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In this study, two leading modes of the late season (October–December) TC track
frequency are identified with the empirical orthogonal function analysis. It is found that
circulation anomalies associated with the two modes are linked to the concurrent El Niño-
Southern Oscillation (ENSO), but with distinct locations of maximum sea surface
temperature (SST). For the first mode, the maximum SST warming and the resulted
heating can extend to the equatorial central Pacific, which emanates a cyclonic circulation
extending to the east of the Philippines, and then generates an anti-cyclonic circulation to
the west of the Philippines by dry advection and local air–sea interaction. In contrast, for the
second mode, the maximum SST warming and the corresponding heating shift eastward
to the equatorial eastern Pacific, the related cyclonic circulation, and the compensation
descending motion migrate eastward and are confined to the east of 150°E. The
associated suppressed heating then emanates an anti-cyclonic circulation to the west
of 150°E. These anomalous circulations can modulate TC genesis and steering flow and
thus contribute to variations in the two modes. A set of physics-based empirical models is
further built, which shows a promising pathway for the seasonal forecasting of the two
modes and the basin-wide total TC track frequency. The results highlight the importance of
the location of ENSO maximum SST in understanding and seasonal prediction of the late-
season TC tracks over the WNP.
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INTRODUCTION

Understanding the climate variabilities in tropical cyclone (TC) track over the western North Pacific
(WNP) is of great importance owing to enormous TC-generated disasters (Zhang et al., 2009;
Peduzzi et al., 2012). Variabilities in the WNP TC tracks are modulated by multi-timescale
oscillations. The intra-seasonal oscillation has been known to be important to TC track through
modulating large-scale steering flow and TC genesis location owing to the distinct convection and
circulation features in its different phases (Li and Zhou 2013; Kim and Seo 2016). As the dominant
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mode on the interannual time scale, El Niño-Southern Oscillation
(ENSO) serves as a major driver of the interannual variability in
the WNP TC tracks (Wang and Chan 2002; Wu and Wang 2004;
Camargo et al., 2007; Hu et al., 2018). TC genesis locations tend to
shift eastward during the warm phase of ENSO, leading to
more TCs reaching the subtropical WNP (Zhao et al., 2010).
However, the recently emerged central Pacific ENSO shows a
distinct impact on the WNP TC tracks compared to the eastern
Pacific ENSO (Chen and Tam 2010; Hong et al., 2011). The
WNP subtropical high was suggested to play an essential role
in the connection between ENSO and TC tracks through
modulating the TC genesis location and steering flow
(Wang and Wang 2019). In addition, the stratospheric
quasi-biennial oscillation was found to be important for TC
tracks in the subtropical WNP (Ho et al., 2009). On the decadal
time scale, zonal migration of the WNP subtropical high can
inhibit or favor TCs influencing the subtropical WNP,
resulting in notable variability in TC tracks over the WNP
(Ho et al., 2004; Wu et al., 2005; Liu and Chan 2008; Zhao and
Wu 2014). The inter-decadal variability in the subtropical high
is partially attributed to the Pacific Decadal Oscillation (Liu
and Chan 2008). Zhao et al. (2020) found that the ENSO-like
sea surface temperature (SST) pattern and the global warming
collectively contribute to the inter-decadal variability in TC
tracks over the WNP.

Most previous studies focus on the peak season
(July–September) and TC track variability in the late season
(October–December) remains unclear. In the late season, TCs
at the lower latitudes have a greater potential to experience rapid
intensification and thus to attain stronger intensity [e.g. Haiyan
(2013) and Hagibis (2019)], which cause catastrophic disasters to
the Pacific coastal regions. Specifically, in the late season, the ratio of
TCs developing into typhoons is about 70%, which is much higher
than that during the peak season (Hsu et al., 2014). Moreover, TC
track change acts as a main driver of variations in the basin-wide
translation speed in the late season (Wang et al., 2020; 2021b). In
this regard, it motivates us to examine and understand the climate
variability of late-season TC tracks over the WNP.

The paper is organized as follows. Data and method describes
the data and methods, and Two dominant modes of late-season
track frequency illustrates the two leading modes of late-season
TC track frequency. Origins of the two leading modes interprets
the mechanisms associated with the two leading modes. Potential
utility for the seasonal forecasting of late-season TC track attempts
to establish the seasonal forecasting scheme for the late-season
TC track. A summary is presented in Conclusion.

DATA AND METHOD

TC track information was obtained from the Joint Typhoon
Warming Center (JTWC). TCs are defined as those in the
datasets with maximum wind speed exceeding the tropical
storm intensity (35 knots). Monthly SST (Huang et al., 2017)
and outgoing longwave radiation (OLR, Lee et al., 2007) were
obtained from the National Oceanic and Atmospheric
Administration. Atmospheric variables from the National

Centers for Environmental Prediction (NCEP) National Center
for Atmospheric Research (NCAR) reanalysis (Kalnay et al.,
1996) were used to demonstrate the anomalous large-scale
circulation.

TC track is estimated by the occurrence frequency at
each 2.5 latitude–longitude grid box (Wu and Wang 2004;
Liu and Chan 2008). The conventional empirical orthogonal
function (EOF) method was used to extract the dominant
mode of the late-season TC track. Large-scale steering
flow was defined as the pressure-weighted mean flow
between 850 and 300 hPa (Wu and Wang 2004). Statistical
significance was assessed using the two-tailed Student’s t-test
(Wilks 2006). In this study, we focus on TC activity in the late
season (i.e., October–December) over the WNP (0°–40° N,
100° E-180°), and the period of interest covers from 1965
to 2018.

To estimate the overall effects of large-scale conditions on TC
genesis, a newly developed dynamic genesis potential index
(DGPI, Wang and Murakami 2020) was used. The
formulation of the DGPI is defined as follows:

DGPI � (2 + 0.1Vs)−1.7(5.5 − zu

zy
105)

2.3

(5 − 20ω)3.3

(5.5 + ∣∣∣∣105η∣∣∣∣)2.4e−11.8 − 1

FIGURE 1 | The (A) first and (B) second EOF mode of TC track
frequency in the late-season during 1965–2018. The percentage of variances
explained by the EOF modes are shown on the top-right.
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where Vs is the magnitude of the vertical wind shear (m s−1)
between 850 and 200 hPa, zuzy is the meridional gradient of zonal
wind (s−1) at 500 hPa, ω is the 500 hPa vertical pressure velocity
(Pa s−1), and η is the absolute vorticity (s−1) at 850 hPa. The DGPI
highlights the role of dynamical factors in TC genesis, which
shows superior skill in representing temporal variability of TC
genesis in the WNP compared to those empirical genesis indexes
combining thermodynamic and dynamic factors (Wang and
Murakami 2020).

TWO DOMINANT MODES OF
LATE-SEASON TRACK FREQUENCY

Figure 1 shows two leading EOF modes of late-season TC track
frequency over the WNP. The first (second) mode can explain
32.9% (21.1%) of the total variance of late-season TC track
frequency. Both modes show zonally distributed anomalies
with different variability centers, indicating notable zonal
variability in the late-season TC track. The first mode shows
prominent positive anomalies occurring to the east of 120°E but
weak anomalies in the South China Sea (Figure 1A). For the

second mode, marked positive anomalies occur to the west of
140°E with a center located at the South China Sea and weak
negative anomalies to the east of 140°E (Figure 1B). Time series of
principal components (PCs) of the two modes exhibit
considerable interannual and inter-decadal variations
(Figure 2). The temporal evolution of PC1 can largely reflect
the variability of track frequency over the eastern WNP (0°–40°N,
130°E-180°), with a correlation coefficient of 0.94 during
1965–2018 (Figure 2A). Meanwhile, as shown in Figure 2B,
the time series of PC2 is significantly correlated (r = 0.95) with the
track frequency over the western WNP (0°–40°N, 100°E-130°E).
By using multiple linear regression with these PCs of the two
leading modes, we attempt to reproduce the temporal
variations of total TC track frequency over the WNP. It is
found that more than 85% of the variance of the late season can
be reconstructed (Figure 2C), reflecting a close linkage
between the two PCs and the late-season track frequency.
To this end, we attempt to reveal the possible variability
sources for the two leading modes.

ORIGINS OF THE TWO LEADING MODES

In general, climate variability in TC track frequency is largely
controlled by TC genesis location and large-scale steering flow
(Wu and Wang 2004). Figure 3 shows the regressed TC genesis
and large-scale steering flow anomalies against PCs of these two
leading modes. The positive phase of the first mode corresponds
to an enhanced TC genesis in the eastern WNP but relatively

FIGURE 2 | Time series of (A) principal component of the first EOFmode
(blue line) and TC track frequency over the eastern WNP (0°–40°N, 130°E-
180°), (B) principal component of the second EOF mode (blue line), and TC
track frequency over the western WNP (0°–40°N, 100°E-130°E), (C)
observed (blue line) and simulated (red line) TC track frequency over the WNP
(0°–40°N, 100°E-180°) during 1965–2018.

FIGURE 3 | Regressed TC genesis frequency (shading) and steering
flow (vectors, m s−1) anomalies against the (A) PC1 and (B) PC2 during
1965–2018. Dots (green vectors) denote the anomalous TC genesis (steering
flows) that are significant at 90% confidence level.
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weak negative anomalies of TC genesis to the west of 140°E
(Figure 3A). Meanwhile, the westward steering tends to
decelerate the climatological eastward steering and thus
increase TC track frequency over the eastern WNP. The
suppressed TC genesis to the west of 140°E contributes to the
negative anomalies in track frequency therein (Figure 1A). For
the second mode, the suppressed TC genesis to the west of 150°E
and the westward steering to the south of 15°N collectively
contribute the negative TC track frequency to the west of
140°E (Figure 3B). In short, the results suggest variability in
two leading modes of TC track frequency is ascribed to TC
genesis and large-scale steering.

It has been well realized that large-scale conditions are
important for TC genesis (Gray 1968; Emanuel and Nolan
2004; Wang and Murakami 2020). Figure 4 shows the
regressed DGPI and 850 hPa wind anomalies against PCs of
the two leading modes. For the first mode, a cyclonic
circulation occurs to the east of the Philippines, but anti-
cyclonic circulation occupies the South China Sea (Figure 4A).
Accordingly, the associated anomalies in large-scale parameters
such as vorticity and mid-level vertical velocity show opposite
anomalies to the east and west of 130°E, which are favorable for
TC genesis to the east of 130°E but suppress TC genesis to the west
of 130°E (figure not shown). Accordingly, DGPI shows positive
(negative) anomalies to the east (west) of 130°E, which generally
matches the observed distribution of TC genesis (Figure 3A). For
the second mode, an anti-cyclonic circulation extends to about
150°E; the associated anti-cyclonic vorticity is unfavorable for TC
genesis (Figure 4B). As a result, the corresponding DGPI shows

negative anomalies to the west of 150°E, which is in accordance
with the distribution of TC genesis (Figure 3B).

The aforementioned results suggest that large-scale
circulations play an important role in the two modes. Namely,
the key for the distinct large-scale conditions associated with the
two modes lies in their different zonal ranges of the anomalous
cyclonic circulation, which is speculated to be linked to the
distinct maximum centers of SST anomalies over the
equatorial Pacific associated with the two modes (Figure 5).
Although the SST anomalies in both modes show an El Niño-
like pattern, marked differences emanate in magnitude and zonal
extension. For instance, compared with the second mode, the SST
warming magnitude of the first mode is much greater.
Furthermore, its maximum SST zone extends further
westward. Specifically, the significant SST warming anomalies
can extend to the west of the dateline and the maximum SST
warming can extend to about 170°W (Figure 5A). The SST
warming in the equatorial central Pacific acts to increase the
convective heating (represented by lower OLR) and emanates a
cyclonic circulation extending to the east of 120°E as a Rossby
wave response. Moreover, the anomalous northerly to the western
flank of the cyclonic circulation tends to cool the underlying SST
by strengthening background winds and stabilize the tropical
atmosphere by dry advection (Wang et al., 2000; Wu et al., 2017).
The cold SST anomaly and reduced instability act to suppress
convection, which can further emanate an anti-cyclonic
circulation to the west of 120°E. The cyclonic (anti-cyclonic)
circulation to the east (west) of 120°E is consistent with the
distribution in TC genesis and anomalous large-scale steering
flow shown in Figure 3A. In contrast, the maximum center of SST
warming associated with the second mode shifts far eastward
compared to that of the first mode, and the significant warming

FIGURE 4 | Regressed dynamic genesis potential index (shading) and
850 hPa wind (vectors, m s−1) anomalies against the (A) PC1 and (B) PC2
during 1965–2018. Dots (green vectors) denote the anomalous DGPI
(steering flows) that are significant at 90% confidence level.

FIGURE 5 | Regressed SST (shading, K), OLR (contours, W m−2), and
850 hPa wind (vectors, m s−1) anomalies against the (A) PC1 and (B) PC2
during 1965–2018. Dots (green vectors) denote the anomalous SST (winds)
that are significant at 90% confidence level.
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signal is confined to the east of the dateline. Accompanied with
the eastward migration of SST warming-induced positive
convective heating, the associated Rossby wave response
(i.e., the cyclonic circulation) is confined to the east of 150°E,
which is much more eastward compared with its counterpart for
the first mode. Meanwhile, the SST warming induced ascending
motion tends to generate an upper-level converge toward the
tropical easternWNP, leading to the suppressed convection in the
tropical eastern WNP. Moreover, the anomalous northerly to the
western flank of the cyclonic circulation acts to reinforce the
suppressed convection in tropical WNP around 150°E by dry
advection. Accordingly, the suppressed convective heating
emanates an anti-cyclonic circulation to the west of 150°E as a
Rossby response (Figure 5B). In addition, SST warming in the
tropical western Indian ocean is likely conducive to the anti-
cyclonic circulation to the west of 150°E through emanating the
atmospheric Kelvin wave (Xie et al., 2009) or modulating zonal
overturning circulation (Wang et al., 2021a). The anticyclonic
circulation to the west of 150°E is unfavorable for TC genesis
therein, which is consistent with the suppressed TC genesis
shown in Figure 3B. The result suggests that the first mode is
connected to strong ENSO events with an SST extremum center
located in the equatorial central Pacific, while the second mode is
closely linked to moderate/weak ENSO events with an equatorial
eastern Pacific SST extremum center.

POTENTIAL UTILITY FOR THE SEASONAL
FORECASTING OF LATE-SEASON TC
TRACK
In this section, we built physical empirical models (PEMs, Wang
et al., 2013; Wang et al., 2015) to predict the two modes of the

late-season track with a zero-month lead (i.e., starting from
September 30th) by using SST predictors and linear
regressions. Following Wang et al. (2015), two types of
predictors were used in this study. The first type consists of
the persistent predictors that suggest the relatively slow evolution
of boundary anomalies that can persist into the forecasting
season. The second type consists of the tendency signals that
denote the evolution tendency of predictors. Persistent signals are
defined as the 2-month mean (August–September) before the
forecasting season (October–December), and tendency signals
are defined as the difference between August and September
mean and May–June mean.

Two predictors are used to construct the PEM for the first
mode. The first is the August–September mean SST over the
equatorial central Pacific (−10°S–10°N, 180°–120°W,
Figure 6A). Physically, the August–September mean SST
anomalies in the tropical central Pacific can foreshow their
value in the late season due to the phase-locking property of
ENSO (Rasmusson and Carpenter 1982). Additionally, a
tendency predictor was identified over the subtropical
North Pacific (20°N–32.5°N, 180°–150°W, Figure 6C), which
indicates the development of SST warming in the equatorial
central Pacific through the seasonal footprint mechanism
(Vimont et al., 2001; Amaya 2019). For the second mode,
two predictors are used to construct the PEM. The first is the
August–September mean SST over the equatorial eastern
Pacific (−10°S–10°N, 150°W–90°W, Figure 6B), which infers
the SST anomalies in the late season by utilizing the phase-
locking property of ENSO. Moreover, a tendency predictor
over the equatorial central WNP (−10°S–10°N, 140°E–165°E,
Figure 6D) was selected, which can infer the development of
vertical motion in this region and thus the anti-cyclonic
circulation to its west. Generally, all these selected

FIGURE 6 | Correlation map between PC1 and (A) August–September mean SST and (C) SST tendency from May–June to August–September during
1965–2018. (B) and (D) are the same as (A) and (C) but for PC2. Hatched areas denote regions with correlation coefficients that are significant at the 90% confidence
level. The green boxes denote definition areas for the selected predictors.
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predictors are based on the physical processes that govern the
large-scale circulations associated with the two modes.

Although the standard deviation of the predicted
(simulated) TC track frequency is less than that of the
observed, the PEMs using the identified SST predictors can
reasonably reproduce the temporal variability of the two
modes of late-season TC track frequency (Figure 7). The
prediction (simulation) temporal correlation coefficient
skills for the first and second modes are 0.56 and 0.47,
respectively. These account for about 30% of the total
variance, suggesting that these two modes are potentially
predictable. Provided that these two leading modes can
largely represent the variability of TC track frequency over
the whole WNP in the late season, we further regressed the
WNP TC track frequency with the predicted two modes
(Figure 7C). The correlation between the regressed TC
track frequency and observation is 0.50, which is significant
at 95% confidence level. These results suggest a potential utility
of our strategy for the seasonal forecasting of TC activity in the
late season over the WNP.

CONCLUSION

In this study, two leading modes of the late-season TC track
frequency are identified with the empirical orthogonal function
analysis. The first mode features prominent positive anomalies to
the east of the Philippines but weak negative anomalies to the
west of the Philippines. From a dynamical viewpoint, the large-
scale conditions associated with a cyclonic (anti-cyclonic)
circulation to the east (west) of the Philippines act to enhance
(suppress) TC genesis and thus contribute to the anomalous TC
track frequency distribution. Additionally, the westward large-
scale steering associated with the cyclonic circulation to the east
of the Philippines tends to prevent westward TC move and
contribute to the anomalous TC track frequency as well. For
the second mode, it is characterized as notable negative (weak
positive) anomalies in the western (eastern) WNP, respectively.
Dynamically, a cyclonic (anticyclonic) circulation is confined to
the east (west) of 150°E, which is favorable (unfavorable) to TC
genesis to the east (west) of 150°E and eventually results in the
negative (positive) anomalies of TC track frequency in the
western (eastern) WNP.

Further analyses reveal that the circulations associated with
two modes are both linked to the concurrent El Niño-Southern
Oscillation (ENSO), but with different locations of maximum sea
surface temperature (SST). For the first mode, the maximum SST
warming can extend to about 170°W. The associated heating can
emanate a cyclonic circulation extending to the east of the
Philippines. Meanwhile, the anomalous northerly to the
western flank of the cyclonic circulation can then generate
cyclonic circulation to the west of 120°E through dry
advection and local air–sea interaction. In contrast, the
maximum center of SST warming and the corresponding
increased convective heating associated with the second mode
shift far eastward to the equatorial eastern Pacific. Accordingly,
the associated Rossby wave response (i.e. the cyclonic circulation)
migrates eastward and is confined to the east of 150°E.
Meanwhile, the SST warming-induced ascending motion tends
to generate an upper-level converge toward the tropical eastern
WNP, leading to the suppressed convection in the tropical eastern
WNP. Moreover, the anomalous northerly to the western flank of
the cyclonic circulation acts to reinforce the suppressed
convection in tropical WNP around 150°E by dry advection.

The suppressed heating around 150°E then emanates an anti-
cyclonic circulation to the west of 150°E via the Gill-type
response. The result suggests that the impacts of ENSO on the
late-season TC tracks are sensitive to the location of the
maximum SST anomaly.

A set of PEMs is further built to predict the two modes of late-
season TC track frequency with the persistent and tendency SST
predictors. The PEMs can reasonably reproduce the inter-annual
variability of the two modes and the basin-wide total TC track
frequency, suggesting that they are potentially predictable. The
reasonable predicting skill here suggests that distinguishing the
anomaly center of ENSO SST helps improve the seasonal
prediction of the late-season TC tracks over the WNP.

FIGURE 7 | Time series of observed (blue line) and simulated (red line)
(A) PC1, (B) PC2, and (C) TC track frequency over the WNP during
1965–2018. Correlation coefficients are shown on the top left of panels.
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