northwestern Pacific, leading to a stronger and more westward-extending WPSH, which is favorable for

more heat waves over eastern China.

1. Introduction

Extreme heat-wave events have drawn an increasing

amount of attention in recent years due to their direct

and disastrous impacts on human health and regional

ecosystems (Luber and McGeehin 2008). For example,

more than 25 000 deaths could be attributed to the 2003

European heat waves (García-Herrera et al. 2010). In the

monsoon regions of eastern China, where nearly 1000

million people live, the rapidly increasing intensity of

summer heat waves has been documented over the last

few decades (Meehl and Tebaldi 2004; Ding et al. 2010)

and projected for future scenarios in many studies (Sun

et al. 2014; Ma et al. 2017; Li et al. 2018 a,b,c). Hence, it

is of great importance to understand the variability and

changes of summer heat waves in eastern China.

Previous studies on historical changes in heatwaves over

eastern China mainly focused on long-term trends and

interannual variability. For instance, the rapid increase

in the intensity of summer heat waves was attributed toCorresponding author: Prof. Congbin Fu, fcb@nju.edu.cn
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global warming in several studies (Sun et al. 2014;Ma et al.

2017). In addition to anthropogenic influences, heat waves

over eastern China also exhibit significant interannual

variability. A climate modeling study suggested that ap-

proximately 2/3 of the total variability in the July–August

heatwaves over theYangtzeRiver valley during 1979–2008

could be attributed to anomalous sea surface temperature

(SST) forcing, while the remaining 1/3 resulted from in-

ternal variability (Chen andZhou 2018). It is suggested that

the snow cover over the Qinghai-Tibetan Plateau (Wu

et al. 2016), soil moisture over eastern China (Wang et al.

2018), local atmospheric anticyclonic circulation (Wang

et al. 2016), and El Niño–Southern Oscillation (ENSO)

(Arblaster and Alexander 2012) could modulate the in-

terannual variation in heat waves over eastern China.

Among all the factors that affect heat waves over

eastern China, the western Pacific subtropical high

(WPSH) has been demonstrated to be the most direct

circulation system. For instance, the 1994 heat wave

over central China (Park and Schubert 1997) and the

three hot summers in East China during 2003, 2006, and

2013 (Li et al. 2015; Wang et al. 2016) were linked to

anomalous activity of the WPSH. The WPSH may im-

pact heat waves through two processes: 1) by directly

causing a descending motion around its ridgeline

(Kosaka et al. 2012) and 2) by impacting the northward

propagation of the East Asian rain belt, which could

modulate the spatial pattern of summer heat waves over

China (Tao and Chen 1987; Ding et al. 2010). Although

the WPSH has been widely used to understand the in-

terannual variability of heat waves, less attention has

been paid to the potential decadal variation of this kind

of relationship. There is some evidence indicating that

the interannual WPSH–heat wave relationship may not

be stable. For example, the WPSH in the summer of

2010 was the strongest over the period 1948–2010, but

the summer heat waves over eastern China were close to

the climatological mean (CMA 2010). In the summer of

2013, the heat waves over east-central China were the

strongest during 1948–2013 (CMA 2013), with record-

breaking daily maximum temperatures at 144 stations in

the Yangtze River valley (Zhou et al. 2014), which was

suggested to be a 270-yr extreme event (Sun et al. 2014).

However, the WPSH in 2013 was not the strongest. A

recent study suggested that it was not the intensity but

the westward extension of the WPSH that played a key

role in the occurrence of record-breaking summer heat

waves in 2013 (Li et al. 2015; Wang et al. 2016; CMA

2016). The underlying reasons for the unstable relation-

ship between the interannual variations of theWPSHand

heat waves remain unknown.

TheWPSH is also an important component of the East

Asian summer monsoon (EASM) circulation system

(Tao and Chen 1987; Ding and Chan 2005). Previous

studies have demonstrated that the phase change of

the Pacific decadal oscillation (PDO) is an important

mechanism that dominates the interdecadal variability

of the East Asian summer monsoon rainfall (Zhou et al.

2008, 2009b; Li et al. 2010; Qian and Zhou 2014). The

PDO is a long-lived El Niño–like pattern of Pacific cli-

mate variability that generally persists for 20–30 years

(Mantua et al. 1997). At the interannual time scale, the

impact of El Niño on East Asian summer monsoon

rainfall is most significant in the El Niño decaying-year

summers due to the delayed forcing of tropical Indian

Ocean warming [Yang et al. 2007; Xie et al. 2009; Wu

et al. 2009; also see Li et al. (2017) for a review]. How-

ever, this kind of interannual relationship is unstable and

shows decadal variations (Xie et al. 2010). The fluctua-

tions in tropical sea surface temperature associated with

the phase change of PDO are suggested to have the

effect of modulating the interannual ENSO–EASM re-

lationship (Feng et al. 2014; Song and Zhou 2015). All of

these previous studies focused on the summer monsoon

rainfall. Given that the WPSH is a component of the

monsoon system, it is natural to hypothesize that the

unstable interannualWPSH–heat wave relationshipmay

be modulated by the PDO. To examine this hypothesis,

this investigation aims to answer the following questions:

1) What are the features of the decadal changes in the

interannual variability relationship between the WPSH

and heat waves? 2) Is the PDO a factor that modulates

the interannual WPSH–heat wave relationship? If so,

what are the underlying mechanisms?

The remainder of the paper is organized as follows.

The data and analysis method are described in section 2.

Section 3 presents the results. A summary along with a

discussion is given in section 4.

2. Data and methodology

a. Observational data

The daily maximum temperature and precipitation

data used in this study were obtained from 824 surface

stations from 1959 to 2016 in China. These datasets were

quality controlled (Li et al. 2004) and provided by the

National Meteorological Information Center (NMIC)

of the China Meteorological Administration (CMA)

(http://data.cma.cn/). Stations were excluded when there

were one or more days of missing data; as a result, 654

stations were selected to ensure data consistency over the

study period.

Monthly mean sea surface temperature (28 3 28) data

for the same period were obtained from NOAA Ex-

tended Reconstructed Sea Surface Temperature data,
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version 3b (Smith et al. 2008). The SST dataset was

employed to calculate the Niño-3.4 index. Following

previous studies (Wang et al. 2008; Feng et al. 2014),

El Niño decaying summers were defined using the de-

trended Niño-3.4 index as summers with preceding

winters deviating from the climatological mean by .0.7

standard deviation. In addition, monthly interpolated out-

going longwave radiation (OLR) data from the National

Oceanic and Atmospheric Administration (NOAA) were

also used (Liebmann and Smith 1996). The data were

available at a 28 3 28 grid and covered the time period from

June 1974 to 2016 except for a short period of March–

December 1978.

The Pacific decadal oscillation (PDO) index used in this

study was provided by the Joint Institute for the Study of

theAtmosphere andOcean (JISAO; http://research.jisao.

washington.edu/pdo/PDO.latest.txt) and the University

of Washington. This index is defined as the time series

of the first empirical orthogonal function of sea surface

temperature over the North Pacific poleward of 208N.We

note that the PDO broadened to cover the whole Pacific

basin is known as the interdecadal Pacific oscillation

(IPO) (Power et al. 1999; Folland et al. 2002). The PDO

and IPO exhibit similar temporal evolution. To facilitate

the discussion, we employ the term PDO in this study.

b. Reanalysis data

A reanalysis dataset of monthly mean horizontal wind

(2.58 3 2.58), vertical wind (2.58 3 2.58), air temperature

(2.58 3 2.58), and geopotential height (2.58 3 2.58) were

obtained from the National Centers for Environmental

Prediction (NCEP) and National Center for Atmo-

spheric Research (NCAR) (Kalnay et al. 1996) for the

period January 1959–December 2016.

c. Western Pacific subtropical high intensity and the

number of heat-wave days

The geopotential heights at mid- and low-tropospheric

levels have traditionally been used to measure the WPSH

in both operational service and research. However, recent

studies have suggested that the streamfunction is recom-

mended to avoid the impact of global warming on the

definition of the WPSH index based on the geopotential

height (Li et al. 2012; Wu et al. 2016; He et al. 2015).

Hence, following Li et al. (2012), the streamfunction in the

lower troposphere (700hPa) averaged from June to Au-

gust and based on the horizontal wind field was used to

define the WPSHI in this study.

The number of heat-wave days (NHD) index was

calculated using the daily maximum temperature. The

NHD was defined as the number of days where the

daily maximum temperature exceeded 358C, which

was recommended by the NMIC of the CMA (www.cma.

gov.cn/en/WeatherWarnings/) and has been widely used

in both operational service and previous research (Sun

et al. 2014; Wang et al. 2018). In addition, we derived

the normalized WPSHI and NHD via transforming their

interannual variation into a new series with a mean of

0 and a standard deviation of 1.

d. Ensemble empirical mode decomposition

To extract the interannual variation components in the

time series for the NHD and WPSHI, a data-adaptive fil-

ter, the ensemble empirical mode decomposition (EEMD),

was employed (Huang andWu2008;WuandHuang 2009).

The EEMD was developed based on empirical mode de-

composition (EMD) (Huang et al. 1998), which is suitable

for one-dimensional nonlinear and nonstationary data

due to its high locality and adaptiveness. The EEMD

improves the robustness of EMD decomposition when

data are perturbed with noise, guaranteeing that the

decomposition is not sensitive to the noise. Thus, the

EEMD method is suitable for analyzing meteorological

data, which are usually nonstationary and nonlinear and

contain noise. Traditional Fourier spectrum-based filtering

requires a predesign filtering window, which may cause

numerous spikes at its harmonics; thus, the derived signal

in a specific time scalemay lose energy (Huang et al. 1998).

The EEMDfilter is able to avoid the energy loss caused by

spikes at its harmonics. In our analysis, we used the EEMD

as a one-dimensional filter to filter out the secular trend and

low-frequency oscillations in the time series of theWPSHI,

NHD, and Niño-3.4 index. Similar filtering was performed

on the SST and wind fields (individual grid points) and

geopotential height field (domain averaged over 08–458N,

1808E–1808W). The EEMD was also used to filter out the

high-frequency components of the PDO with a wave pe-

riod shorter than 10 years.

e. Composite analysis

In our analysis, eight El Niño decaying years during a

positive phase of the PDO (1978, 1983, 1987, 1988, 1992,

1998, 2003, and 2016) and seven El Niño decaying years

during a negative phase of the PDO (1964, 1966, 1969,

1973, 1977, 2007, and 2010) were selected for the period

1959–2016. These El Niño decaying years were em-

ployed for composite analysis, using the same climatol-

ogy for 1959–2016 for both the positive and negative

phases of the PDO. In addition, the Student’s t test was

used to examine the statistical significance of the com-

posite analysis and linear regression coefficients.

3. Results

The climatological mean and standard deviation of the

NHD in the summer [the June–August (JJA) average]
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at 654 monitoring stations for the study period (1959–

2016) are shown in Fig. 1. Climatologically, a large NHD

center was located over eastern China (Fig. 1a), where

the climatological mean of the NHD exceeded 24 days,

which was a period shorter than the 3 months of the

summer season but undoubtedly important due to its

large social and economic impacts. The large NHD

standard deviation center coincided with that of the cli-

mate mean (Fig. 1b). The maximum standard deviation

along the Yangtze River valley was greater than 10 days.

This maximum NHD center was closely associated with

the WPSH (Wang et al. 2018). To quantify the interan-

nual variation in the NHD, a regional average NHD was

used over the domain 248–358N, 107.58–122.58E over

eastern China (Fig. 1a), which is also a region with a

dense population. The domain-averaged NHD ranged

from 7 to 32 days, indicating great interannual variability

(Fig. 1c). Figure 1d shows the results of the EEMD

decomposition. The annual data over 58 years (1959–

2016) were decomposed into five components. The

components C1 and C2 represent the variability of in-

terannual scales, and the components C3–C5 represent

the variability from decadal tomultidecadal scales. In our

following analysis, we used the sum of C1 and C2 to rep-

resent the interannual variability of the NHD index. We

note that the interannual NHD index time series derived

from the EEMD method was highly correlated with that

derived from the normal Lanczos filter (Duchon 1979) at

time windows shorter than 10 years, and the correlation

coefficient was 0.97 over the period of 1959–2016.

TheWPSHI climatological mean was calculated using

the 700-hPa streamfunction (Fig. 2a). The zero-value

contour outlined the spatial coverage of theWPSH. The

WPSH climatological mean extended westward, ap-

proaching the coast of southeastern China. To examine

the relationship between the WPSHI and NHD, the

FIG. 1. Distributions of (a) climatological-mean values and (b) standard deviations of the number of heat-wave

days (NHD) in the summertime over China during 1959–2016 (days). The black rectangle (248–358N, 107.58–

122.58E) highlights the maximum standard deviation and mean values of the NHD. (c) The raw time series of the

summertime NHD averaged over the black rectangle shown in (a). (d) The different components (blue line) of the

NHD derived by the EEMD method and the interannual variability component (red line) of the NHD. The in-

terannual variability is the sum of C1 and C2. The y axis of (d) is the number of heat-wave days.
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700-hPa streamfunction anomalies were regressed with

respect to the NHD. The regressed streamfunction

resulted in an approximate positive uniformity over the

domain (Fig. 2b). The maximum 700-hPa streamfunction

anomalies were located over eastern China (258–358N,

1108–1308E) and the North Pacific Ocean (308–558N,

1508E–1608W). We defined the 700-hPa streamfunction

averaged over eastern China (see the black rectangle

marked in Fig. 2b) as the WPSH index (hereafter

WPSHI). As shown in Fig. 2c, the time series ofWPSHI

showed robust interannual variations.

Previous studies have demonstrated that the impact of

the ENSO on the WPSH is most significant during the

summer of an El Niño decaying year based on Indian

Ocean basin warming, which produces an anticyclone

over the western Pacific as a Kelvin response to warm

anomalies (Wang et al. 2000; Lau and Nath 2003; Lau

and Wang 2006; Yang et al. 2007; Xie et al. 2009; Wu

et al. 2009; Song andZhou 2014; Li et al. 2017). To reveal

the link between the heat waves and ENSO forcing

through the WPSH, in Fig. 3, we compare the summer-

time 850-hPa horizontal wind anomalies regressed upon

the time series of the WPSH index, NHD index, and

preceding winter [December–February (DJF)] Niño-3.4

index separately. As expected, an anomalous anticy-

clone was evident over the western Pacific and extended

to the eastern Asian continent in the El Niño decaying-

year summers (Fig. 3c). The pattern of wind anomalies

associated with the WPSH index closely resembled that

associated with El Niño (cf. Figs. 3a and 3c). At the re-

gional scale, the 850-hPa wind anomalies overlaying the

heat waves were a continental lobe of the wind re-

sponses associated with the WPSH (cf. Figs. 3a and 3b).

The spatial similarity of circulation responses strongly

indicates that the interannual variation of the heat waves

over southeastern China was driven by tropical ENSO

events through changes in the WPSH. This relationship

was further confirmed by the coherent variations of the

time series (shown below in Fig. 4a), where the normal-

ized WPSH index was higher than 0 in 12 out of the total

15 El Niño decaying-year summers.

To illustrate the coherent variations between the

WPSH and the NHD, Fig. 4a shows the normalized in-

terannual time series for the NHD index and WPSH in-

dex. The interdecadal components and nonlinear trends

were removed using the EEMD method. While a strong

connection was seen between the two indices, the re-

lationship was unstable and showed decadal variations.

Specifically, the WPSHI was highly correlated with the

NHD index in the 1980s, 1990s, and 2010s, but the de-

cades of the 1970s and 2000s saw low and statistically

insignificant correlations. The correlation coefficients for

the 1970s and 2000s were only 0.07 and 0.13, respectively.

FIG. 2. Distributions of (a) the JJA climatological-mean 700-hPa

streamfunction (1 3 106m2 s22) and (b) the anomalies of the

700-hPa streamfunction (1 3 105m2 s22) regressed upon the in-

terannual variability of NHD index during 1959–2016. Anomalies

statistically significant at the 5% level are marked with white dots.

The black rectangle (258–358N, 1108–1308E) highlights the region

where the NHD-related WPSHI index was defined. (c) The raw

time series of the 700-hPa streamfunction averaged over the black

rectangle (1 3 106m2 s22).
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The interannual connection between the East Asian

climate and ENSO can be modulated by the PDO (Feng

et al. 2014; Song and Zhou 2015). To understand the

potential modulating effect of the PDO on the in-

terannual WPSHI–NHD relationship, the positive and

negative phases of the PDO are marked in Fig. 4a. Note

that the positive and negative phases of the PDO index

were defined based on the filtered index shown in

Fig. 4b. Clearly, the decades during the positive phase

of the PDO saw significant correlations between the

WPSHI and NHD index, whereas those decades during

the negative phases of the PDO exhibited poor cor-

relations. The WPSHI–NHD correlation coefficient

during a positive phase of the PDO was 0.65 (.99%

confidence level) but only 0.12 during a negative phase

of PDO, which was not statistically significant at the

5% level.

To further understand how the WPSHI–NHD re-

lationship changed during the different phases of the

PDO, anomalies were calculated for the NHD, daily

maximum temperature, and precipitation for El Niño

decaying-year summers during the two phases of the

PDO (Fig. 5). The anomalies were calculated relative

to the 58-yr-mean climatology. There were remarkable

differences in the positions of the maximum positive

NHD anomalies between the two phases of the PDO.

During the positive phases of the PDO, a large area of

positive NHD anomalies was observed over the south-

ern Yangtze River during an El Niño decaying summer

(Fig. 5a). ThemaximumNHDanomaly was greater than

5 days (.90% confidence level). In comparison, a much

smaller area situated between the Yangtze and Yellow

Rivers with positive NHD anomalies was found during

the negative phases of the PDO (Fig. 5b).

During El Niño decaying summers, enhanced pre-

cipitation is observed along the Yangtze River valley

due to the anomalous western Pacific anticyclone driven

by the Indian Ocean warming (Wang et al. 2001; Kosaka

et al. 2013; Li et al. 2017). This kind of ENSO–EASM

FIG. 4. (a) Normalized WPSH and NHD indices on interannual

scales. The solid blue line represents theWPSH index, and the solid

red line represents the NHD index. The positive and negative

phases of the PDO are represented by light red and light blue

shading, respectively. The red dots and black dots represent

El Niño decaying summers during the positive and negative phases

of the PDO, respectively. (b) The raw monthly PDO index (or-

ange) and the refined PDO index (purple). The refined PDO was

derived by filtering out the components with a wave period shorter

than 10 years.

FIG. 3. The JJA-mean 850-hPa horizontal wind anomalies re-

gressed upon the time series of (a) theWPSHI, (b) the NHD index,

and (c) the preceding DJF Niño-3.4 index over the period of 1959–

2016. Zonal wind anomalies statistically significant at the 10%, 5%,

and 1% level are shaded with a light, medium, and dark orange

color, respectively.

1632 JOURNAL OF CL IMATE VOLUME 32

Unauthenticated | Downloaded 08/04/22 04:39 PM UTC



FIG. 5. JJA anomalies of the (a),(b) NHD (days), (c),(d) daily maximum temperature (8C), and (e),(f)

precipitation (mm) over eastern China in El Niño decaying summers during positive and negative phases of PDO,

denoted as PDO(1) and PDO(2), respectively. The white lines indicate where the anomalies are statistically

significant at the 10% level.
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relationship is stable during positive phases of the PDO.

To reveal the possible impacts of enhanced precipitation

on the NHD, the daily maximum temperature and pre-

cipitation for El Niño decaying summers during the two

phases of PDO are exhibited in Figs. 5c–f. In positive

phases of the PDO, the temperature and precipitation

anomalies were characterized by a dipole structure over

the target area. Heavier precipitation associated with a

lower temperature was noted along the Yangtze River

valley. However, no evident relationship was observed

between the anomaly centers of the NHD and pre-

cipitation. How dowe explain themismatch between the

precipitation and NHD changes? This resulted from the

seasonal meridional evolution of themonsoon rainband.

One prominent feature of the EASM is the precipitation

concentration in an east–west-elongated rain belt, which

affects China, Japan, the Korean peninsula, and the

surrounding seas. The position of this monsoon rain-

band is not stationary during the entire summer season.

The monsoon rainband extends from the Indochina

Peninsula and the South China Sea from the Philippines

to the Yangtze River valley in early tomid-June, and the

mei-yu (also called baiu in Japanese and changma in

Korean) begins. The monsoon penetrates northern

China inmid-July (see Fig. 2 of Zhou et al. 2009b). Thus,

the rainy season along the Yangtze River valley gener-

ally lasts from 15 June to 15 July, the so-called mei-yu

period in China. The total period of rainy days lasts less

than 3 months of the summer season, but the amount of

JJA rainfall along theYangtzeRiver valley is dominated

by the contribution of the mei-yu period. The enhanced

precipitation along the Yangtze River valley in El Niño

decaying summer generally occurs during this rainy

period (15 June–15 July). This scenario is confirmed by

Fig. 6, where we compare the monthly evolution of the

NHD and precipitation anomalies from June to August.

It is evident that excessive precipitation along the

Yangtze River valley occurred mainly in June and July,

whereas the NHD events were mainly south of the

Yangtze River valley in July and August. Because our

analysis on the NHD focused on the whole boreal

summer season that covers June, July, and August,

which is longer than the actual rainy period, the anomalies

of NHD did not strictly follow the ‘‘more precipitation–

less NHD’’ relationship. Visual inspections of the anom-

alies for the individual months of July and August do

show a ‘‘less precipitation–more heat waves’’ relationship

in the regions south of the Yangtze River valley (cf. Fig. 6c

with Fig. 6d, and Fig. 6e with Fig. 6f).

The above analyses show that the interannual con-

nection between the NHD and ENSO through the

WPSH is modulated by the phase changes of the PDO.

To reveal how the PDO modulates the WPSH, in Fig. 7

we compare the patterns of the WPSH in El Niño

decaying-year summers during the positive and negative

phases of the PDO. Both the El Niño decaying summers

in the positive and negative phases of the PDO resulted

in prevailing positive anomalies over the western por-

tion of the WPSH, indicating an enhancement of the

WPSH. However, there were several spatial differences

in the location and intensity of the WPSH between the

two phases of the PDO. During the positive phases of

the PDO, the enhancement of the WPSH was stronger

and much more significant west of 1208E compared to

that east of 1208E, suggesting a remarkable westward

extension of the WPSH. Positive WPSH anomalies

(.95% confidence level) extended from the Philippines

and the South China Sea toward a majority of eastern

China (Fig. 7a). The intensified WPSH corresponded

well with the locations of the largest NHD anomalies

(Fig. 5a). In comparison, the WPSH during the negative

phases of the PDO remained stationary (Fig. 7b), with

the WPSH mainly enhanced east of 1208E. There were

two centers in the anomaly field: one was located in the

tropics, extending from the northwestern Pacific to the

South China Sea, and the other was located in the sub-

tropics, extending from northern Japan to northern

China. The northern center coincided well with the

anomalies of NHDover the regions between theYangtze

River and the Yellow River.

The difference in the position of the WPSH between

the positive and negative phases of the PDO could be

identified from the contours of the geopotential height

of 5860 gpm, which is a useful measure of the edge of the

WPSH (Figs. 7c,d). The westward extension of WPSH

was confirmed in Figs. 7c and 7d. Compared to the

negative phases of the PDO, the western edge of the

summertime WPSH shifted westward by 58 in the posi-

tive phases of the PDO. Subseasonal characteristics in

the position of the WPSH were also evident. In the

positive phases of the PDO, a large area of eastern

China was dominated by a persistent intensified WPSH

in July and August, corresponding well with the loca-

tions of the largest NHD anomalies. The subseasonal

variations of the WPSH also explain the changes in the

precipitation and NHD anomalies shown in Fig. 6. In

comparison, the evolution of the WPSH during the

negative phases of the PDO was characterized by a

northward and eastward shrinking from June to July;

hence, the western edge of the WPSH barely reached

the coast of southeastern China during July and August,

leading to a weak relation between the heat waves over

eastern China and the WPSH.

Why are there different responses of the WPSH in El

Niño decaying-year summers during positive and nega-

tive phases of the PDO? In Fig. 8, we examine the
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difference in the SST anomalies in El Niño decaying-

year summers associated with positive and negative

phases of the PDO. Both Figs. 8a and 8b feature an

Indian Ocean warming due to the capacitor effect of

remote El Niño forcing (Xie et al. 2009), but the

anomalies for the PDO positive phase were stronger

than those for the negative phase, especially in the

eastern part of the IndianOcean (see the difference field

in Fig. 8c). Previous studies have demonstrated that the

anomalous heating associated with the warmer Indian

Ocean SST drives anomalous easterlies as a Kelvin wave

response to the east of the heat source. The Kelvin wave

easterlies have a maximum at the equator and decrease

with latitudes, generating the anticyclonic shear over the

northwestern Pacific [Xie et al. 2009;Wu et al. 2009; also

see Li et al. (2017) for a review]. The anomalous anti-

cyclone ultimately leads to position changes of the

WPSH that affect the heat waves over eastern China.

FIG. 6. Monthly anomalies of (a),(c),(e) NHD (days) and (b),(d),(f) precipitation (mm) in an El Niño decaying

year for (a),(b) June, (c),(d) July, and (e),(f) August during positive phases of the PDO. The white lines indicate

where the anomalies are statistically significant at the 10% level.
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The driving of Indian Ocean warming to the westward

extension of the WPSH has been demonstrated by nu-

merical model experiments (Li et al. 2008; Zhou et al.

2009a). In Figs. 8a and 8b, we see clear northwestern

Pacific anticyclones in both the positive and negative

phases of the PDO. During the positive phases of the

PDO, the Indian Ocean warming in El Niño decaying-

year summers due to the capacitor effect (Xie et al.

2009) is stronger than that during the negative phases of

the PDO (Fig. 8c). For example, the tropical and eastern

Indian Ocean SST anomaly was approximately 0.38–

0.58C warmer; thus, the stronger heating associated with

the enhanced convection over the Indian Ocean, as

evidenced by the outgoing longwave radiation changes

shown in Fig. 8c, drove a stronger and more westward

anomalous anticyclone over the northwestern Pacific

through the Kelvin wave response.

The stronger forcing of Indian Ocean warmer SST

anomalies during the positive phases of the PDO was

also demonstrated by the responses of the tropospheric-

mean temperature, a conventional way for measuring

the free atmosphere’s response to tropical oceanwarming

(Santer et al. 2005; Trenberth et al. 2005; Trenberth

and Smith 2006; Zhou and Zhang 2011). In Fig. 9, we

show the tropospheric-mean (200–500 hPa) temperature

anomalies in El Niño decaying-year summers during

the positive and negative phases of the PDO. In re-

sponse to the anomalous heating associated with the

Indian Ocean SST warming, tropospheric warming was

observed over the Indian Ocean, with two off-equatorial

FIG. 7. Composite 700-hPa streamfunction anomalies (13 106m2 s22; shaded) during El Niño decaying summers

for (a) positive and (b) negative phases of the PDO. Anomalies statistically significant at the 5% level are marked

with white dots. The summertime climatological-mean 700-hPa streamfunction is shown as a solid black line in

(a) and (b). The outermost line equals243 106m2 s22, with intervals of 23 106m2 s22. (c),(d) The locations of the

WPSH (marked by a 5860-gpm contour of a composite of the 500-hPa detrended geopotential height superimposed

on the 1986–2015 climatological mean) in El Niño decaying-year summers during the positive and negative phases

of the PDO, respectively. The red solid lines are for the JJA-mean condition, while the black solid lines, black

dashed lines, and black dotted lines are for the conditions in June, July, and August, respectively.
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maximal centers located on both sides of the equator over

the IndianOcean and an equatorial warmingwedge to the

east, resembling a typical Matsuno–Gill type response

pattern (Matsuno 1966; Gill 1980). The prominent fea-

tures of the tropospheric temperature anomalies associ-

ated with the positive PDO in comparison to the negative

phases of the PDO were the stronger off-equatorial

Rossby wave maxima and the stronger equatorial Kelvin

wave maximum (Fig. 9c), again demonstrating the

stronger Indian Ocean SST forcing during the positive

phase of the PDO.

4. Summary and concluding remarks

The western Pacific subtropical high (WPSH) is an

important circulation system that affects the interannual

variation of the summer heat waves over eastern China.

In this study, we present observational evidence that the

interannual WPSH–heat wave relationship is unstable

and exhibits decadal variations over the period of 1959–

2016. Analysis reveals that the interannual WPSH–heat

wave variability is modulated by the phase changes of

the PDO. The underlying mechanisms are depicted in

Fig. 10. The major findings are summarized below.

The interannual relationship between theWPSHI and

the number of heat-wave days (NHD) shows decadal

variations over the period of 1959–2016. This kind of

variable interannual connection is modulated by the

phase changes of the PDO. During the positive PDO

phases, the WPSHI and the NHD were correlated at

r5 0.65 (statistically significant at the 1% level), but the

FIG. 9. Composite anomalies of the tropospheric-mean (200–

500 hPa) temperature in El Niño decaying-year summers during

(a) positive and (b) negative phases of the PDO (8C). (c) The dif-

ference between (a) and (b).

FIG. 8. Composite anomalies of the 700-hPa horizontal wind

(vectors; m s21), sea surface temperature (shaded; 8C), and out-

going longwave radiation (OLR; contours; Wm22) in El Niño

decaying-year summers during (a) positive and (b) negative phases

of the PDO. (c) The difference in the SST (shaded; 8C) and OLR

(contours; Wm22) during El Niño decaying summers between

positive and negative phases of the PDO. SST anomalies statisti-

cally significant at the 5% level are marked with white dots. Only

horizontal winds exceeding 0.6m s21 are drawn. The purple lines

and green lines represent negative (indicating enhanced convec-

tion and heating) and positive (indicating suppressed convection

and heating) values, respectively, with intervals of 5Wm22. The

composite anomalies are for the period of 1974–2016 due to the

availability of OLR data.
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correlation coefficient decreased to r 5 0.12 (statisti-

cally insignificant at the 5% level) during the negative

PDO phases.

The interannual variability of the WPSH is driven by

the Indian Ocean SST warming in El Niño decaying-

year summers. During the positive phases of the PDO,

the Indian Ocean SST is warmer than that during the

negative phases of the PDO, and the enhanced con-

vection and the associated heating drive a stronger

anticyclone over the northwestern Pacific, leading to a

stronger and westward extending WPSH, which is favor-

able for more heat waves over eastern China. Hence, the

variable interannual WPSH–NHD variation is essentially

a manifestation of a variable interannual ENSO–NHD

connection through the Indian Ocean warming, which

can be modulated by the phase changes of the PDO.

In addition, in this study the EEMD method is used

to derive the interannual variability components of the

time series. We acknowledge that the result is not

method-dependent. For example, if we apply the simple

normalization and detrending method as a filter, the

correlation coefficient between the WPSH and NHD

indices is 0.56 in the positive phase of the PDO, which

is statistically significant at the 1% level, while the cor-

responding correlation coefficient is 0.26 in the negative

phase of the PDO, which is statistically insignifi-

cant at the 5% and 10% levels. The results are hence

qualitatively consistent with those based on the EEMD

method, where the corresponding correlation coefficients

are 0.65 and 0.12, respectively.

We also acknowledge that the current study is based

on composite analysis; while the composite analyses

show strong evidences that the decadal variations in the

WPSH–heat wave connection are modulated by the

phase changes of PDO, the limited cases due to data

availability may cause uncertainty. We hope to further

examine the robustness of the composite analysis in the

near future by diagnosing the output of freely coupled

ocean–atmosphere model simulations that are hundreds

of years long. In addition, based on our analysis, while

we highlight that the tight (loose) WPSH–heat wave

relation is forced by the stronger (weaker) IndianOcean

warming in El Niño decaying-year summers for the PDO

positive (negative) phase, we should also acknowledge

that the cooling in the tropical central–eastern Pacific

associated with the negative phase of PDOmight also be

favorable to the eastward retreat of the WPSH based on

the Matsuno–Gill theory. Numerical experiments are

needed to examine the hypothesis in the future.
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