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ABSTRACT: A conventional empirical orthogonal function (EOF) analysis is performed on summertime (May—October)
western North Pacific (WNP) tropical cyclone (TC) track density anomalies during 1970-2012. The first leading EOF mode
is characterized by a consistent spatial distribution across the WNP basin, which is closely related to an El Nifio-Southern
Oscillation (ENSO)-like pattern that prevails on both interannual and interdecadal time scales. The second EOF mode is
represented by a tripole pattern with consistent changes in westward and recurving tracks but with an opposite change for
west-northwestward TC tracks. This second EOF pattern is dominated by consistent global sea surface temperature
anomaly (SSTA) patterns on interannual and interdecadal time scales, along with a long-term increasing global temperature
trend. Observed WNP TC tracks have three distinct interdecadal epochs (1970-86, 1987-97, and 1998-2012) based on EOF
analyses. The interdecadal change is largely determined by the changing impact of ENSO-like and consistent global SSTA
patterns. When global SSTAs are cool (warm) during 1970-86 (1998-2012), these SSTAs exert a dominant impact and
generate a tripole track pattern that is similar to the positive (negative) second EOF mode. In contrast, a predominately El
Nifio-like SSTA pattern during 1987-97 contributed to increasing TC occurrences across most of the WNP during this 11-yr
period. These findings are consistent with long-term trends in TC tracks, with a tripole track pattern observed as global SSTs
increase. This study reveals the potential large-scale physical mechanisms driving the changes of WNP TC tracks in asso-
ciation with climate change.
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1. Introduction

The accurate prediction and forecasting of tropical cyclone
(TC) tracks are fundamental and are important for the pre-
vention and mitigation of TC-associated disasters. The
western North Pacific (WNP) is the most active basin on an
annually averaged basis, with ~25.5 TCs (=17ms™') occur-
ring per year based on data from the Joint Warning Typhoon
Center (JTWC) best track dataset (Chu et al. 2002; https:/
www.metoc.navy.mil/jtwe/jtwe.html) using a 1970-2012 cli-
matology. These results are similar to what was found by
Schreck et al. (2014) using a 1981-2010 climatology. Tropical
cyclones can cause tremendous economic damage and pose a
great threat to human life in China and adjacent countries
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(Zhang et al. 2009, 2011). It has been well documented that
there is considerable variability in WNP TC tracks ranging
from intraseasonal (Camargo et al. 2007a; Chen et al. 2009; Li
and Zhou 2013), to interannual (Wang and Chan 2002; Zhao
et al. 2010, 2011) to interdecadal and decadal time scales (Wu
and Wang 2004; Ho et al. 2004; Fudeyasu et al. 2006; Chan
2008; Liu and Chan 2008; Zhao et al. 2014). Changing at-
mospheric and oceanic conditions on these time scales can
cause changes in TC track, TC intensity, and the regions most
likely to be influenced by TCs (Zhao et al. 2010, 2011, 2014;
Wang et al. 2011; Wu and Zhao 2012; Zhao and Wu 2014;
Zhao 2016; Wu et al. 2018). An in-depth understanding of
how changes in the large-scale climate impact WNP TC tracks
therefore is of importance both socioeconomically as well as
scientifically.

El Nifo-Southern Oscillation (ENSO) has been demon-
strated in many prior studies to be an important interannual
factor affecting WNP TC formation location, track, and in-
tensity (Lander 1994; Wang and Chan 2002; Elsner and Liu
2003; Camargo and Sobel 2005; Kim et al. 2010; Zhao et al.
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2010, 2011, 2014; Zhan et al. 2011; Ha et al. 2013; Zhao and Wu
2014; Zhao and Wang 2016, 2019; Hu et al. 2018; Wang et al.
2019; Wang and Wang 2019). These papers have documented
that there is a southeastward shift in TC formation location
and that the TCs that form tend to last longer and become
stronger during El Nifio years than during La Nifia years
(Wang and Chan 2002; Camargo and Sobel 2005; Zhao et al.
2011; Zhao and Wang 2016). Meanwhile, more TCs during El
Nifio years tend to recurve northward and thus significantly
impact East Asian coastal areas (Saunders et al. 2000; Wang
and Chan 2002; Wu and Wang 2004; Fudeyasu et al. 2006;
Camargo et al. 2007b).

Several studies have suggested that WNP TC tracks have
obvious interdecadal variability. These studies found that this
interdecadal variability was closely related to changes in the
strength and intensity of the WNP subtropical high and mon-
soon circulation changes driven by the Pacific decadal oscilla-
tion (PDO) and the interdecadal Pacific oscillation (IPO) (Ho
et al. 2004; Wu et al. 2005; Chan 2008; Liu and Chan 2008; Tu
et al. 2009; Zhao and Wu 2014; Hu et al. 2018). For example,
from the late 1990s to the mid-2010s, TC genesis frequency
over the WNP basin showed a significant reduction, and TC
formation locations shifted westward with more TCs affecting
East Asia and Taiwan. This shift was attributed to a strength-
ening of the WNP subtropical high, a weakening Asian sum-
mer monsoon trough, and a reduced positive vorticity anomaly
in the lower troposphere. Changes in the large-scale environ-
ment were largely attributed to the phase change of the PDO
and IPO from warm to cool (Chan 2008; Liu and Chan 2008;
Zhao and Wang 2016, 2019; Zhao et al. 2018; Hu et al. 2018).
Significant impacts of the phase change in the PDO and IPO on
TC tracks were also found over the eastern North Pacific and
the North Atlantic (Li et al. 2015).

Over the past several decades, much attention has been paid
to the impact of climate change on weather and climate events
(IPCC 2013; Knutson et al. 2019, 2020). Many studies have
attempted to understand the possible impact of global warming
on TC activity over the WNP basin as well as other TC basins
(Wang et al. 2011; Wu et al. 2015; Camargo et al. 2016; Zhao
et al. 2009; Knutson et al. 2010; Murakami et al. 2011, 2018).
Several studies have indicated that climate change may have
already had a detectable impact on TC activity, especially with
regard to TC intensity (Knutson and Tuleya 2004; Emanuel
2005; Webster et al. 2005; Wu and Wang 2008; Wu et al. 2008,
2018; Knutson et al. 2020). Changes in TC tracks in response to
global warming have been relatively less studied. Wu and
Wang (2004) assessed the possible impact of global warming on
the prevailing tracks of WNP TCs by using the large-scale envi-
ronment derived from the NOAA Geophysical Fluid Dynamics
Laboratory global warming experiment. Based upon analyses of
both observations as well as several climate models from the IPCC,
Wang et al. (2011) suggested that global warming appeared to play
an important role in changing WNP TC tracks.

Most of these previous studies have focused on the possible
impact of various climate modes at different time scales (e.g.,
interannual, interdecadal, and climate change) on WNP TC
tracks, while few studies have investigated the prevailing
modes of WNP TC tracks and the relative importance of
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associated climate variability in driving changes in WNP TC
tracks. The main objectives of this study are twofold. First, we
explore various climate modes and their influence on sum-
mertime TC track changes over the WNP basin. We also
evaluate potential associated physical mechanisms. Second, we
examine the relative importance of these identified modes in
modulating observed changes in summertime WNP TC tracks
as well as their long-term trends. We also provide plausible
physical explanations for our results.

The remainder of this study is organized as follows. Section 2
describes the data and methodology. Section 3 identifies the
major modes of WNP summertime TC tracks and further in-
vestigates the likely drivers of these TC track modes. Section 4
assesses the respective importance of the identified TC track
modes in contributing to interdecadal changes in summertime
WNP TC tracks as well as the long-term trend of WNP TC
tracks. Section 5 summarizes our findings.

2. Data and methodology

a. Atmospheric and oceanic data

Atmospheric fields are derived from the National Centers for
Environmental Prediction-Department of Energy monthly re-
analysis (NCEP-DOE) with 2.5° latitude X 2.5° longitude hori-
zontal resolution and 17 vertical levels (Kanamitsu et al. 2002).
Monthly sea surface temperatures (SSTs) are calculated from the
NOAA Extended Reconstructed SST version 4 (ERSST v4)
dataset (Huang et al. 2015; Liu et al. 2015). The Nifio-3.4 SST in-
dex, defined to be SSTs in the region bounded by 5°S-5°N, 170°-
120°W, was downloaded from NOAA’s Climate Prediction Center
(https://www.esrl.noaa.gov/psd/data/correlation/nina34.data). This
index has been adopted in previous studies to define the ENSO
state (Wang and Chan 2002; Camargo and Sobel 2005). The PDO
index is obtained from the Joint Institute for the Study of the
Atmosphere and Ocean of the University of Washington (http:/
research.jisao.washington.edu/pdo/). The PDO index is defined as
the leading principal component (PC) of North Pacific (poleward
of 20°N) monthly SST anomaly (SSTA) variability (Mantua
et al. 1997).

b. TC data

TC data are obtained from the JTWC best track dataset web-
site https://www.metoc.navy.mil/jtwe/jtwe.html (Chu et al. 2002).
This dataset provides TC information including latitude, longi-
tude, and maximum sustained wind speed (MSW) at a 6-h inter-
val. All TCs reaching at least tropical storm intensity (i.e., MSW =
17ms~") from May to October are considered in this study. We
define May—October as the summer for two main reasons. One
reason is that there is an annual average of 20.3 TCs during May—
October, accounting for ~80% of the annually averaged total
number of TCs during 1970-2012. Additionally, TC activity is so
frequent in the summertime that the climatological mean winds
can well represent the large-scale steering flow (Wu and Wang
2004). Two other best track datasets—the Shanghai Typhoon
Institute/China Meteorological Administration (STT_CMA) and
the Japan Meteorological Agency (JMA) (Zhan et al. 2011,
Schreck et al. 2014)—were also used to investigate the influence of
climate change on TC activity. We also conducted additional
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FIG. 1. (a)—(c) Western North Pacific TC tracks for the three k-means clusters (in gray) during the period from 1970 to 2012.

The prevailing TC tracks in red for each cluster are the centers of each cluster. (d) Climatological summertime (May-October) TC
track density over the WNP basin during 1970-2012 along with the three prevailing TC tracks in red arrows. (e) First and (g) second
leading EOF modes of summertime (May—October) TC track density over the western North Pacific during 1970-2012 with their
corresponding explained variance (%) in parentheses. Time series of principal components of the (f) first and (h) second EOF
modes of summertime (May-October) typhoon tracks over the western North Pacific during 19702012 displayed in black lines

with open dots. The corresponding 9-yr moving averages of these principal components are plotted with red lines.

analysis using these two datasets and found broad consistency
among the three best track datasets. The consistency of the results
confirms that the results on TC track changes are not sensitive to
which TC dataset is used. Unless stated otherwise, we show results
using the JTWC best track dataset for the remainder of this
manuscript.

¢. EOF analysis of TC tracks

The conventional empirical orthogonal function (EOF)
method has been widely used in atmospheric and oceanic
analyses as a compact description of the spatiotemporal
variability of separated statistical modes (Rasmusson et al.
1981; Anderson and Gyakum 1989; Lee and Cornillon 1995;
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Liu and Chan 2008; Wang et al. 2008; Kim et al. 2010). In this
study, an EOF analysis of summertime TC track density
anomalies during 1970-2012 over the WNP basin is performed
to identify the principal components (PCs) of TC track pattern
changes.

Since there are several grid points each year in the WNP
basin with no TC tracks that may cause the leading modes to
render physically meaningless patterns, the overlap-gridding
technique following Kim et al. (2010) is used to smooth spo-
radic TC occurrence points and thus solve the problem arising
from the discrete gridding technique. In this study, we suc-
cessively shifted each grid box at a 2.5° interval in latitude and
longitude.

We focus on the period from 1970-2012 in this study for two
main reasons. When using EOF analyses of boreal summer TC
track density anomalies, there are four distinct interdecadal
regimes (1970-86, 1987-97, 1998-2012, and 2013-18) that oc-
cur. However, the last of these (2013-18) is much shorter than a
decade. In addition, when extending our results to 2018 and
including both the STI_CMA and JMA best track datasets, we
obtain almost identical results for the two EOFs that we
identify in the following sections when focusing on 1970-2012.

d. Statistical significance test

The two-tailed Student’s ¢ test is used to examine statistical
significance for the correlation and composite analyses. In this
study, p values equal to or less than 0.05 are deemed statisti-
cally significant. The threshold correlation coefficient for sig-
nificance is 0.30 for the whole period of 1970-2012 (43 years).
A 9-yr running average is used to calculate interdecadal
correlations.

3. Two prevailing modes of WNP summertime TC tracks
and the associated possible large-scale driving
mechanisms
In this study, all variables are averaged from May to

October. Following previous studies (Elsner and Liu 2003;

Elsner 2003), a k-means clustering method has been adopted to

identify the three prevailing TC tracks over the WNP basin.

Equal data lengths for all of the target objects are needed when

using the k-means clustering algorithm. In this study, we arti-

ficially interpolate every TC track into 19 segments (20 data
points) with equal length by leaving out time information fol-
lowing Kim et al. (2011) and Kim and Seo (2016). As shown in

Fig. 1a, a westward prevailing track extends from the tropical

WNP to the Philippine Sea and the South China Sea (SCS)

(hereafter track I). The northwestward prevailing track ex-

tends from the tropical WNP to the Korean peninsula and

Japan (hereafter track II) (Fig. 1b), and the third prevailing

track tends to recurve northeastward east of 145°E (hereafter

track III) (Fig. 1c). The three defined prevailing TC tracks are

matched with the ridge of TC track density (Fig. 1d), implying a

reasonable representation of the three identified TC prevailing

tracks. The track density is counted at a 6-h interval for each
2.5° latitude X 2.5° longitude grid box during 1970-2012. The

frequency of TC occurrence indicates how often TCs affect a

specific grid box. A similar representation of climatological

prevailing TC tracks over the WNP basin has also been
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adopted in previous studies (Wu and Wang 2004; Wu et al. 2005;
Liu and Chan 2008; Wang et al. 2011). Considering the possible
impact of seasonal changes in TC tracks, the prevailing TC
tracks over the WNP basin during different seasons (May-July
and August-October) have been further examined, and no
substantial difference are observed (Fig. S1 in the online sup-
plemental material). The three prevailing TC tracks during these
two 3-month periods are very similar. The latitude of the re-
curving point during August—October tends to be more north-
ward than during May-July, which may be associated with
differences in the large-scale flow.

As shown in Figs. le and 1g, changes in TC tracks over the
WNP basin during 1970-2012 can be represented by two dis-
tinct EOF patterns with explained variances of 15.5% and
10.0%, respectively. The first EOF (EOF-1st) mode is rela-
tively well separated from the second (EOF-2nd) mode as
shown in Figs. 1e and 1g, although they fail to attain a complete
separation beyond a 95% confidence error limit using the rule
of the thumb (North et al. 1982). To test whether the leading
EOF patterns are robust, regardless of the length of the period
of interest, we have performed EOF analyses multiple times
using subsets of the years from 1970 to 2018. Similar patterns
for the first two leading EOF modes are obtained regardless of
the data sample used. Figure 2 shows the first two EOF modes
of track density anomalies over the WNP basin during 1970-86,
1970-97, 1970-2012, and 1970-2018, respectively. A similar
consistent basinwide pattern for the EOF-1st mode appears
during each of these subperiods, implying that a basinwide
consistent EOF mode is not sensitive to the selected period
(Figs. 2a,c.e,g). Figure 2 also displays the EOF-2nd mode,
which exhibits a tripole pattern during each of these subpe-
riods, although there are some differences observed during
1970-86. As suggested by Liu and Chan (2008) and Mei et al.
(2015), the results based on EOF analyses may be somewhat
sensitive to the study period being investigated. Similarly, this
study found that these two EOF modes are dominant during
the period of 1970-86 and 1998-2012, while the EOF-1st mode
appears to be more important during the period of 1987-97
(Fig. 1). These results compare well with the results of EOF
analyses of TC tracks for different periods (Fig. S2). Of course,
changes in TC tracks over the WNP basin during May—October
are determined by more than just changes in TC tracks asso-
ciated with the two leading EOF-modes shown in Fig. 2. Note
that this study focuses on the EOF-1st and EOF-2nd modes of
TC tracks during 1970-2012 and systematically attempts to
understand the relative importance of these two EOF modes
in TC tracks during these different decades. While there are
some differences between the two different seasons, these
impacts generally appear limited to the first two EOF modes
calculated in our analyses. In this sense, no significant sta-
tistical separation of eigenvalue between the first two EOF
modes following the rule of thumb proposed by North et al.
(1982) does not mean that the modes are unphysical, but
rather that these two EOF modes may be a possible distortion
of the real pattern.

Also shown in Fig. le, the EOF-1st mode is a consistent
spatial pattern across most of the WNP basin except for a
change to the opposite sign over the northern SCS. The



15 NOVEMBER 2020

ZHAO ET AL.

9555

(a) 1970—1986 EOF1 18.5% (b) 1970—1986 EOF2 15.3%
40N
30N - 30N -
20N—_ & 20N-_ Q
10N - 10N - \ 0.16
O L) T B T X T ol O ¥ T L T ¥ T x
100E 120E 140E 160E 180 100E 120E 140E 160E 180 oy
(c) 1970—1997 EOF1 17.9% (d) 1970—1997 EOF2 10.5% ’
40N N
30N 4 30N 4 0.08
20N - 20N - @ ®
10N 4 10N 0.04
0 ¥ T i T T T ! ] T T T T . T u
100E 120E 140E 160E 180 100E 120E 140E 160E 180 0
(e) 1970-2012 EOF1 15.5% (f) 1970-2012 EOF2 10.0%
40N 40N
30N - 30N - —0.04
20N - & ‘ 20N -
10N - 10N - —0.08
0 T T T T T T g ] T T T T ¥ T T
f0OE 120E 140E 160F 180 100E 120E {140E 160E 180
(g) 1970-2018 EOF1 15.5% (h) 1970-2018 EOF2 9.7 '
40N 40N
30N - 30N - -0.16
20N - 20N -
10N 10N
0 i T ) T T T ; 0 T T T T . T u
100E 120E 140E 160E 180 100E 120E 140E 160E 180

FIG. 2. The first two leading EOF modes of extended boreal summer (May—October) TC track density anomalies
during (a),(b) 1970-86, (c),(d) 1970-97, (e),(f) 1970-2012, and (g),(i) 1970-2018. The corresponding explained
variances of each EOF mode are listed at the top-right corner of each panel.

EOF-1st mode indicates more (fewer) TCs taking prevailing
northwestward or recurving tracks (tracks II and III) and
slightly fewer (more) TC occurrences in the northern SCS
(track I). In contrast, the EOF-2nd mode is a tripole pattern in
TC tracks, with consistent changes (i.e., consistent increases/
decreases in TC occurrences) over the region from the
Philippines to the SCS and the eastern (east of ~145°E) part of
the WNP basin with an opposite change for TC occurrences
(i.e., consistent decrease/increase in TC occurrences) from the
tropical WNP (from ~125° to 140°E) to the Korean peninsula

and Japan (Fig. 1g). There is a systematic change in the cli-
matological prevailing TC tracks, with an increase or a de-
crease of the prevailing westward track (track I) and recurving
track (track IIT) and a respective decrease or increase of the
prevailing northwestward track (track II).

We also further compare with previous studies that applied
EOF analysis to explore variations in WNP TC tracks (Liu and
Chan 2008; Mei et al. 2015). A consistent basinwide pattern for
the first EOF mode is similar to the spatial pattern of the first
EOF mode for high-pass-filtered and low-pass-filtered track
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FIG. 3. Correlation patterns of May—October average global
SSTs with the principal component of (a) the first EOF mode (PC1)
and (b) the second EOF mode (PC2) of May-October typhoon
tracks over the western North Pacific. Correlation coefficients in

contours are significant at the 95% confidence level.

density as reported in Mei et al. (2015). This suggests a prev-
alence of the consistent basinwide pattern of TC track density
anomalies over the WNP basin. A tripolar pattern for the
second EOF mode resembles the second EOF modes in Liu
and Chan (2008) which focuses on interdecadal variability,
agreeing well with the significant interdecadal variability of the
second EOF mode noted in this study (Fig. 3).

However, there are some differences between our study and
these two studies. For example, the first EOF mode in this
study is different from Liu and Chan (2008), although it does
show some resemblance to both their first and third EOF
modes. This could possibly be due to TC occurrence rates
being normalized by annual TC counts prior to their EOF
analyses. Additionally, our EOF-2nd also differs from that in
Mei et al. (2015), which is likely associated with a focus on
different time scales. Mei et al. (2015) performed an EOF
analysis for both high-pass-filtered and low-pass-filtered fields,
respectively, while our study directly conducted an EOF analysis
based on observed TC occurrences. Moreover, different study
periods and months being investigated may play a role in the
differences from these previous studies.

These two EOF modes are largely determined by two dis-
tinct large-scale SSTA patterns (Fig. 3). As shown in Fig. 3a,
the correlation pattern between the EOF-1st mode PC (here-
after PC1) and global SST is characterized by a tropical ENSO-
like pattern (Wang and Chan 2002; Zhao and Wang 2019).
There are significant positive correlations over the central-
eastern tropical Pacific, and significant negative correlations in
the western Pacific, especially in the subtropics. This ENSO-
like pattern is present on both interannual and interdecadal
time scales. There is a significant correlation between PC1 and
the Nifio-3.4 index (interannual correlation of 0.64 and an in-
terdecadal correlation of 0.78) from 1970-2012 (Fig. 4a).
Additionally, there is a significant correlation between PC1
and the PDO index on both interannual (r = 0.33) and
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FIG. 4. (a) Time series of PC1 of May-October TC tracks over
the western North Pacific and the May-October average Nifio-3.4
index during 1970-2012. (b) As in (a), but for PC2 and the neg-
ative of May-October average global mean sea surface temper-
ature (—GMSST). Correlation coefficients on the interannual
and interdecadal time scales for the period of 1970-2012 are also
displayed.

interdecadal (» = 0.58) time scales. Overall, the spatially con-
sistent distribution of TC track patterns over the WNP basin as
displayed by the EOF-1st mode is primarily determined by
interannual and interdecadal changes in ENSO-like SSTA
patterns.

The correlation pattern between PC2 and global SST during
1970-2012 is shown in Fig. 3b. These correlations show a same-
signed pattern across most of the globe, with a significant
correlation between PC2 and near-global mean SST over the
oceanic domain between 40°S and 60°N (GMSST), both on
interannual (r = —0.52) and interdecadal (r = —0.88) time
scales (Fig. 4b). This consistent global pattern is also indicative
of the long-term trend in GMSST (Fig. 4b). In summary, a
nearly globally uniform SSTA pattern is closely related to a
tripolar TC track change in the WNP, as highlighted by our
EOF-2nd mode. Thus, we hypothesize that long-term warming
caused by climate change may cause continued future tripolar
TC track shifts.

We further conducted EOF analyses on TC occurrence
during May-July and August-October, respectively and found
that the first two leading EOF patterns were similar, both with
respect to changes in their respective variances and the am-
plitudes of their EOF modes (Fig. S3). The EOF-1st mode
during May—July is similar to EOF-2nd mode during the full
season from May—October, with a tripolar pattern character-
ized by an increase in TC occurrences following track I, a weak
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FIG. 5. Spatial difference of (a),(d) TC occurrences, (b),(e) TC counts, and (c),(f) SSTAs between years with
positive and negative (left) PC1 and (right) PC2. Seven years with positive PC1 (i.e.,1982, 1987, 1992, 1994, 1996,
1997, and 2004) and eight years with negative PC1 (i.e.,1970, 1973, 1975, 1977, 1983, 1998, 1999, and 2010) are
selected. Six years with positive PC2 (i.e.,1971, 1972, 1978, 1984, 1989, and 1995) and five years with negative PC2
(i.e.,2004, 2005, 2007, 2008, and 2012) are selected. The wind vectors in black and SSTAs with white diagonal
hatching are significant at the 95% confidence level. The frequency of TC occurrence in this study, calculated as the
accumulated TC track frequency, indicates how many TCs enter a specific grid box of 2.5° latitude X 2.5° longitude.
The TC genesis location is defined as the point that each TC first reached named storm strength (=17.2ms"").

increase in TC occurrences following track III and a weak
decrease in TC occurrences following track II (Fig. 1c and
Fig. S3a). The EOF-2nd mode during May-July is similar to
the EOF-1st mode for the full season from May to October.
This pattern is dipole in nature and is characterized by a de-
crease in TC occurrences following TC track I and an increase
in TC occurrences following TC tracks II and III (Fig. 1b and
Fig. S3b). By contrast, the first two leading EOF modes during
August—October are largely similar to the full season from May
to October (Figs. S3c,d; Figs. 1b,c). The SST patterns associ-
ated with the principal components of the first two leading
modes for May—July and August-October are also further ex-
amined. The PC2-SSTA correlation pattern during May—July is
largely similar to the PC1-SSTA correlation pattern during
August—October with respect to its amplitude (Figs. S4b,c). These

patterns show SSTAs typically associated with ENSO. Although
the PC1-SSTA pattern during May-July and the PC2-SSTA
pattern during August-October have some differences, they ap-
pear to be mostly consistent (Figs. S4a,d). Meanwhile, although
many similarities between TC changes and their associated global
SST patterns are found during these two seasons, there are also
some differences present. Additional investigation on possible
physical explanations for TC track changes over different seasons
are warranted.

Composite and correlation analyses are further conducted
to understand the ENSO-like (associated with EOF-1st mode)
and global SST patterns (associated with EOF-2nd mode) re-
sponsible for changes in TC tracks over the WNP basin. As
shown in Figs. 5a and 5b, composite differences between years
with positive and negative PC1 show a small decrease in TC
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occurrences over the SCS. This appears mainly to be associated
with a decrease of TCs moving into the SCS from the rest of the
WNP basin together with a cyclonic steering flow anomaly over
the SCS. In this study, the large-scale steering flow is computed
as the mean May—October flow averaged from 850 and
300 hPa. These steering flow levels have been used in several
previous studies (Wu and Wang 2004; Wu et al. 2005; Zhao et
al. 2010; Zhao and Wu 2014). We find no significant difference
in TC counts over the SCS. Meanwhile, there is a basinwide
increase in TC occurrences over the WNP basin following
prevailing track II and track III TCs, which is largely explained
by a significant increase in TCs over most of the WNP basin.
The increase in TCs is especially pronounced over the southern
part of the WNP. There is also an apparent cyclonic circulation
anomaly over eastern Asia.

There is an increase in TC counts over the southeastern part
of the WNP as well as over the SCS for years with positive PC2
relative to years with negative PC2, while there is a substantial
decrease in TC genesis frequency over the region bounded by
5°-22.5°N, 130°-140°E. The steering flow anomaly during
positive PC2 years compared to that during negative PC2 years
shows a clear tripolar pattern, with a cyclonic circulation
anomaly over the SCS and southeastern WNP basin and an
anticyclonic circulation anomaly over East Asia (Fig. 5d).
Correspondingly, there is a similar tripolar low-level circulation
anomaly (Fig. Se) and a tripolar pattern in TC genesis frequency
anomalies over the tropical WNP basin. TC counts increase over
the eastern WNP basin (5°-20°N, 145°~175°E) and around the
SCS (10°-25°N, 105°-130°E) and decrease over the region
bounded by 5°-20°N, 130°-140°E (Fig. 5¢). Consequently, there
is an increase in TC occurrences following track I and track III
and a decrease in TC occurrences following track II over the
WNP basin. Differences in the large-scale steering flow associ-
ated with the first two EOF modes are further confirmed by the
correlation map between the corresponding principal compo-
nents and the large-scale steering flow over the WNP ba-
sin (Fig. 6).

Consistent with the correlation map between PC1 or PC2
and global SST (Fig. 3), composite differences of global SSTAs
between years with positive and negative PC1 (PC2) also show
an ENSO-like (global SST) pattern (Figs. Sc,f). As suggested
by previous studies (Wu and Wang 2004; Wang and Chan 2002;
Zhao et al. 2010), there is a nearly basinwide increase in TC
occurrences over the WNP basin and a significant increase in
TC counts over the southeastern region of the WNP basin
during El Nifio years. El Nifio years also typically have a cy-
clonic circulation anomaly over east Asia. Meanwhile, prior
studies have documented that ENSO has no apparent impact
on the total number of TCs over the WNP basin but signifi-
cantly modulates TC formation location as well as the large-
scale circulation (Lander 1994; Wang and Chan 2002; Wu and
Wang 2004; Camargo and Sobel 2005; Zhao et al. 2010). Our
results show consistency with changes in TC tracks and TC
formation locations in response to an ENSO-like pattern.

As noted above, changes in the large-scale steering flow
associated with the first two leading EOF modes play an im-
portant role in changing prevailing TC tracks. The steering
flows at 850 (low level), S00 (midlevel), and 300 hPa (upper
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FIG. 6. Correlation pattern between (a) PC1 or (b) PC2 and the
extended boreal summer (May-October) large-scale steering flow
(vertically averaged from 850 to 300 hPa). Red lines indicate the
three climatological prevailing TC tracks. The wind vectors in
black represent correlations that are significant at the 95% confi-
dence level.

level) are further examined to investigated possible changes in
the large-scale circulation associated with the large-scale
steering flow in response to the first two EOF modes. ENSO-
like SSTA anomalies appear to induce changes in the WNP
subtropical high and the South Asian high as well as low-level
westerlies in the tropical WNP. These changes likely alter
prevailing TC tracks (Figs. 7a,c,e). Decreased TC occurrences
following TC track I are related to enhanced tropical westerlies
at low levels induced by the increase in the SST gradient be-
tween the tropical western and central-eastern Pacific (Figs. 3a
and 7a). The increase in TC occurrences following TC track IT
is mainly associated with an enhanced South Asian high in-
duced by low-level Ekman pumping, which can also be seen
from weak low to midlevel meridional wind and upper-level
southerly wind anomalies around 140°E (Figs. 7a,c.e). The
importance of the South Asian high can be inferred by the
consistency between the upper-level horizontal wind and the
large-scale steering flow (Figs. 6a and 7c). The enhanced sub-
tropical high appears to be an important factor driving the
increase of TC occurrences following TC track III, which is
reflected in a better consistency between changes in the large-
scale steering flow and 500-hPa zonal wind over the eastern
WNP associated with PC1 (Figs. 6a and 7c). Opposite-signed
circulation anomalies produced by Ekman pumping associated
with enhanced low-level convergence induced by the tropical
Pacific SST gradient also appear in the eastern WNP (east of
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FIG. 7. Regression patterns of the extended boreal summer (May—October) averaged horizontal wind at (a),(b) 850, (c),(d)

500, and (e),(f) 300 hPa onto (left) PC1 and (right) PC2. The wind vectors in black represent significance at the 95% confidence
level. AC indicates anticyclonic circulation anomalies, associated with PC2. WNPSM, WPSH, and SAH indicate the cyclonic
circulation anomalies, anticyclonic circulations anomalies, and cyclonic circulation anomalies associated with each PC cor-

responding to the WNP summer monsoon, WNP subtropical high, and South Asian high, respectively.

145°E), with an associated low-level cyclonic and upper-level
anticyclonic circulation (Figs. 7a,e), thus counteracting its
contribution to the large-scale steering flow.

Changes in prevailing TC tracks associated with the second lead-
ing EOF mode are closely linked to the global SSTA pattern. The
barotropic anticyclonic circulation over the western WNP basin is
related to the observed land-sea thermal difference between East
Asia and the western WNP basin. This leads to a weakened westward
steering flow and increased TC occurrence following TC track I
(Figs. 3b and 7b,df). The southward large-scale steering flow favors
decreased TC occurrences following TC track II, which appears
partly related to the climatological north-south SST gradient
(Figs. 3b, 6b, and 7b,d,f). This southward flow has also been
suggested in previous studies to be closely associated with global
warming (Wang et al. 2012; Wu et al. 2005). When global SSTAs
become consistently cooler, the north—south SST gradient in the
western Pacific becomes stronger (Fig. 3b), thus enhancing

southward large-scale steering flow. Last, changes in track III are
possibly associated with an enhancement of southwesterly large-
scale steering flow (e.g., an anticyclonic circulation that is
especially prominent in the middle to upper levels) (Figs. 7d,f)
that appears to be linked to the apparent tripolar SSTA pattern
over the eastern WNP (Fig. 3b).

Changes in prevailing TC tracks are generally due to combined
changes in TC genesis location and large-scale steering flow asso-
ciated with ENSO-like and global SSTA patterns. The next
section therefore focuses on understanding the influence of ENSO-
like and global SSTA patterns on interdecadal changes in extended
boreal summer prevailing TC tracks over the WNP basin.

4. Observed interdecadal changes in TC tracks: Changing
impact of ENSO-like and global SSTA patterns
Based upon the above analyses, the leading two EOF modes
of WNP TC track change pattern are primarily controlled by
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FIG. 8. Observed anomaly of May-October TC track density for the three epochs (a) 1970-86, (b) 1987-97, and

(c) 1998-2012. (d)-(f) The corresponding reconstructed anomalies of May—-October TC track density, which are
only based on the first two leading EOF modes. The reconstructed expressions that are obtained by the least squares
method for the three epochs are explicitly stated in the main text. The three prevailing typhoon tracks in red are
displayed for reference, which are determined based on the climatological track density during 1970-2012.
Contours indicate a significant value at the 95% confidence level from the observed and reconstructed climatology.

ENSO-like and consistent global SSTA patterns. As shown in
Figs. le-h, the three distinct interdecadal epochs (1970-86,
1987-97, and 1998-2012) for WNP TC tracks can be easily
identified from the evolution of these two EOF modes. In this
section, our focus is to examine the ENSO-like and consistent
global SSTA patterns and how they have affected the observed
interdecadal change of WNP TC tracks with an emphasis on
their respective importance. This can be deduced from the re-
constructed track density anomalies based on the first two EOF
modes for the different interdecadal epochs. The weights of the
reconstruction expressions are determined using least squares
fitting of the first two leading EOF modes onto the field of track
density anomalies over the WNP basin for each of the three
subperiods. As shown in Fig. 8, the reconstructed TC track
density anomaly compares well with the observations for the
three periods, raising our confidence in assessing the relative
importance of the two large-scale SSTA modes (ENSO-like and
consistent global) on the observed changes of WNP TC tracks.

During 1970-86, the observed track density anomaly shows
a tripole pattern over the WNP basin (Fig. 8a). There is a

substantial increase in TC occurrences from the Philippine Sea
to the SCS (track I) and a moderate increase of TCs with a
prevailing recurving track (track III), while there is a decrease
in TCs with a prevailing northwestward track (track II). During
1998-2012, the spatial distribution of observed TC track den-
sity anomalies appears to be the near opposite of the track
change anomaly pattern during 1970-86 except for of a larger
amplitude (Fig. 8c) in terms of the areas with significant dif-
ferences. There is also good consistency as it relates to the
large-scale steering flow, with anomalies of similar magnitude
but of the opposite sign between 1970-86 and 1998-2012 (fig-
ure not shown). A tripole pattern in WNP TC tracks for these
two periods suggests the dominance of the EOF-2nd mode.
This was further confirmed by the reconstructed expressions
(0.35 X EOF-1st mode) + (0.65 X EOF-2nd mode) for the
period of 1970-86 (Fig. 8d) and (—0.30 X EOF-1st mode) —
(0.70 X EOF-2nd mode) for the period of 1998-2012 (Fig. 8f).
Correspondingly, the globe was characterized by relatively
cool and warm SSTAs during 1970-86 (Fig. 9a) and 1998-2012
(Fig. 9c), respectively. Meanwhile, there is a cool maximum of
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FIG. 9. May-October average global sea surface temperature

anomaly (unit: °C) for (a) 1970-86, (b) 1987-97, and (c) 1998-2012
from the 1970-2012 climatological mean.

SSTA over the tropical equatorial central-eastern Pacific during
1970-86. The tropical central Pacific exhibits a relatively large cool
SSTA pattern during 1998-2012 in agreement with previous studies
on the cool PDO phase (Liu and Chan 2008; Zhao and Wang 2016,
2019) and an increasing occurrence of La Nifia and central Pacific
El Nifio events during 1998-2012 (Ashok et al. 2007; Yu and Kao
2007; Kug et al. 2009; Lee and McPhaden 2010; Hu et al. 2018; Zhao
and Wang 2019). In summary, the observed TC track changes
during 1970-86 and 1998-2012 are primarily controlled by consis-
tent cool and warm global SSTA patterns, respectively. The 1998—
2012 period was also partly contributed to by an increase in the
frequency of La Nifia and central Pacific El Niflo events.

In contrast, the observed TC track density anomaly over the
WNP basin during 1987-97 shows a consistent increase of TC
occurrences over the whole basin except a small decrease in the
northern SCS and in the vicinity of Taiwan (Fig. 8b). This
pattern is similar to the EOF-1st mode. The greater impor-
tance of the EOF-1st mode in changing WNP TC track during
this period is also seen from the reconstructed expression
(0.64 X EOF-1st mode) + (0.36 X EOF-2nd mode) (Fig. 8¢).
As expected, the SSTA pattern during 1987-97 shows a typical
tropical El Nifio-like pattern (Fig. 9b). These analyses suggest
that the ENSO-like SSTA pattern became an important player
in changing TC track patterns over the WNP basin during
1987-97, while the global SSTA pattern played a lesser role.

5. Summary and conclusions

This study attempts to explore the possible driving physical
mechanisms of observed May—October TC track changes on
interdecadal time scales over the WNP basin. Using
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conventional EOF analyses, we find two primary modes of
variability in summertime WNP TC tracks. The EOF-1st mode
is characterized by a consistent spatial distribution of TCs
across the WNP basin, while the EOF-2nd mode shows a tri-
pole pattern. The correlation analyses that we conducted fur-
ther indicate that the two EOF modes are dominated by two
distinct large-scale SSTA patterns. The EOF-1st mode is
mainly controlled by a tropical ENSO-like pattern that is pri-
marily present on interdecadal time scales, in addition to its
well-known role in interannual variability. In contrast, a con-
sistent global SSTA pattern plays a dominant role in modu-
lating the EOF-2nd mode. In addition to interannual and
interdecadal time scales, the global SSTA variability relation-
ship to the EOF-2nd mode for WNP TC is likely important for
the impacts of climate change on future WNP TC tracks.

Based upon the evolution of these two EOF modes, changes
in TC track patterns are separated into three distinct decadal
epochs (1970-86, 1987-97, and 1998-2012). These three in-
terdecadal periods are consistent with previous studies (Chan
2008; Liu and Chan 2008; Zhao and Wang 2016, 2019). In terms
of both the observed and the reconstructed TC track density
anomalies for the three periods, the changing impacts of
ENSO-like and consistent global SSTA patterns on inter-
decadal changes of WNP TC tracks are further assessed. The
interdecadal changes of TC tracks are largely modulated by
changes in the relative contribution of ENSO-like and consis-
tent global SSTA patterns. A consistent cool SSTA over the
globe played a larger role than the prevailing La Nifia-like
pattern in changing WNP TC tracks during 1970-86. During
1998-2012, a consistent warm global SSTA pattern showed a
dominant impact in modulating TC track changes with a rel-
atively small impact from the La Nifia-like pattern that pre-
dominated during 1998-2012. In contrast, TC track changes
during 1987-97 were mainly attributed to changes in the
tropical ENSO-like pattern, with El Nifio conditions tending to
dominate during this epoch. Associated with an increase in
global SST, we hypothesize that the trend in TC track density
anomaly has a tripole pattern similar to the EOF-2nd mode. As
expected, a tripole pattern is present for the trend in TC track
density anomalies over the WNP basin in response to the
global trend of SST warming (Fig. 10). Specifically, the pre-
vailing westward and recurving TC tracks tend to increase
(decrease) and the prevailing northward TC tracks tends to
decrease (increase), comparing well with previous studies on
northward and recurving TC tracks (tracks II and track III)
tending to shift westward, whereas prevailing westward TCs
(track I) tend to shift northward (Wu et al. 2005; Zhao and Wu
2014; Wang et al. 2011). Additionally, when global SSTs are
cooler, there is also statistically significant decreased SST
found in specific regions such as the tropical Indian Ocean, the
equatorial central Pacific, the WNP, and the North Atlantic
(Figs. 3b and 5f). The relative importance of changes in these
other regions and their impacts on WNP TC track warrant
further investigation.

There is a significant correlation (r = —0.88) between PC2
and GMSST on an interdecadal time scale (9-yr running
average) (Fig. 4b), while there is a clear increasing (decreasing)
trend in GMSST (PC2). We further removed their linear trends
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and also found a significant correlation (—0.53) between the
two indices (Fig. 11). The absolute value of the correlation
between the two indices with the linear trend removed is
substantially smaller than the absolute value of the correlation
without removal of the linear trend. We also find that the
amplitude of the SSTAs with removal of the linear trend is
smaller compared to the SSTA amplitude without removal of
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FI1G. 11. Normalized time series of detrended 9-yr running-
average PC2 and minus GMSST (—GMSST) during 1970-2012.
The correlation between PC2 and GMSST is —0.53, which is sig-
nificant at the 95% confidence level.
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FIG. 12. Detrended May—October averaged SSTA (unit: °C) for
(a) 1970-86, (b) 1987-97, and (c) 1998-2012, respectively, from the
climatological mean of 1970-2012.

the linear trend. Moreover, the SSTA pattern without the
linear trend exhibits a clearer cool PDO-like pattern during
1970-86 and 1998-2012 and a clearer warm PDO-like pattern
during 1987-97 (Fig. 12). We hypothesize from this analysis
that global warming may change the effect of global SSTA and
ENSO-like patterns on future changes in prevailing TC tracks
over the WNP basin.

Additionally, we calculated the 11-yr running average am-
plitude of the multivariate ENSO index (Wolter and Timlin
1998) during 1970-2012 and found a peak ENSO amplitude
during 1987-97 (Fig. S5), which is consistent with the domi-
nance of TC tracks associated with the ENSO-like SSTA pat-
tern. We then correlated the 9-point running mean of PCs with
the trend included and the trend removed for the first two
leading modes in this study with global SSTA. PC1 and PC2
with the trend removed demonstrate an SSTA correlation
pattern similar to the decadal ENSO mode (Figs. S6¢,d), while
the PC1/PC2 with the trend included-SSTA correlation pattern
displays a globally consistent mode (Figs. S6a,b). To further
confirm these findings, an EOF analysis for the 9-yr running
mean of TC occurrences with the trend included and the trend
removed during 1970-2012 is directly performed, and similar
results can be found (Fig. S7). On the interannual time scale, an
ENSO-like pattern between PC1/PC2 and global SSTA
(Fig. S8) is observed. In terms of the pattern consistency be-
tween PCs and SSTA correlation maps on various time scales
from interannual to decadal (Figs. S6, S7, and S8) and the raw
correlation shown in Fig. 3 of this study, we infer that TC tracks
associated with the EOF-1st mode are mainly associated with
the ENSO mode on interdecadal and interannual time scales,
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while the TC tracks associated with the EOF-2nd mode are
mainly associated with a globally consistent mode. Note that
these analyses are causal and are statistical in nature. More
observational analyses and numerical simulations are needed
to confirm these results.

In summary, these results suggest that WNP TC track
changes on various time scales are dominated by the preva-
lence of ENSO-like and consistent global SSTA patterns. The
findings of this study shed light on WNP TC track changes in
response to climate change that would be helpful for climate
prediction and for future projections of TC tracks over the
WNP basin. Consequently, these findings are of potentially
significant socioeconomic merit. We also caution that TC ac-
tivity may pose a possible increased threat to East Asia under
continued global warming. The possible impact of different
seasons on the results of this study as well as to how different
time scales (e.g., interannual, interdecadal, long-term trend)
contribute to TC track changes deserve further investigation.
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