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Abstract
This study identifies a significant positive correlation between the Pacific Merid-
ional Mode (PMM) index and frequency of tropical cyclones (TCs) landfalling
in China during peak TC season (June–November) of the period 1977–2018.
This interannual association is independent of two types of El Niño–Southern
Oscillation. Large-scale circulation over the western North Pacific (WNP) mod-
ulated by PMM can affect TC genesis location/frequency and steering flow
that directly determine TC landfalls in China. During the positive PMM phase,
anomalous off-equatorial heating over the eastern North Pacific can induce
anomalous low-level cyclonic circulation and upper-level anticyclonic circula-
tion over most of the main development region in the WNP, as a Gill-type Rossby
wave response. The resultant larger low-level relative vorticity and weaker ver-
tical wind shear are conducive to the formation of more TCs over the main
development region. The anomalous easterly steering flow in the north flank of
the anomalous low-level cyclonic circulation is favourable for more TCs moving
westward/northwestward and making landfall in China. The physical mecha-
nism for the impact of PMM on large-scale circulation over the WNP is verified
by numerical experiments using the Community Atmospheric Model. The PMM
index is demonstrated to be a crucial predictor for landfalling TC frequency in
China in statistical seasonal prediction models.
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1 INTRODUCTION

Tropical cyclones (TCs) making landfall are the most
destructive natural disasters affecting the most econom-
ically developed and highly populated coastal regions in
China. The associated heavy rains, storm surges, and
strong winds have the potential to cause massive casual-
ties and economic losses. In an average year during 1983
to 2006, there were seven TCs making landfall in China,

leading to 472 deaths and direct economic losses of 28.7
billion yuan (Zhang et al., 2009). Landfalling TC frequency
in China exhibits strong interannual variability (e.g. Zhou
and Lu, 2019). A better understanding of the interannual
relationship between TC landfalls in China and climate
variations is of great significance in mitigating TC hazards.

The frequency of TCs landfalling in China on
the interannual time-scale is closely related to the El
Niño–Southern Oscillation (ENSO). More TCs make
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landfall in south China in La Niña years, owing to a
westward shift in genesis location and stronger west-
ern North Pacific (WNP) subtropical high (Elsner and
Liu, 2003; Liu and Chan, 2003; Wu et al., 2004; Zhang
et al., 2012; 2016a). Wang et al. (2013) emphasized the
strong modulation of the WNP subtropical high on TC
landfalls in China; this relationship was also well pro-
duced by the UK Met Office Global Seasonal forecasting
system version 5 (Camp et al., 2019). Yu et al. (2017)
suggested that a northward shift of the East Asian sub-
tropical westerly jet is connected with anomalous easterly
steering flow over the coastal area of east China, which
favours a larger number of TC landfalls in China during
boreal summer. Gao et al. (2018a) found a negative corre-
lation between tropical North Atlantic (TNA) sea-surface
temperature (SST) and frequency of TCs making land-
fall in China during the peak TC season. Cold TNA SST
anomaly favours genesis of more TCs in the South China
Sea, the western Philippine Sea, and the eastern part of
WNP; these TCs move towards China by following cli-
matological mean steering flow. Wang and Chen (2018a)
revealed a negative association of boreal spring SST gra-
dient (SSTG) between the tropical Indian Ocean and the
western Pacific warm pool with summer TC landfalls in
China. A negative spring SSTG can induce anomalous
low-level cyclone and weaker vertical wind shear over
a large portion of the WNP, which increase TC genesis
frequency, and the accompanying easterly steering flow
anomalies over coastal China result in more TC landfalls
in China. Wang and Chen (2018b) identified a negative
relationship between the onset date of the South China
Sea summer monsoon and peak-season TC landfalls in
China. Early onset of the South China Sea summer mon-
soon is accompanied by a strong monsoon trough and
anomalous low-level cyclone around Luzon Island which
favour TC genesis in the western part of the WNP, and the
associated easterly steering flow leads more TCs to make
landfall in southeast China. Zhang et al. (2019) showed
that the frequency of TCs landfalling in southern China
is mainly influenced by the surrounding easterly steering
flow closely related to the WNP subtropical high.

The Pacific Meridional Mode (PMM) is an
atmosphere–ocean coupled phenomenon with strong
signals on similar interannual time-scales to ENSO. The
spatial pattern of PMM shows the coupling of a merid-
ional SST gradient and a cross-gradient surface airflow;
this is obtained with maximum covariance analysis on
detrended fields of SST and surface wind after removing
the canonical ENSO signal and seasonal cycle (Chiang and
Vimont, 2004). Although the PMM index is significantly
correlated with the ENSO modoki index, which suggests
that the two climate modes are not strictly independent
(Stuecker, 2018), PMM and ENSO modoki are likely two

different phenomena. Besides their different spatial pat-
terns, they mature in different periods (boreal spring for
PMM and boreal winter for ENSO modoki). PMM has
positive impacts on the occurrence of WNP TCs (Zhang
et al., 2016b; Zhan et al., 2017; Wu et al., 2018) and intense
TCs (Gao et al., 2018b), and can be used to predict the fre-
quency of TCs (Zhang and Villarini, 2019) and landfalling
TCs over the WNP in a statistical–dynamical framework
(Zhang et al., 2017). A positive PMM can shift the mean
TC genesis location eastward (Hong et al., 2018).

Although the impacts of PMM on WNP TC activity
have gained much attention, no studies have reported
its influence on TC landfalls in China and other coun-
tries of East Asia. Owing to the serious destructiveness of
landfalling TCs and the challenge of predicting the fre-
quency of TC landfalls, it is highly desirable to discover
whether and how PMM modulates landfalling TC fre-
quency over the WNP. We will accomplish the objectives
using observational analysis and numerical experiments.
Section 2 describes data and methods. The statistical rela-
tionship between PMM and TC landfalls over the WNP
is investigated in Section 3. Section 4 examines the possi-
ble mechanisms for the impact of PMM on TC landfalls in
China. Section 5 gives a discussion. Concluding remarks
are presented in Section 6.

2 DATA AND METHODS

The 6-hourly TC position and intensity are obtained
from the China Meteorological Administration (CMA)
best-track data (Ying et al., 2014). We use the data over
the satellite era from 1977 to 2018. A detection algorithm
(details can be found in Gao et al., 2018a) is used to iden-
tify the frequency of landfalling TCs in four subregions:
China, Korea and Japan, Vietnam, and the Philippines.
Figure 1 shows the coastal lines of the four subregions
and the entire East Asia. TC landfalls in Taiwan are not
counted as landfalls in China but counted as landfalls in
the entire East Asia in this study. Note that multiple land-
falls within a region for an individual TC is only counted
as one landfall in that region. Figure 2 indicates monthly
climatology of landfalling TC frequency in each subregion
and the entirety of East Asia. Among the four subregions,
China suffers the most frequent TC strikes. TC landfalls
mainly occur in the peak TC season (June–November, JJA-
SON), during which climatological mean frequencies of
TCs landfalling in China, Korea and Japan, Vietnam, the
Philippines, and the entire East Asia are 7.2, 4.8, 2.6, 6.0,
and 17.2, respectively. We therefore focus on the period of
JJASON in this study.

Monthly atmospheric variables are acquired from
the National Centers for Environmental Prediction
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F I G U R E 1 Four defined landfalling subregions in East Asia:
China, Korea and Japan, Vietnam, and the Philippines. Landfalling
TCs in Taiwan are not counted in China but counted in the entire
East Asia in this study. Shading denotes track density during
1977–2018 [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 2 Monthly climatology of landfalling TC frequency
in each subregion and the entirety of East Asia during 1977–2018
[Colour figure can be viewed at wileyonlinelibrary.com]

(NCEP)/National Center for Atmospheric Research
(NCAR) Reanalysis data at 2.5◦ resolution (Kalnay
et al., 1996). Monthly interpolated outgoing long-wave
radiation (OLR) data at 2.5◦ resolution (Liebmann and
Smith, 1996), PMM SST index (hereafter PMM index), and
Niño 3.4 index are obtained from the Physical Sciences
Division (PSD) of the National Oceanic and Atmospheric
Administration (NOAA)/Earth System Research Labora-
tory (ESRL). The Niño 3.4 index is used to define canonical
ENSO events since the Niño 3.4 region is the key region
for coupled ocean–atmosphere interactions for canonical
ENSO (Trenberth, 1997), and the PMM SST index is used
to define the PMM phases (Chiang and Vimont, 2004).
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F I G U R E 3 The differences in prescribed SST (K) between
the PPMM and CTRL experiment with CAM-5.3 (PPMM minus
CTRL) [Colour figure can be viewed at wileyonlinelibrary.com]

Monthly SST data at 1◦ resolution are acquired from the
NOAA Extended Reconstructed Sea Surface Tempera-
ture (ERSST) version 4 (Huang et al., 2015). The ENSO
Modoki index (EMI) is provided by the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC). These
atmospheric and oceanic variables are detrended first to
only investigate interannual variations.

To verify the physical mechanisms for impact of PMM
on large-scale circulation, which directly controls fre-
quency of TC landfalls, we use the latest version 5.3 of the
National Center for Atmospheric Research (NCAR) Com-
munity Atmospheric Model (CAM-5.3: Neale et al., 2012)
to perform perturbation experiments. CAM-5.3 was
released as an atmospheric component for version 1.2
of the Community Earth System Model (CESM: Hurrell
et al., 2013). CAM-5.3 with T31 horizontal resolution
(3.75◦ × 3.75◦) and 26 vertical levels is used to conduct two
experiments; one is prescribed with the observed clima-
tological SST (CTRL experiment), and the other with the
regressed SST anomalies onto the PMM index (Figure 3)
added to the observed climatological SST during JJASON
in the PMM region and the same as the CTRL experiment
elsewhere (PPMM experiment). Both CTRL and PPMM
experiments were integrated for 100 years. We compare
the differences between the PPMM and CTRL experi-
ments (PPMM minus CTRL) during the last 80 years,
which represents the changes forced by off-equatorial SST
warming related to the positive PMM phase.

3 STATISTICAL RELATIONSHIP
BETWEEN PMM AND TC
LANDFALLS

Table 1 shows the correlation coefficients between the
PMM index and the frequency of TCs landfalling in each
subregion and the entirety of East Asia during JJASON of
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http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


4 GAO et al.

T A B L E 1 Correlation coefficients (r) of the PMM index with
landfalling TC frequency in each subregion and the entirety of East
Asia during JJASON of the period 1977–2018

Region China
Korea and
Japan

The
Philippines Vietnam

East
Asia

r 0.45a 0.14 0.17 0.17 0.52a

a Significance at the 0.01 level.

the period 1977–2018. The PMM index is significantly cor-
related with TC landfalls in the subregion of China only,
and it dominates the significant correlation of PMM with
TC landfalls in the whole East Asia. We thus only discuss
the relationship of PMM with TC landfalls in China here-
after. Figure 4 shows the time series of landfalling TC fre-
quency in China and normalized climate indices (Niño 3.4,
PMM, and ENSO Modoki) during JJASON of the period
1977–2018. Following Gao et al. (2018b), we first select typ-
ical years in the positive and negative PMM phases and
typical canonical El Niño and La Niña years using one
standard deviation of the normalized time series of PMM
and Niño 3.4 indices in Figure 4. Since strong PMM and
canonical ENSO events may coexist in an individual year,
the typical canonical El Niño and La Niña years are then
excluded from the typical years in two PMM phases to
remove the ENSO effect. Accordingly, 8 years in the pos-
itive PMM phase (i.e. 1985, 1986, 1990, 1992, 1994, 2016,
2017 and 2018) and 4 years in the negative PMM phase
(i.e. 1983, 2008, 2011 and 2012) are selected to perform
WNP TC statistics. Following Gao et al. (2018b), the typical
ENSO Modoki years are not excluded as PMM and ENSO
Modoki are not strictly independent (Stuecker, 2018).
Due to a small number of samples, the interpretation
of results may be limited, therefore we further conduct
numerical experiments to verify the proposed physical
mechanisms.

The PMM index and landfalling TC frequency in China
have a significant correlation coefficient of 0.45 (p< .01).
The partial correlation coefficients between them by con-
trolling the Niño 3.4 and ENSO Modoki indices are 0.45
(p< .01) and 0.34 (p< .05), respectively; Both are statisti-
cally significant. Landfalling TC frequency in China has
a weak correlation of −0.11 with the Niño 3.4 index; this
is not surprising because canonical ENSO merely mod-
ulates TC landfalls in China during boreal autumn and
has no significant correlation with TC landfalls in either
south China, east China, or the entire China during boreal
summer (Elsner and Liu, 2003; Liu and Chan, 2003; Wu
et al., 2004; Zhang et al., 2012). Landfalling TC frequency
in China shows a significant correlation of 0.34 (p< .05)
with EMI, consistent with Zhang et al. (2012). The results
indicate that both PMM and ENSO Modoki can affect land-
falling TC frequency in China during JJASON. Indeed,
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JJASON of 1977–2018 [Colour figure can be viewed at
wileyonlinelibrary.com]

the coexistence of positive phase of PMM and ENSO
Modoki in neutral or weak state of canonical ENSO can
significantly enhance (i.e. 1990 and 1994, with 9 and 10
landfalls, respectively) TC landfalls in China. However,
there are 5 years in neutral or weak state of two types of
ENSO during which the PMM index shows strong associ-
ation with TC landfalls in China. Ten, 8 and 10 TCs made
landfall in China in 1985, 2016 and 2018 that were in the
positive PMM phase and 4 and 6 TCs made landfall in
China in 2011 and 2012 that were in the negative PMM
phase. This suggests an important role of PMM in modu-
lating the frequency of TC landfalls in China, which could
be independent of two types of ENSO event.

Table 2 shows statistics for the frequency of all WNP
TCs (i.e. lifetime maximum intensity ≥17.2 m⋅s−1) and
TCs landfalling in China during JJASON of two PMM
phases. The mean frequency of all WNP TCs in the pos-
itive PMM phase is significantly higher than that in the
negative phase at the 0.01 level (27.1 vs. 20.3), in line with
previous studies (Zhang et al., 2016b; Zhan et al., 2017;
Wu et al., 2018). On average, there are 8.0 and 5.3 (p< .01)
TCs landfalling in China, corresponding to 29.5 and 25.9%
(p = .46) of all WNP TCs making landfall in China dur-
ing the positive and negative PMM phases, respectively.
The significantly larger number of total TC frequency and
landfalling TC frequency in China are consistent with their
rankings during the study period. It is thus suggested that
the higher frequency of TCs landfalling in China is par-
tially ascribed to the higher frequency of all WNP TCs
during the positive PMM phase compared to the nega-
tive PMM phase. However, there must be other physical

http://wileyonlinelibrary.com
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T A B L E 2 Total and average (in parentheses) frequency of all WNP TCs and TCs landfalling in China during JJASON as well as
rankings of their annual numbers in the 42-year period during positive and negative PMM phases

Parameter Negative PMM phase (4 years) Positive PMM phase (8 years)

Frequency of all WNP TCs 81 (20.3) 217 (27.1)

Ranking of WNP TC frequency 19, 30, 34, 34 1, 2, 6, 6, 8, 8, 15, 15

Frequency of TCs landfalling in China 21 (5.3) 64 (8.0)

Ranking of landfalling TC frequency in China 16, 16, 23, 32 1, 1, 1, 4, 6, 10, 16, 32

Ratio of TCs landfalling in China to all WNP TCs 25.9% 29.5%

Note: Ratios of TCs landfalling in China to all WNP TCs are also shown. Bold values indicate significance above the .05 level based on Student's t-test.

reasons why these extra TCs during the positive PMM
phase prefer to make landfall only in China, which will be
discussed in the next section.

4 POSSIBLE MECHANISMS

It is widely accepted that TC genesis frequency/location
and steering flow directly determine TC landfalls in a spe-
cific area (e.g. Liu and Chan, 2003; Wu et al., 2004; Zhang
et al., 2012; Zhou et al., 2018; Gao et al., 2018a). In this
section, we first find out the hot spots of TC genesis mod-
ulated by PMM, although previous studies (Zhang et al.,
2016b; Gao et al., 2018b) have revealed the relationship
between PMM and WNP TC genesis frequency. We then
interpret the impacts of PMM on TC landfalls in China
combining TC track based on PMM-modulated steering
flow. All the regressions below are obtained after removing
the regressed fields onto the Niño 3.4 index to exclude the
linear effect of canonical ENSO. Figure 5 indicates regres-
sions of genesis density and track density of all WNP TCs
onto the PMM index during JJASON as well as the prevail-
ing tracks of TCs landfalling in China during the positive
PMM phase. Compared to the negative PMM phase, sig-
nificantly more TCs form over two regions (140◦–150◦E,
10◦–20◦N) and (120◦–130◦E, 15◦–25◦N) during the posi-
tive PMM phase (Figure 5a). These TCs mainly follow two
groups of tracks: a fraction of them recurve and pose no
threat to land (tracks are not shown), and the others move
west-northwestward and make landfall in southeast and
south China (black arrows in Figure 5b). The latter con-
tributes to significantly more TC landfalls in China during
the positive PMM phase than the negative PMM phase.

Similar to previous studies (e.g. Camargo et al., 2007;
Gao et al., 2018a), we use genesis potential index (GPI:
Emanuel and Nolan, 2004) to investigate PMM effects on
TC genesis. Figure 6 shows regression of GPI onto the
PMM index during JJASON. The larger GPI values are in
good agreement with higher genesis density (Figure 5a)
during the positive PMM phase, indicating that GPI is
suitable for diagnosing TC genesis during different PMM

phases. Four components of GPI, that is, 850 hPa relative
vorticity, 600 hPa relative humidity, maximum potential
intensity (MPI: Emanuel, 1988), and 850–200 hPa vertical
wind shear are further examined. Figure 7 shows regres-
sions of the four variables onto the PMM index during JJA-
SON. Compared to the negative PMM phase, significantly
larger low-level relative vorticity (Figure 7a) and weaker
wind shear (Figure 7d) are responsible for the genesis of
more TCs during the positive PMM phase, consistent with
previous studies (Zhang et al., 2016b; Gao et al., 2018b).

Figure 8 indicates regression of steering flow (layer
mean winds from 850 to 500 hPa: Chan and Gray, 1982;

 120
o
E  180

o
W 

  40
o
N 

 100
o
E  140

o
E  160

o
E 

   0
o
  

  10
o
N 

  20
o
N 

  30
o
N 

(a) Genesis density

-0.4

-0.2

0

0.2

0.4

 120
o
E  180

o
W 

  40
o
N 

 100
o
E  140

o
E  160

o
E 

   0
o
  

  10
o
N 

  20
o
N 

  30
o
N 

(b) Track density

-1

-0.5

0

0.5

1

F I G U R E 5 Regressions of (a) genesis density and (b) track
density onto the PMM index during JJASON after removing the
Niño 3.4 signal. Values above the 0.1 significance level are stippled.
The arrows denote prevailing tracks of a larger number of TCs
landfalling in China during the positive PMM phase compared to
the negative PMM phase [Colour figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com


6 GAO et al.

 120
o
E  180

o
W 

  40
o
N 

 100
o
E  140

o
E  160

o
E 

   0
o
  

  10
o
N 

  20
o
N 

  30
o
N 

-0.6

-0.3

0

0.3

0.6

F I G U R E 6 Regressions of GPI during JJASON after
removing the Niño 3.4 signal. Values above the 0.1 significance level
are stippled [Colour figure can be viewed at wileyonlinelibrary.com]

Velden and Leslie, 1991) onto the PMM index during JJA-
SON. There is a significant cyclonic flow pattern over
the western part of WNP and southern China. JJASON
mean steering flow and location of the WNP subtropi-
cal high during two PMM phases and the difference in
steering flow between them are also shown in Figure 9.
During the positive PMM phase, northwestward TC tracks
toward Taiwan and southeast China as well as westward
TC tracks toward south China (Figure 5b) are generally
consistent with southwesterly/easterly steering flow along
their paths (Figure 9a); the anomalous easterly and north-
easterly steering flows over southern China (Figure 8)
favour TCs moving more westward and making landfall
in southern China; in addition, a weaker WNP subtropical
high (Figure 9a) favours a part of the TCs that form in the
region (140◦–150◦E, 10◦–20◦N) recurving northeastward.
During the negative PMM phase, the WNP subtropical
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F I G U R E 8 Regression of steering flow (m⋅s−1) onto the
PMM index during JJASON after removing the Niño 3.4 signal.
Black vectors exceed the 0.1 significance level

high is stronger, while the associated easterly steering
flow is strengthened at 0–15◦N and the associated west-
erly steering flow is strengthened at 20–30◦N (Figures 8
and 9c). Meanwhile, TC geneses are overall suppressed
(Figure 5a); both TC genesis and steering flow are there-
fore unfavourable for TC landfalls in China.

Figure 10 shows the regressions of SST, 850 and 200
hPa winds, and OLR (as a proxy for atmospheric heating)
onto the PMM index during JJASON. Anomalous cyclonic
flow in the lower troposphere (Figure 10a) and anomalous
anticyclonic flow in the upper troposphere (Figure 10b)
prevail over most of the WNP during the positive PMM
phase. The flow patterns result in larger low-level relative
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during (a) the positive and (b) the negative PMM phase, and (c) the difference in steering flow between them. Black vectors show winds
significant above the 0.1 level [Colour figure can be viewed at wileyonlinelibrary.com]

vorticity and weaker wind shear over the main devel-
opment region (Figure 7a,d); the latter is because the
prevailing upper-level westerlies and low-level easterlies
are both weakened. Note that there are almost no signif-
icant upper-level westerlies in the East Asian subtropi-
cal westerly jet region. This suggests that PMM cannot
modulate the subtropical westerly jet, although previous
studies (e.g. Yu et al., 2017) showed that the East Asian
subtropical westerly jet has the potential to influence TC
landfalls in China.

The anomalous flow patterns (Figure 10) are plausibly
a Gill-type Rossby wave response (Gill, 1980) to anoma-
lous off-equatorial heating (Figure 10b) associated with
warmer SST during the positive PMM phase (Figure 10a).
To verify this, we conduct the perturbation experiments
using CAM-5.3 (see details in Section 2). The differences
in OLR and wind fields at 850 and 200 hPa during JJASON
between the PPMM and CTRL experiments (Figure 11)
strongly resemble their regressed patterns onto the PMM
index in Figure 10. The difference in steering flow (layer

mean winds from 850 to 500 hPa) during JJASON between
the PPMM and CTRL experiments (Figure 12) also resem-
bles its regressed pattern onto the PMM index over the
western part of WNP in Figure 8, which is responsible for
the westward/northwestward track of TCs making landfall
in China. The Gill-type response to the off-equatorial heat-
ing related to SST warming during the positive PMM phase
is thus reasonably well reproduced by the CAM-5.3 exper-
iments. This is basically consistent with the modelling
studies using other numerical models (Zhang et al., 2016b;
Gao et al., 2018b) and further demonstrates the robustness
of the modulation of PMM on large-scale circulations over
the WNP, which most likely leads to anomalous TC land-
falls in China.

5 DISCUSSION

Given PMM is not strictly independent of ENSO Modoki,
one may doubt the usefulness of the PMM index in

http://wileyonlinelibrary.com
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(a) 850-hPa wind (vector), SST (shaded)
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F I G U R E 10 Regressions of (a) SST (shaded, K) and 850 hPa
wind (m⋅s−1; vector) and (b) OLR (W m−2; shaded) and 200 hPa
wind (m⋅s−1; vector) during JJASON after removing the Niño 3.4
signal. Black vectors show winds significant above the 0.1 level
[Colour figure can be viewed at wileyonlinelibrary.com]

predicting landfalling TC frequency in China. The perfor-
mance of the PMM index in statistical prediction models
is evaluated in this section. Potential predictors contain
Niño 3.4 index, EMI, SSTG between the tropical Indian
Ocean and the western Pacific warm pool, TNA SST, and
the PMM index. Two regression models are developed
with and without the PMM index using the data during
1977–2015. A stepwise regression method is employed to
select significant predictors. If excluding the PMM index
in the pool of potential predictors, EMI and Niño 3.4
index (NINO34) are selected as significant predictors to
build regression Equation 1. If including the PMM index
in the pool of potential predictors, only the PMM index
is selected as a significant predictor to build regression
Equation 2.

y = 5.86 + 2.26 × EMI − 0.95 × NINO34, (1)

y = 5.75 + 0.28 × PMM. (2)

The data during 2016–2018 are then used for indepen-
dent verification and the results are shown in Table 3. A
total of 25 landfalling TCs in China were observed during
the 3 years. The regression models without and with the
PMM index predict 18.2 and 20.1 landfalling TCs in China,
respectively. The use of the PMM index can reduce the
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(a) Differences in 850-hPa wind and OLR (PPMM minus CTRL)
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F I G U R E 11 (a) Differences in 850 hPa wind (m⋅s−1; vector)
and OLR (W⋅m−2; shaded), and (b) 200 hPa wind (m⋅s−1) during
JJASON between the PPMM and CTRL experiments with CAM-5.3
(PPMM minus CTRL). The dashed rectangle denotes the PMM
region [Colour figure can be viewed at wileyonlinelibrary.com]

prediction error by 1.9, which is equivalent to a decrease
in the percentage error of 7.6%. This result demon-
strates that the PMM index can be employed to improve
the seasonal prediction of landfalling TC frequency in
China.
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F I G U R E 12 Difference in steering flow (850–500 hPa mean
winds, m s−1) during JJASON between the PPMM and CTRL
experiments with CAM-5.3 (PPMM minus CTRL)
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Regression model Observed Predicted Error Percentage error

Without the PMM index 25 18.2 −6.8 −27.2%

With the PMM index 25 20.1 −4.9 −19.6%

T A B L E 3 Observed and
predicted landfalling TC
frequency in China as well as the
errors during 2016–2018 with and
without the PMM index in the
regression models

6 CONCLUDING REMARKS

The impact of PMM on the occurrence of TC landfalls in
China and its physical mechanisms have been investigated
for the first time. We have identified a significant posi-
tive correlation between the PMM index and frequency
of TCs landfalling in China during JJASON. During the
positive PMM phase, the anomalous off-equatorial heat-
ing over the eastern North Pacific can induce anomalous
low-level cyclonic flow and upper-level anticyclonic flow
over most of the main development region in the WNP
via a Gill-type Rossby wave response. The associated larger
low-level relative vorticity and weaker wind shear are
favourable for the genesis of more TCs in situ. The anoma-
lous easterly steering flow in the north flank of anoma-
lous low-level cyclonic flow can lead more TCs to travel
westward/northwestward and make landfall in China.
The above physical mechanism for the influence of PMM
on favourable large-scale circulation for TC landfalls in
China during JJASON has been well reproduced by NCAR
CAM-5.3.

This study highlights the PMM index as a valu-
able physically based factor for predicting landfalling
TC frequency in China in statistical models. Therefore,
incorporating the PMM index into current statistical or
statistical-dynamical prediction schemes (e.g. Liu and
Chan, 2003; Fan, 2009; Goh and Chan, 2010; Sun and
Ahn, 2011; Geng et al., 2016; Zhang et al., 2016c; 2017)
has a great potential for improving seasonal prediction of
TC landfalls in China. The PMM index is strongly rec-
ommended to be used by operational agencies providing
official seasonal forecasts of landfalling TC frequency in
China.
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