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ABSTRACT

This study examines interdecadal changes in the interannual relationship between the extended boreal

summer (May–November) tropical cyclogenesis (TCG) latitude and longitude over the western North Pacific

Ocean (WNP) during 1979–2016. Increasing covariability of WNP TCG latitude and longitude is observed

since 1998, which is found to be closely linked to shifting ENSO conditions and a tropical Pacific climate

regime shift. Accompanied by an increasing occurrence in central Pacific (CP) ENSO events during recent

decades, there has been a more consistent northwestward or southeastward shift of WNP TCG location since

1998. These coherent latitude and longitude shifts were generally not evident during 1979–97, a period

characterized by amore conventional eastern Pacific (EP) ENSOpattern.Our statistical results show a robust

relationship between TCG latitude and the Hadley circulation and between longitude and the Walker cir-

culation during the period prior to and since the regime shift, and a possible physical explanation for the

recent increased covariability of TCG latitude and longitude is given. During 1998–2016, there is a significant

association of CP ENSO events with the intensity of both the Hadley and Walker circulations that likely

caused the recent increase in the covariability of TCG latitude and longitude. However, the strong association

of EP ENSO events with the intensity of the Hadley circulation but not with the Walker circulation during

1979–97 weakened the covariability of TCG latitude and longitude. In addition, changes in tropical Indian

Ocean sea surface temperatures appear to also importantly contribute to the recent increased covariability of

WNP TCG location.

1. Introduction

Tropical cyclones (TCs) are one of the most devas-

tating and deadly natural disasters on Earth, often

causing huge economic damage and great loss of life

(Mendelsohn et al. 2012; Peduzzi et al. 2012). Studies

have suggested that TCs over the western North Pacific

Ocean (WNP) pose an increasing threat to economic

development as well as the growing population in

China’s coastal areas and adjacent regions (Zhang et al.

2009; Lin et al. 2014). Previous studies have mainly fo-

cused on the changes of TC frequency, TC track, and

TC intensity in response to climate change (Knutson

et al. 2010; Walsh et al. 2015). Forecasts of tropicalCorresponding author: Dr. Haikun Zhao, zhk2004y@gmail.com
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cyclogenesis (TCG) remain challenging, however, especially

beyond ;12–14 days where dynamical models show little

skill (Yamaguchi et al. 2015). Therefore, enhanced under-

standing of changes in TC formation location could po-

tentially aid in future TC forecasts.

The tropical Pacific climate regime shift and associ-

ated ENSO characteristic changes that occurred in the

late 1990s have been well documented in previous

studies (Kug et al. 2009; Lee and McPhaden 2010;

McPhaden et al. 2011; Yu et al. 2011; Hu et al. 2013,

2017; Hu et al. 2018; Zhao and Wang 2019). Accompa-

nying the climate regime shift were decadal changes in

the characteristics of WNP TC activity. For example,

there was a significant reduction in TC frequency (Liu

and Chan 2013) and a significant increase in both the

proportion of intense TCs (Wu et al. 2018) and rapidly

intensifying TCs (Zhao et al. 2018). In addition, there

was an apparent westward and northward shift in TC

formation location (Liu and Chan 2013; Wu et al. 2015;

Hu et al. 2018). More TCs have also tended to take

westward and northward tracks since the late 1990s

(Chan 2008; Liu and Chan 2013; Zhao and Wang 2016;

Wu et al. 2018). These changes inWNPTC activity were

thought to be closely associated with changes in the

large-scale environment (Chan 2008; Liu and Chan

2013; Wu et al. 2015; Zhao and Wang 2016, 2019; Hu

et al. 2018; Wang et al. 2019) as well as changes in tel-

econnections with tropical sea surface temperature

anomaly (SSTA) patterns in response to the aforemen-

tioned climate regime shift (Kim et al. 2010; Huo et al.

2015; Yu et al. 2015; Gao et al. 2018; Hu et al. 2018; Zhao

et al. 2018; Zhao andWang 2019). However, the change

in the interannual relationship between TCG latitude

and TCG longitude over the WNP basin in response to

the climate regime shift has been less studied.

Studies have suggested that ENSO has a significant

impact on the interannual variability of WNP TCG lo-

cation, with many studies noting that there is a south-

eastward shift during El Niño years and a northwestward

displacement during La Niña years (Lander 1994; Wang

and Chan 2002; Camargo and Sobel 2005). We confirm

this previously documented relationship here by showing

that there is a significant correlation betweenWNP TCG

location and the Niño-3.4 index during the full period of

this study from 1979 to 2016. BothTCG latitude andTCG

longitude during the boreal extended summer from May

to November strongly correlate with the Niño-3.4 index,

with respective correlation coefficients of20.78 and 0.66

that are significant at a 95% confidence level (Table 1).

We also find stronger covariability of TCG latitude and

longitude over the WNP basin during 1979–2016, with a

correlation coefficient of 20.54 that is significant at a

95% confidence level (Table 1). Associated with a well-

documented shifting ENSO and Pacific climate shift

during the recent decades [e.g., more LaNiña and central
Pacific (CP) El Niño events and a predominantly cool

Pacific decadal oscillation (PDO) phase], studies have

suggested that there is an apparent northwestward shift of

WNP TCG location (Liu and Chan 2013; Wu et al. 2015;

Hu et al. 2018; Zhao andWang 2016, 2019). These studies

have only given a qualitative analysis of the changes inTC

frequency over the different subregions of theWNPbasin

but have not documented a corresponding change in the

interannual relationship between TCG latitude and TCG

longitude over theWNPbasin associatedwith the climate

regime shift.

Our objective in this study is to evaluate changes in the

interannual covariability of WNP TCG latitude and lon-

gitude with specific emphasis on the importance of the

increasing occurrence of CP ENSO events since the late

1990s. The reminder of this study is arranged as follows.

Section 2 describes the data and methods, as well as

definitions of various ENSO indices and calculations of

the intensity of the Walker and Hadley circulations.

Changes in the interannual covariability of TCG latitude

and longitude over the WNP basin are compared be-

tween before 1998 and after 1998 in section 3. Key factors

affecting the associated interdecadal changes of the in-

terannual covariability of TCG location are investigated

in section 4. Section 5 gives a summary and a discussion.

2. Data and methods

a. TC, atmospheric, and oceanic data

TC data are obtained from the Joint Typhoon

Warning Center (JTWC) best-track dataset, including

6-h-interval latitude and longitude and maximum sus-

tained wind speed (Chu et al. 2002). In this study, we

evaluate TC activity during the extended boreal summer

from May to November during 1979–2016 and over the

WNP basin (08–308N, 1208E–1808), excluding the South

China Sea. We also define a subregion of the WNP at

58–22.58N, 127.58–1608E, which is termed the main de-

velopment region (MDR) in this study. During the

TABLE 1. Correlation between TCG latitude and TCG longitude

from JTWC and the Niño-3.4 index during 1979–2016 and the two

subperiods 1998–2016 and 1979–97. The correlations of TC latitude

and TCG longitude during these three periods are also shown. An

asterisk indicates that the correlation is significant at a 95%

confidence level.

Correlations 1979–2016 1979–97 1998–2016

Niño-3.4 and TCG lat 20.78* 20.74* 20.83*

Niño-3.4 and TCG lon 0.66* 0.60* 0.74*

TCG lat and TCG lon 20.54* 20.38 20.58*
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extended boreal summer, about 80% of all WNP TCs

formed in the MDR. The Dvorak technique of esti-

mating TC intensity from satellite became routine in the

mid- to late 1970s. About 19 TCs occur during the ex-

tended summer, accounting for ;90% of the annual

total number of TCs (i.e., 21 TCs) over the WNP basin.

Only TCs with an intensity greater than or equal to

tropical storm intensity are considered in this study. The

changes in the interannual covariability of TCG latitude

and longitude observed with the JTWC best tracks be-

tween before 1998 and after 1998 are also confirmed by

using best tracks from the Shanghai Typhoon Institute

of the China Meteorological Administration (CMA_

STI; Ying et al. 2014) and the Japan Meteorological

Agency (JMA; Kunitsugu 2012). Such a consistent trend

using each of the three best-track datasets implies that

changes in the covariability of TCG latitude and longi-

tude over theWNP basin are real and not a data artifact.

This will be discussed in more detail in section 3.

Monthly atmospheric variables are obtained from the

National Centers for Environmental Prediction–U.S.

Department of Energy reanalysis (R2; Kanamitsu et al.

2002). Monthly sea surface temperatures (SSTs) are

taken from the National Oceanic and Atmospheric

Administration (NOAA)ExtendedReconstructed SST,

version 4 (ERSSTv4; Huang et al. 2015).

b. ENSO

Various ENSO indices are used in this study to in-

vestigate the interannual relationship of the ENSO state

change with TCG location between before 1998 and after

1998. The Niño-3.4 index, defined as SSTAs over 58S–
58N, 1708–1208W, is frequently used to describe ENSO

state changes. Studies have suggested an increasing oc-

currence of CP ENSO events since the late 1990s (Ashok

et al. 2007; Yu andKao 2007; Kao andYu 2009; Kug et al.

2009; Lee andMcPhaden 2010). Eastern Pacific (EP) and

CP ENSO events can exert distinctly different tele-

connected impacts on climate and extreme weather

events around the globe (Yu et al. 2012; Xiang et al. 2013;

Cai et al. 2015; Zhao and Wang 2016, 2019; Hu et al.

2018). There is considerable interest in exploring the

impact of a shifting ENSO on changes in the interannual

covariability of TCG latitude and longitude over the

WNP basin. However, CP and EP ENSO events cannot

be distinguished well using the Niño-3.4 index. To better

separate CP and EP ENSO events, the CP ENSO index

and EPENSO index are calculated following the method

proposed by Kao and Yu (2009) and Yu and Kim (2010)

using a regression–EOF analysis to identify the strengths

of the CP and EP types of ENSO. The El Niño Modoki

index (EMI) proposed by Ashok et al. (2007) and ex-

amined in many other studies (Kim et al. 2009; Chen and

Tam 2010; Hong et al. 2011; Zhao andWang 2016) is also

used to represent CPENSO events to further confirm the

robustness of the impact of CP ENSO events.

c. Intensity of Walker and Hadley circulations

Previously, a close association of TCG location over

theWNP basin with theWalker and Hadley circulations

has been documented (Chu 2002; Wang and Enfield

2003; Zhou andCui 2008;Wang et al. 2013; Sharmila and

Walsh 2018; Studholme andGulev 2018). Changes in the

interannual relationship between the intensity of the

Walker and Hadley circulations and TCG locations are

further examined between pre-1998 and post-1998. The

strength of the Hadley circulation during these two pe-

riods is quantified following Oort and Yienger (1996)

and Yu et al. (2012). The vertical wind shear of the

meridional wind between 200 and 850hPa (200 hPa

minus 850hPa) over the tropical western North Pacific

(1158–1558E) along 108N is used to represent the Hadley

circulation strength. Following Wang et al. (2013), the

intensity of the Walker circulation is calculated as the

850-hPa zonal wind averaged over the equatorial Pacific

(108S–108N, 1408E–1208W). Note that the Walker cir-

culation is strong when the index is negative and has a

larger absolute value, whereas the Hadley circulation

intensity depends on the value of vertical wind shear.

Our computations suggest that both the intensity of the

Walker circulation and of the Hadley circulation during

1979–2016 show an upward trend. Correspondingly, an

intensifiedHadley andWalker circulation can be readily

seen during the recent period since 1998 (23.2

and 26.0 m s21, respectively) relative to the period

1979–97 (23.6 and 25.3m s21, respectively), although

the differences between these two periods are not sig-

nificant at a 95% confidence level. These results agree

with previous studies based on both observational and

theoretical analyses (Vecchi et al. 2006; Hoyos and

Webster 2012; Wang et al. 2013; McGregor et al. 2014;

Sharmila and Walsh 2018).

d. Tests of statistical significance

A two-tailed Student’s t test is used to examine sta-

tistical significance for the correlation and composite

analysis; P values equal to or less than 0.05 are statisti-

cally significant in this study.

3. Recent increase in covariability of TCG location

a. West-northwestward displacement of TCG
location

There is considerable interannual variability in TCG

location from 1979 to 2016 (Fig. 1). The standard de-

viations of the annual average TCG latitude and
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longitude are 1.98 and 4.78 respectively. The interannual
variation of TCG location is found to be closely associ-

ated with ENSO (Table 1). As shown in Table 1, both

the TCG latitude and longitude significantly correlate

with the Niño-3.4 index, with correlation coefficients

of 20.78 and 0.66 during 1979–2016, 20.74 and 0.60

during 1979–97, and 20.83 and 0.74 during 1998–2016,

respectively. In addition to significant interannual vari-

ability in TCG location, a decadal change in TCG lo-

cation has occurred, with a westward and northward

shift in TCG location over the WNP basin during the

recent period. The annual average TCG latitude and

longitude are 17.38N and 139.38E during 1998–2016 and

16.18N and 142.78E during 1979–97. The differences in

annual average TCG latitude (1.28) and longitude

(23.48) between these two periods are significant. This

northwestward displacement of WNP TCG location has

been observed in many previous studies (Liu and Chan

2013; Wu et al. 2015; Zhao and Wang 2016; Hu et al.

2018). These studies attributed changes in the large-

scale environment associated with the recent climate

regime shift to the northwestward shift in TCG location

over the WNP basin during the recent decades. These

changes include vertical wind shear, vertical motion,

midlevel relative humidity, and low-level relative vor-

ticity associated with changes in large-scale atmospheric

phenomena such as a weaker monsoon trough over the

WNP basin and a westward shift of theWNP subtropical

high and associated tropical upper tropospheric trough

in response to the climate regime shift that occurred in

the late 1990s (Fig. 2). Several possible physical mech-

anisms for the northwestward shift in TCG location over

the WNP basin have been given in previous studies

based on qualitative analyses (Wu et al. 2015; Hu et al.

2018; Zhao et al. 2018).

Our results have been obtained from the JTWC best-

track dataset. The results from the JTWC best track are

not consistent with results in the shift of TCG location

over the WNP basin when using the best-track datasets

from the JMA and CMA_STI. A significant westward

shift of TCG location over the WNP basin can also be

found from these two best-track datasets, but while

FIG. 1. Time series of TCG latitude (black) and TCG longitude (red) from JTWC over the

WNP basin during 1979–2016. Correlations between the two time series and the annual average

of TCG latitude and TCG longitude during 1979–97 and 1998–2016 are also respectively

plotted. An asterisk indicates that the correlation is significant at a 95% confidence level.

FIG. 2. Anomaly of vertical (200 minus 850 hPa) wind shear

(shading; m s21), 500-hPa vertical velocity (contours; Pa s21), and

850-hPa wind (vectors) during (a) 1979–97 and (b) 1998–2016.

Green and black lines are respectively the WNP subtropical high

defined with 5875 gpm for 500-hPa geopotential height and the

tropical upper tropospheric trough defined with 3 3 1026 s21 for

200-hPa relative vorticity.
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there is a northward displacement of TCG location over

the WNP basin using either the JMA or the CMA_STI

best-track dataset, these differences are not significant.

The annual average TCG latitude is 16.08/17.38N and the

longitude is 141.38/140.38E during 1998–2016, and they

are 15.88/16.68N and 142.58/142.78E during 1979–97. The

values before and after the forward slashes are from the

CMA_STI and JMA, respectively. Differences in annual

average TCG latitude and longitude between these two

periods are 0.28/0.78 and21.28/22.48, respectively, from
CMA_STI and JMA. Detailed analyses of the quality of

the TC records merit further investigation.

b. Recent increased covariability of TCG latitude and
longitude

During recent decades, TCG latitude and longitude

over the WNP show increased interannual covariability.

As shown in Table 1, a significant linkage between TCG

latitude and TCG longitude over the WNP basin occurs

with a correlation coefficient of 20.54. The significant

association between TCG latitude and longitude over the

whole period of 1979–2016 is mainly due to a significant

correlation between the two parameters during recent

decades. During 1998–2016, TCG latitude strongly cor-

relates (20.58) with TCG longitude (Fig. 1). In contrast,

the correlation between TCG latitude and TCG longi-

tude (20.38) is not significant before 1998 (Fig. 1). Similar

results in interannual covariability of TCG latitude and

longitude are found when examining the MDR. The in-

terannual correlation is an insignificant 20.08 during

1979–97 but is a significant20.50 during 1998–2016. This

indicates that the recent intensified interannual relation-

ship between TCG latitude and longitude is closely as-

sociated with decadal changes in the spatial distribution

of TCG over the WNP basin. Moreover, such an in-

tensified covariability in TCG latitude and longitude over

the WNP basin is also found when examining the other

two best-track datasets: JMA and CMA_STI. In-

significant interannual correlations of20.19/0.19 during

1979–97 and significant correlations of 20.52/20.59

during 1998–2016 between TCG latitude and longitude

are obtained when using the CMA_STI and JMA da-

tasets, indicated as previously. This strong consistency

among the three best-track datasets confirms the in-

tensified covariability of TCG latitude and longitude

over the WNP during the recent decades. We focus on

improving our understanding of the recent increased

covariability of TCG latitude and longitude over the

WNP basin for the remainder of this study.

4. Possible factors for the recent increased
covariability of TCG latitude and longitude

Figure 3 displays a correlation map between SST and

TCG location since 1998 and before 1998. During 1998–

2016, the correlation pattern between TCG latitude and

SST is very similar to the correlation pattern between

TCG longitude and SST (Figs. 3b,d). Both patterns

have a significant correlation over the tropical CP region

and both generally show a CP ENSO-like pattern. The

FIG. 3. Correlation maps of TCG (a),(b) latitude and (c),(d) longitude from JTWC with SST during (left) 1979–97

and (right) 1998–2016. White dots indicate that the values are significant at a 95% confidence level.
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consistency in the correlation map between SST and

both TCG latitude and TCG longitude corresponds well

with the increased covariability of TCG latitude and

TCG longitude during the recent decades. By contrast,

there are differences in the correlation maps of TCG

latitude and especially TCG longitude from 1979–97 to

1998–2016 (Figs. 3a,c). During the earlier period, TCG

latitude correlates significantly with SST over the trop-

ical Pacific, especially the tropical central-eastern Pa-

cific. The pattern of the TCG latitude–SST correlation in

the Pacific is similar during the recent period, although

the correlation in the western Pacific is less significant.

The significance of the positive correlation between

tropical central-eastern Pacific SST and tropical Indian

Ocean (TIO) SST and TCG longitude has increased

from the earlier period to the more recent period. The

physical differences in the TCG latitude and TCG lon-

gitude relationships with SST are likely the reason that

there are insignificant correlation between TCG latitude

and TCG longitude over theWNP basin during 1979–97,

whereas the relationship is significant since that time.

These results are further demonstrated by the pattern

correlation of these two correlationmaps for the periods

of 1979–97 and 1998–2016. The pattern correlations

are 20.56 and 20.92 during 1979–97 and 1998–2016,

respectively. As suggested by Wilks (2006), a pattern

correlation of 0.6 represents a reasonable lower limit for

significance. This significance level has been widely used

in previous studies (Barnston and Mason 2011; Zhao

et al. 2014; Zhao and Wang 2016, 2019). In general, this

implies that a shifting ENSO state possibly played a role

in controlling changes of interannual covariability of

TCG latitude and longitude over the WNP basin.

As suggested by previous studies that showed a sig-

nificant impact of ENSO on WNP TCG location

(Lander 1994;Wang andChan 2002), we also plotted the

TCG distribution during El Niño and La Niña years for

the two periods (Fig. 4). A significant difference be-

tween El Niño and La Niña years occurs during recent

decades over the MDR, but it is not significant during

1979–97. The difference of 4 TCs between El Niño and

La Niña years during 1979–97 is not significant at a 95%
confidence level, whereas the difference of 13 TCs dur-

ing 1998–2016 is significant at a 95% confidence level.

Additionally, there is no significant difference of TCs

forming outside theMDR between El Niño and LaNiña
years between the two periods. A total of 46 and 39 TCs

occurred outside the MDR during La Niña years for

1979–97 and 1998–2016, respectively, and the corre-

sponding numbers are 51 and 37 TCs during El Niño
years. The differences are 5 and 2 between El Niño and

La Niña years during 1979–97 and 1998–2016, re-

spectively, both of which are not significant at a 95%

confidence level. Similarly, TCs in the South China Sea

(SCS) showed no significant change between the two

periods. A total of 18 and 16 TCs occurred in the SCS

during La Niña years for 1979–97 and 1998–2016, re-

spectively, and the corresponding numbers are 19 and 13

FIG. 4. May–November TCG location during the (left) four highest and (right) four lowest Southern Oscillation

index (SOI) years [as defined in Lander (1994)] for (a),(b) 1979–97 and (c),(d) 1998–2016, averaged fromMarch to

January. The red- and blue-background regions are El Niño and La Niña boxes, respectively. The green-outlined

box is theMDR.TheTC counts in thewholeWNP (blue number), theMDR (green number), and outside theMDR

(black number) are also listed.
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TCs during El Niño years. The period differences of 1

and 3 between El Niño and La Niña years are not sig-

nificant at a 95% confidence level.

Furthermore, the TCG distribution during the early

season (March to mid-July), the midseason (mid-July to

mid-October), and the late season (mid-October to

January) during El Niño and La Niña years for the two

periods, 1979–97 and 1998–2016, are also plotted fol-

lowing Lander (1994). As shown in Fig. 5, TC genesis

during the period from 1979 to 2016 is strongly influ-

enced by ENSO, which is clearly seen in the so-called El

Niño box. This is consistent with the results of Lander

(1994). We find a similar impact of ENSO on TC genesis

in the El Niño box during both subperiods (Figs. 6 and

7). In addition, we find that ENSO has a significant im-

pact onMDRTC genesis during 1998–2016 for the early

season, the midseason, and the late season, but it has no

significant impact on MDR TC genesis for the early

season and themidseason during 1979–97 (Figs. 6 and 7).

In contrast, ENSO has a significant impact on TC gen-

esis outside the MDR in the late season during 1979–97

(Figs. 6 and 7). Seasonal impacts of ENSOonTC genesis

appear to be related to interdecadal changes. This

finding warrants future research.

To further clarify the importance of the ENSO state

change on the TCG location–SST relationship, the re-

lationships between various ENSO indices and TCG

location between before 1998 and after 1998 are exam-

ined. An intensified and significant correlation between

both TCG latitude and longitude and the EMI or CP

ENSO index has been recorded during recent decades.

These correlations are significant, 20.77 and 0.61,

respectively (Table 2). In contrast, the correlations be-

tween TCG location and ENSO are lower during 1979–

97 (Table 2). In association with prevailing EP ENSO

events during 1979–97, we also computed the correla-

tion of EP ENSO events with TCG latitude and longi-

tude. The EP ENSO index significantly correlates with

FIG. 5. TCG location in different seasons [(top) early season, (middle) midseason, and (bottom) late season

(bottom)] during the (a)–(c) six highest and (d)–(f) six lowest Southern Oscillation index (SOI) years [as defined in

Lander (1994)], averaged from March to January during 1979–2016. The red- and blue-background regions are El

Niño and LaNiña boxes, respectively. The green-outlined box is theMDR. The TC counts in the wholeWNP (blue

number), the MDR (green number) and outside the MDR (black number) are also listed. The early season is

defined fromMarch tomid-July, themidseason goes frommid-July tomid-October, and the late season covers from

mid-October to January of the following year (Lander 1994).
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TCG latitude (20.53) but not with TCG longitude (0.29)

(Table 2). In summary, CP ENSO events significantly

correlate with both TCG latitude and TCG longitude,

whereas EP ENSO events significantly correlate with

TCG latitude but not with TCG longitude. Similar re-

sults can also be found in the interannual relationship

between TCG latitude and longitude over the MDR.

During the recent decades, the correlation between

TCG latitude or longitude over this region and the CP

ENSO index is 20.54 and 0.63, respectively, both of

which are significant. In summary, we find that the re-

cent intensification of the covariability of TCG latitude

and longitude over the WNP basin is largely due to the

increasing frequency of CP ENSO events associated

with the climate regime shift.

As discussed in Verdon and Franks (2006), there is

evidence to link the prevalence of one type of El Niño
event or the other to decadal variations of the mean

Pacific state associated with the PDO. The cold phase of

the PDO that has tended to predominate since the late

1990s is likely to favor La Niña or CP El Niño events.

Recent studies have also demonstrated a regime shift in

ENSO in recent decades with more frequent La Niña
and CP El Niño events (Kao and Yu 2009; Cai et al.

2015; Xiang et al. 2013). Further analyses suggest a more

consistent covariability of TC genesis latitude and lon-

gitude during the years with a negative PDO index

with a correlation coefficient of 20.60 (significant at a

95% confidence level), whereas this covariability is re-

duced during the years with a positive PDO (correlation

coefficient is 20.34) (Fig. 8).

Several studies have documented that changes in

TCG location over the WNP basin largely depend on

changes in the intensity of the Walker circulation and

the Hadley circulation (Chu 2002; Wang and Enfield

2003; Zhou andCui 2008;Wang et al. 2013; Sharmila and

Walsh 2018; Studholme and Gulev 2018). Associated

with the general shift of El Niño events from the eastern

to the central Pacific in recent decades, studies have

suggested that there has been a substantial strengthen-

ing of the Walker circulation and a pronounced north-

ward expansion of the Hadley circulation (McGregor

et al. 2014; Sharmila and Walsh 2018). Given that there

is a close linkage between TCG location over the WNP

basin with both the Walker and the Hadley circulations,

the changes in the interannual relationship between

TCG location and the intensity of both the Hadley

and Walker circulations are investigated. There is a

FIG. 6. As in Fig. 5, but for the four highest and four lowest SOI years during 1979–97.
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significant relationship between TCG latitude and the

intensity of the Hadley circulation and between longi-

tude and the intensity of theWalker circulation for both

periods (Fig. 9). There are significant correlations be-

tween TCG latitude and the intensity of the Hadley

circulation during both 1979–97 (correlation is 20.51)

and 1998–2016 (correlation is 20.67), respectively.

Similarly, correlations between TCG longitude and the

intensity of the Walker circulation are also significant

during both 1979–97 (20.62) and 1998–2016 (20.75).

We next investigate how shifting ENSO conditions im-

pact the Hadley and Walker circulations (Fig. 10). As

expected, the CP ENSO index has a significant corre-

lation with the intensity of the Hadley circulation (0.73)

and the Walker circulation (0.74) during the recent pe-

riod, while these correlations were insignificant during

1979–97. During 1979–97, the CP ENSO index corre-

lates insignificantly (0.22) with the intensity of the

Hadley circulation and correlates insignificantly (0.38)

with the intensity of the Walker circulation. In sum-

mary, these analyses suggest that the recent increased

FIG. 7. As in Fig. 6, but for 1998–2016.

TABLE 2. Correlations between both TCG latitude and TCG

longitude from JTWC and various ENSO indices during 1998–2016

and 1979–97. An asterisk indicates that the correlation is significant

at a 95% confidence level.

TCG lat TCG lon

1979–97 1998–2016 1979–97 1998–2016

EMI 20.15 20.77* 0.15 0.61*

EP ENSO index 20.53* 0.24 0.29 20.08

CP ENSO index 20.15 20.78* 0.24 0.63*

FIG. 8. Annual May–November averaged TCG latitude and

TCG longitude during years with a positive PDO index (red) or a

negative PDO index (blue) during 1979–2016. The corresponding

correlation coefficients are also listed. The intersection of the

horizontal and the vertical dashed lines represents the averaged

TCG longitude and TCG latitude during 1979–2016. The value

with an asterisk is significant at a 95% confidence level.
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covariability of TCG latitude and longitude over the

WNP basin is possibly due to the increasing association

of CP ENSO with both the intensity of the Walker cir-

culation and the Hadley circulation.

5. Summary and discussion

The impacts of the Pacific climate regime shift and a

shifting ENSO on WNP TCs have been highlighted in

several studies that have investigated its influence on

decadal time scales on TC frequency, intensity, and

track. These changes are attributed to differences in

both large-scale factors as well as related tele-

connections (Liu and Chan 2013; Lin and Chan 2015; Hu

et al. 2018; Wu et al. 2018; Zhao et al. 2018; Zhao and

Wang 2016, 2019). However, the interannual relation-

ship between TCG latitude and TCG longitude over the

WNP basin associated with the climate regime shift has

been less studied.

In this study, the recently increased interannual

covariability of WNP TCG latitude and longitude is

demonstrated to be tied to the climate regime shift that

occurred in 1998. During recent decades, there has been

an increasing occurrence of CP ENSO events and a

transition from a warm PDO phase to a cool PDO phase

(Weisberg and Wang 1997; Wang et al. 2013; Hsu et al.

2014;Wang et al. 2015; Hong et al. 2016; Zhao andWang

2016, 2019; Zhao et al. 2018; Hu et al. 2018). Our results

suggest that CP ENSO events show a consistent and

strong linkage with TCG location over the WNP basin

during recent decades and thus have resulted in an in-

creased covariability of TCG latitude and longitude over

the WNP basin. In contrast, EP ENSO events played an

important role in controlling the zonal shift of TCG lo-

cation during the period from 1979–97 but had little

impact on the meridional displacement of TCG.

Our analyses further suggest that the recent increased

covariability of TCG location is closely associated with

changes in the spatial distribution of TCG location that

FIG. 9. (a) Scatterplot between the intensity of the Hadley cir-

culation (m s21) and TCG latitude from JTWC during 1979–97

(black) and during 1998–2016 (red). The black and red lines denote

the linear fit by least squares means during 1979–97 and 1998–2016,

respectively. (b) As in (a), but for a scatterplot between the in-

tensity of the Walker circulation (m s21) and TCG longitude from

JTWC. Correlation coefficients are also displayed.

FIG. 10. Normalized time series of the Walker circulation intensity (WI), the Hadley circu-

lation intensity (HI), and the CP ENSO index. Correlations between the HI or WI and CP

ENSO index during 1979–97 and 1998–2016 are also plotted. An asterisk indicates that the

correlation is significant at a 95% confidence level.
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occurred in the late 1990s. Several studies have dis-

cussed the likely physical mechanisms underlying the

changes in the spatial distribution of TCG (Liu and

Chan 2013; Hsu et al. 2014; Lin et al. 2015; Wu et al.

2015; Zhao and Wang 2016, 2019; Hu et al. 2018). This

study focuses on changes in the interannual relationship

between both the Walker and Hadley circulations and

ENSO state changes to understand the recently in-

creased covariability of TCG latitude and longitude over

the WNP basin.

During the recent decades, there is an intensified in-

terannual relationship between the CP ENSO index and

the intensity of both the Walker circulation and the

Hadley circulation. Studies have suggested that the re-

cent increase in the occurrence of CP ENSO events is

related to a strengthening of the mean Walker circula-

tion and theHadley circulation (Yeh et al. 2009; Yu et al.

2012; McGregor et al. 2014). A strengthening of the

tropical Pacific trade winds since the late 1990s has

caused a strengthening of Indo-Pacific Ocean currents,

an increased uptake of heat in the equatorial Pacific

thermocline, and a corresponding intensification of the

atmospheric Walker circulation and Hadley circulations

associated with SST cooling in the eastern Pacific. These

changes may be a result of anthropogenic climate

change (Vecchi and Soden 2007). Additionally, some

studies have suggested that the recent strengthening of

the Walker circulation and eastern Pacific cooling is

amplified by Atlantic Ocean warming (McGregor et al.

2014). Also, the recent poleward migration of TC life-

time maximum intensity could possibly be associated

with the expansion of the tropical belt caused by an-

thropogenic warming (Kossin et al. 2014, 2016; Lucas

et al. 2014). The underlying physical mechanism on the

changing linkage of ENSO events and the Hadley and

Walker circulations merits further investigation.

Our statistical results suggest a robust and stable re-

lationship between TCG latitude and the intensity of the

Hadley circulation and between longitude and the in-

tensity of the Walker circulation. Figure 9 presents

possible evidence that shifting ENSO conditions mod-

ulate changes in the interannual relationship with both

the Walker and Hadley circulations and thus the co-

variability of TCG latitude and longitude over theWNP

basin. We note that we have emphasized the importance

of an ENSO state change. As shown in Fig. 3, changes in

TIO SST may also be partly responsible for the in-

creased relationship. The associated physical processes

of how TIO SST relates to the increased covariability of

TCG location over theWNP basin in the recent decades

remains unclear and needs further investigation.

We should caution that the results of this study are

based on correlation analyses, which do not necessarily

imply causality. Therefore, more observational and nu-

merical experiments are needed to further confirm and

reveal the underlying physical processes driving the

observed significant increased covariability of TCG

latitude and longitude over the WNP basin during re-

cent decades. Moreover, given that more CP ENSO

events are projected under the background of anthro-

pogenic climate change, this implies that there could

be a consistent northwestward shift in TCG location

over the WNP basin in the future. Such a shift could

impose an increased threat to Japan, China, the Korean

Peninsula, the Philippines, and Taiwan, similar to what

we see during La Niña periods.
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