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ABSTRACT
This study investigates the association between the Pacific meridional mode (PMM) and tropical cyclone
(TC) activity in the western North Pacific (WNP). It is found that the positive PMM phase favors the occurrence of TCs in the WNP while the negative PMM phase inhibits the occurrence of TCs there. Observed
relationships are consistent with those from a long-term preindustrial control experiment (1000 yr) of a highresolution TC-resolving Geophysical Fluid Dynamics Laboratory (GFDL) Forecast-Oriented Low Ocean
Resolution (FLOR) coupled climate model. The diagnostic relationship between the PMM and TCs in observations and the model is further supported by sensitivity experiments with FLOR. The modulation of TC
genesis by the PMM is primarily through the anomalous zonal vertical wind shear (ZVWS) changes in the
WNP, especially in the southeastern WNP. The anomalous ZVWS can be attributed to the responses of the
atmosphere to the anomalous warming in the northwestern part of the PMM pattern during the positive PMM
phase, which resembles a classic Matsuno–Gill pattern. Such influences on TC genesis are strengthened by a
cyclonic flow over the WNP. The significant relationship between TCs and the PMM identified here may
provide a useful reference for seasonal forecasting of TCs and interpreting changes in TC activity in the WNP.

1. Introduction
Tropical cyclones (TCs) are among the most destructive
and costly natural disasters on Earth (e.g., Rappaport 2000;
Pielke et al. 2008; Q. Zhang et al. 2009). The occurrence of
TCs has long been the subject of scientific inquiry (e.g.,
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Mitchell 1932; Gray 1968; Henderson-Sellers et al. 1998;
Simpson et al. 1998; Vitart and Stockdale 2001; Liu and
Chan 2003; Klotzback 2007; Chan 2008a,b; Sippel and
Zhang 2008; Lin et al. 2014; Vecchi et al. 2014). Large-scale
climate variations in various basins affect the occurrence of
TCs in the western North Pacific (WNP) by both local and
remote forcing. In general, variations in TC occurrence in
the WNP are closely associated with the sea surface temperature (SST) patterns such as El Niño–Southern Oscillation (ENSO) (Chan 1985; Wu and Lau 1992; Chan 2000;
Wang and Chan 2002; Camargo and Sobel 2005; Zhang
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FIG. 1. The regression of SST (8C) and 10-m wind fields (ms21) during (a) 1961–2013, (b) neutral
ENSO years during 1961–2013, and (c) tropical cyclone track density onto the standardized PMM
index. The spatial domains in (a) and (b) are consistent with that in Chiang and Vimont (2004).

et al. 2012), the Indian Ocean warming (Du et al. 2011;
Zhan et al. 2011, 2014), the North Pacific Gyre Oscillation
(Zhang et al. 2013), and the Pacific decadal oscillation
(PDO) (Lee et al. 2012; Liu and Chan 2013; Girishkumar
et al. 2014). Recently it has been suggested that the SST in
the North Atlantic also modulates TC activity in the WNP
(Li et al. 2013; Huo et al. 2015).
The Pacific meridional mode (PMM) is defined here as
the first maximum covariance analysis (MCA) mode of
SST and 10-m wind vectors in the Pacific Ocean, and describes meridional variations in SST, winds, and convection in the tropical Pacific (Chiang and Vimont 2004). The
PMM (refer to Fig. 1a) bears marked resemblance to the
Atlantic meridional mode (AMM) in terms of its principal
mechanisms, impacts, and interactions with extratropical

climate systems (Chiang and Vimont 2004). For example,
the North Pacific Oscillation (NPO) has been found to
force the PMM, while the North Atlantic Oscillation
(NAO) acts to force the AMM (Vimont et al. 2003).
The PMM is closely associated with ENSO (Chang et al.
2007; Alexander et al. 2008; L. Zhang et al. 2009; Larson
and Kirtman 2013; Lin et al. 2015), with the PMM peaking
around April and May, whereas ENSO usually reaches its
peak during the boreal winter (Chang et al. 2007; L. Zhang
et al. 2009; Larson and Kirtman 2013; Lin et al. 2015).
Previous studies have indicated that the PMM may set the
stage for the seasonal peak of ENSO (Larson and Kirtman
2014). However, the PMM can also exist independently of
ENSO, with the ENSO effect routinely removed through
linear regression onto the cold tongue index (CTI) when
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calculating the PMM index (Chiang and Vimont 2004;
L. Zhang et al. 2009; Larson and Kirtman 2014).
Previous research has found that the seasonal occurrence and accumulated energy of hurricanes in the North
Atlantic are strongly influenced by the AMM (Vimont
and Kossin 2007; Smirnov and Vimont 2011). More recently, Patricola et al. (2014) examined the combined influence of the AMM and ENSO on hurricane activity in
the North Atlantic; they found that hurricane activity is
profoundly enhanced when the positive AMM phase and
La Niña overlap. Basically, the PMM pattern consists of
two parts: a northwestern part from the North America
coast toward Hawaii and a southeastern part in the eastern
Pacific (Chiang and Vimont 2004; see Fig. 1a). During the
positive PMM phase, positive SST anomalies prevail in the
northwestern part while negative SST anomalies prevail in
the southeastern part (Chiang and Vimont 2004). Such
SST anomalies can be hypothesized to affect TC activity in
the WNP by modulating the large-scale circulation, much
like the PMM has been found to modulate weather and
climate in East Asia (Li et al. 2010; Li and Ma 2011).
Therefore, it is of great interest to examine whether the
PMM modulates the occurrence of TCs in the WNP.
The objectives of this study are thus 1) to assess whether
and to what extent the PMM modulates TC activity in the
WNP and 2) to dissect the mechanisms underpinning the
modulation based on both observations and model simulation. This study is expected to enhance the understanding
of TC activity in the WNP and to provide valuable insights
for seasonal forecasting of the occurrence of TCs over that
region. Moreover, since the PMM is linked to extratropical
climate systems such as the NPO (Rogers 1981; Linkin and
Nigam 2008) and North Pacific Gyre Oscillation (NPGO)
(Di Lorenzo et al. 2010), which is the second principal
mode of SST anomalies in the North Pacific, this study can
play a role in bridging the association of extratropical and
tropical interactions (Vimont et al. 2001).
The remainder of this paper is organized as follows.
Section 2 presents the data and methodology, while
section 3 discusses the results based on observations and
simulations. Section 4 includes the discussion and summarizes the main conclusions.

2. Data and methodology
a. Data
The TC data are obtained from International Best
Track Archive for Climate Stewardship (IBTrACS;
Knapp et al. 2010). The study period is 1961–2013 because TCs after the 1960s are more reliable (Chan
2008b). The key meteorological variables such as zonal
and meridional wind fields, geopotential height, vorticity,
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and relative humidity are from the Japan Meteorology
Agency (JMA) 55-year Reanalysis Project (JRA-55).
To substantiate and reinforce the results, the National
Centers for Environmental Prediction (NCEP)–National
Center for Atmospheric Research (NCAR) reanalysis
data (Kalnay et al. 1996) and the Modern-Era Retrospective Analysis for Research and Applications
(MERRA) are also employed. The JRA-55 is available
since 1958 on a global basis with a spatial resolution of
1.258 3 1.258. It is based on a new data assimilation
system that reduces many of the problems reported in
the first JMA reanalysis (Ebita et al. 2011; Kobayashi
et al. 2015). MERRA is produced by the National
Aeronautics and Space Administration (NASA) for the
satellite era, using a major new version of the Goddard
Earth Observing System Model, version 5 (GEOS-5),
data assimilation system (DAS) (Rienecker et al. 2011).
MERRA data are only available from 1979. The zonal
vertical wind shear (jdu/dzj or juzj) is defined as the
magnitude of the differences in zonal wind between the
200- and 850-hPa levels. The years used in the above
three reanalysis data are consistent with the TC data.
Monthly estimates of SST are taken from the Met Office
Hadley Centre Sea Surface Temperature dataset
(HadSST3.1.1.0) (Kennedy et al. 2011).

b. Model
This study employs a newly developed high-resolution
coupled climate model for experiments, the Geophysical Fluid Dynamics Laboratory (GFDL) ForecastOriented Low Ocean Resolution version of CM2.5
known as FLOR (e.g., Vecchi et al. 2014; Jia et al. 2015;
Yang et al. 2015). The aim in the development of FLOR
was to represent regional scales and extreme weather
and climate events (e.g., TCs) while keeping computational costs relatively low. For these reasons, this model
is characterized by high-resolution land and atmosphere components but a relatively low-resolution
ocean component (Vecchi et al. 2014). The atmosphere and land are the same as those of the GFDL
Climate Model, version 2.5 (CM2.5; Delworth et al.
2012), with a spatial resolution of 50 km 3 50 km. The
ocean and sea ice components of FLOR are similar to
those in the CM2.1 (Delworth et al. 2006) with a spatial
resolution of 18 3 18 except that there is refinement of
the grid in the deep tropics (from 108S to 108N) to approximately 1/ 38 in meridional direction. The relatively
low spatial resolution of the ocean and sea ice components in FLOR enables large ensembles and better efficiency for seasonal forecasting. This study utilizes the
flux-adjusted version of FLOR (FLOR-FA) for sensitivity experiments in which climatological adjustments
are applied to the model’s momentum, enthalpy, and
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FIG. 2. (top) The restoring coefficient in the PMM region and (bottom) the SST anomalies (8C)
during the positive PMM phase added to the seasonal cycle in the experiment.

freshwater flux from the atmosphere to the ocean to
give the model’s SST and surface wind stress a closer
climatology to the observations over 1979–2012 (Vecchi
et al. 2014). For more details about the FLOR model,
please refer to Vecchi et al. (2014) and Jia et al. (2015),
and references therein.

c. Control simulation
A 2500-yr-long control simulation was performed
with the FLOR-FA by prescribing radiative forcing and
land use representative of 1860. These experiments are
referred to as pre-industrial experiments with FLORFA. The control experiments are run for a total of
2500 yr, but here we focus on the first 1000 yr for the
analysis of PMM and TCs for the sake of computing
efficiency. The PMM–TC relationship is also analyzed in
another 500-yr control simulation, in which the prescribed radiative forcing and land use are representative
of the conditions in 1990. Because the PMM–TC association based on FLOR-FA 1990 is consistent with that
on FLOR-FA 1860, this study only shows results based
on FLOR-FA 1860.

d. Sensitivity experiments
To isolate the role of the PMM, a set of perturbation
experiments was performed with FLOR-FA using 1860
radiative forcing. In the first experiment, SST is restored to a repeating annual cycle in the PMM region
(i.e., the masking region) and the model is fully coupled
outside of the masking region with a 5-day restoring
time scale, which is taken as the control run (CTRL)
(Fig. 2). The second experiment is set up by prescribing
the sum of the annual cycle of SST and the temporally
constant SST anomalies associated with positive PMM
patterns (denoted as PPMM) in the PMM region, with
the model fully coupled outside of this region (Fig. 2).
After an initial 100-yr spinup, both experiments are
integrated for 100 yr. The restoring coefficient of the
restoring SST is shown in Fig. 2, with the coefficient
varying from 1 to 0 when moving from the center to the
boundary of the masking region. By subtracting the
CTRL experiment from the PPMM experiment, one
can assess the net influence of the positive PMM phase
on the climate system.
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FIG. 3. The time series of the PMM (red), Niño-3 (blue), and Niño-3.4 (green) indices.
Cor(PMM–Niño-3) represents the correlation coefficient between PMM and Niño-3 while
Cor(PMM–Niño34) is defined likewise.

e. Tracking algorithm
TCs in FLOR are tracked from the 6-hourly model
output by using the tracker developed by L. Harris et al.
(unpublished manuscript) as implemented in Murakami
et al. (2015). The temperature anomalies averaged vertically over 300 and 500 hPa (ta) and sea level pressure
(SLP) are key factors of this tracker. The tracking procedure is as follows.
1) Local minima of the smoothed SLP field are found.
The location of the center is properly adjusted by
fitting a biquadratic interpolation to the SLP and
locating the center at the minimum.
2) Closed contours are constructed around every single
SLP minimum with an interval of 2 hPa between the
contours. The Nth contour is marked as the contiguous region surrounding a low central pressure P
with pressures lower than N dp 1 P, as detected by a
‘‘flood fill’’ algorithm. This method works by starting
at a seed point and adding neighboring grids to it
that share the same desired properties. The boundary of the region iteratively grows outward until it
reaches grids that no longer share the desired
properties (Khudeev 2005). It is noted that the
contours are not required to be circular and a
maximum radius of 3000 km is searched from each
candidate low center.
3) If the above closed contours are found, the low is
counted as a TC center at that time. In this way, the
tracker attempts to find all closed contours within a
certain distance of the low and without entering
contours belonging to another low. The maximum

10-m wind inside the set of closed contours is taken as
the maximum wind speed at that time for the storm.
4) Warm cores are detected via similar processes: closed
1-K contours for FLOR are found surrounding a
maximum of ta within the previously identified SLP
minima, no more than 18 from the center of minimum
SLP. This contour must have a radius less than 38 in
distance. If such a core is not found, it should not be
defined as a warm-core low center and the center is
rejected.
5) TC centers are combined into a track by taking a low
center at time T 2 dt, extrapolating its motion
forward dt, and then seeking for storms within
750 km. It is noted that the lower local minimum
SLP has higher priority to be joined to the current
minimum to form the TC track.
6) The following criteria are required to pick up the
final TCs:
(i) a lifespan of at least 72 h,
(ii) at least 48 cumulative (not necessarily consecutive) hours with a warm core, and
(iii) at least 36 consecutive hours of a warm core
with winds greater than 17.5 m s21.
TC genesis is confined equatorward of 408N. TC
density is obtaining by binning the 6-hourly TC tracks in
the WNP in 58 3 58 grid boxes.

f. PMM index
The PMM index (Fig. 3) is calculated following the
method described in Chiang and Vimont (2004). In
calculating it, the seasonal cycle and the linear trend are
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first removed by applying a 3-month running mean to
the data, and then subtracting the linear fit to the CTI
(Deser and Wallace 1987) from every single spatial
point to remove correlations with El Niño (Chiang and
Vimont 2004). The CTI is defined as the average SST
anomaly over 68N–68S, 1808–908W minus the global
mean SST (Deser and Wallace 1987).
The correlation coefficients between the time series of
PMM and Niño-3 (58S–58N, 1508–908W) is 20.24 while
that between PMM and Niño-3.4 is 20.02 (Fig. 3). Although the correlation between PMM and Niño-3 is
relatively weak, we also analyze the PMM–TC association in the WNP during the neutral ENSO years to assess to what extent such association is influenced by
ENSO. The El Niño (La Niña) years are defined as those
with Niño-3 values during July–October larger than 1
(smaller than 21) standard deviation. This definition is
applied to both observations and long-term control run
with FLOR-FA. The PMM pattern during the period
1961–2013 strongly resembles that during the neutral
ENSO years (shown in Figs. 1a and 1b), suggesting
that the PMM pattern is hardly influenced by the
ENSO events.
The peak season for TCs is defined as July–October.
The results are consistent if we slightly change the definition of the TC peak season from June to November or
from July to November (not shown).

3. Results
The analysis results of the PMM–TC association are
derived from observations, a 1000-yr FLOR-FA control
experiment, and sensitivity experiments based on
FLOR-FA.

a. Observations
The regressions of SST and 10-m wind fields onto the
PMM index in observations are shown in Fig. 1. There
is a characteristic pattern to the PMM in the central and
eastern Pacific, with warming in the northwestern part
(subtropical) and cooling in the southeastern part
(tropical) (Fig. 1). The warming in the central Pacific is
in the vicinity of the WNP and may affect TC activity
there. The PMM pattern during 1961–2013 and that
during neutral ENSO years are consistent (Figs. 1a and
1b), suggesting that ENSO marginally influences the
PMM pattern.
The regressions of TC track density onto the PMM
index for 1961–2013 are largely positive in the WNP in
the observations, indicating that TC activity is enhanced (suppressed) in the WNP in the positive (negative) PMM phase (Fig. 1c). In addition, we calculate
the correlation between the time series of the PMM

VOLUME 29

index and the TC frequency in the WNP for the period
of 1961–2013. For each year, the PMM index is calculated by averaging the monthly PMM index over the
peak TC season (July–October). The correlation coefficient between the two is 0.46, significant at the 0.01
level (Fig. 4a). Previous studies have argued that the
occurrence of the PMM is independent of ENSO
(L. Zhang et al. 2009; Larson and Kirtman 2014), and the
linear ENSO effect has been removed when calculating
the PMM index. To further exclude the linear influence
of ENSO on the PMM–TC association, we also analyze
the PMM–TC association during neutral ENSO years
only and the partial correlation by controlling the
Niño-3 index. The linear fitting line during neutral
ENSO years strongly resembles that for the period
1961–2013 (Fig. 4a). The partial correlation between
WNP TC frequency and PMM by controlling the Niño3 index is still significant at the 0.01 level of significance
(Fig. 5).
To analyze the observed relationship between WNP
TC genesis and PMM, the WNP is divided into five
subregions following the definition of subregions in the
WNP in Wang et al. (2013): the South China Sea (SCS)
and the northwestern part (NW), northeastern part
(NE), southwestern part (SW), and southeastern part
(SE) (Fig. 5). The SE has a relatively high density of TC
genesis (Fig. 5). The PMM index has a significant positive Spearman correlation with TC frequency in the SE,
NE, and NW (Fig. 5). The partial correlation by controlling Niño-3 is consistent with the Spearman correlation except for the NW of the WNP in that the
Spearman correlation is significant while the partial
correlation is insignificant (Fig. 5).
To further assess which large-scale atmospheric conditions may be acting to modulate the TC occurrence, a
suite of variables associated with TC genesis (Chan
2000; Wang and Chan 2002) based on JRA-55 is regressed onto the PMM index (Fig. 6). Chan and Liu
(2004) found that the increase in local SST has no significant influence on TC activity in the WNP. Indeed, the
modulation of local large-scale circulation by remote
SST anomalies (e.g., ENSO) largely leads to changes in
TC activity there (Chan, 2000; Wang and Chan, 2002;
Chan and Liu, 2004; Camargo and Sobel, 2005).
Therefore, instead of analyzing local SST, we analyze
600-hPa relative humidity, 850-hPa relative vorticity,
and zonal vertical wind shear (ZVWS) for TC genesis.
These environmental variables are the same as those
responsible for the modulation of ENSO on WNP TC
genesis used in Camargo et al. (2007). In general, the
regressions of the PMM index on the JRA-55, NCEP–
NCAR, and MERRA reanalysis data are consistent.
Thus, we only show the results from JRA-55 reanalysis
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FIG. 4. (a) The standardized time series of the annual PMM index and WNP TC frequency
for the period 1961–2013 and (b) scatterplot of PMM vs WNP TC frequency in El Niño (red
dots), La Niña (blue dots), and neutral ENSO years (green circles); the fitted lines indicate all
years of 1961–2013 (black line) and only neutral ENSO years (green line). The annual PMM
index and WNP TC frequency are calculated by averaging over July–October.

data. The regression of ZVWS is characterized by strong
negative anomalies in a large portion of the WNP (08–
208N, 1208E–180), which would act to enhance TC
genesis (Fig. 6). Further analysis indicates that the
changes in ZVWS arise from anomalous westerlies
(easterlies) at the 850-hPa (200 hPa) level although the
anomalous westerlies at 850 hPa is mainly located in the
western part of the WNP (Fig. 6). Such anomalous winds
in the lower and upper levels can weaken the prevalent
westerlies in the upper level (200 hPa) and the prevalent
easterlies (850 hPa) in the lower level over the WNP.
The spatial patterns dramatically resemble a classic Gill
(1980) response to off-equatorial heating (Fig. 6). The
mechanisms underlying how the vertical wind shear is
modulated by the large-scale circulation will be

discussed in detail in section 3c. The AMM pattern (the
Atlantic counterpart of PMM) also has a significant
positive correlation with hurricane frequency in the
North Atlantic because of increased subtropical SST,
convergence, and low sea level pressure and decreased
vertical wind shear (Vimont and Kossin 2007; Smirnov
and Vimont 2011).

b. Results from the long-term control run
The 1000-yr control simulation of FLOR-FA with
1860 radiative forcing is analyzed to further understand
the PMM–TC association. The main purpose is to test
whether such a PMM–TC association also holds for the
long-term control simulation of FLOR-FA, which
would provide a dynamical framework in which to

Unauthenticated | Downloaded 01/09/23 05:15 AM UTC

388

JOURNAL OF CLIMATE

VOLUME 29

FIG. 5. The five subregions of TC genesis in the WNP. Blue dots represent TC genesis locations in the period of 1961–2013. Here obs denotes the correlation between PMM and TC
frequency in observations whereas ctrl denotes that in control run. The numbers following obs
or ctrl denote correlation coefficients in each subregion. WNP(obs) represents the correlation
coefficient between PMM and TC frequency in the WNP in the observations while WNP(ctrl)
denotes that in control run (1000 yr). The numbers in the parentheses represent partial correlation. One, two, and three asterisks represent a significance level of 0.1, 0.05, and 0.01, respectively. The red, blue, and green dots denote the TC genesis locations during El Niño, La
Niña, and neutral ENSO years, respectively.

understand the causes of this connection. The PMM index
in the control experiment is also calculated based on the
method proposed in Chiang and Vimont (2004). The
PMM in the FLOR-FA control simulation (Fig. 7a) captures the fundamental features of the observed PMM
(Fig. 1a), indicating that the FLOR-FA model is capable of
simulating the basic structure of the PMM in a fully coupled numerical climate system. The PMM pattern in
FLOR-FA control simulation during neutral ENSO years
(Fig. 7b) is consistent with those during the 1000 years
(Fig. 7a), indicating a weak influence of ENSO on the
PMM pattern in the long-term control run. Despite the
resemblance in the PMM pattern between observations
and model simulation, the control experiment of FLORFA produces a weaker cooling and 10-m wind fields in the
southeastern part of PMM, and stronger cooling northwest
of the positive anomalies compared to the observations. In
addition, the squared covariance fraction of the PMM in
the observations is 53% (Chiang and Vimont 2004)
whereas it is 30% in the control experiment, suggesting a
weaker role of PMM in the control experiment.
The regression of TC track density on the PMM
index is generally positive in the WNP in the control

experiment (1000 yr; Fig. 7c), consistent with the observations (Fig. 1c). However, the positive regressions are largely confined in the southeastern WNP
(Fig. 7b). The correlation coefficient between the
simulated PMM and WNP TC frequency is 0.37 for
the 1000-yr simulation, significant at 0.01 level of
significance (Fig. 8a). The fitting lines during the 1000
years and the neutral ENSO years of the control run
have similar slope, suggesting that ENSO exerts a
weak modulation on the PMM–WNP TC relationship
(Fig. 8a). Figure 8b shows the histogram of the correlation coefficients in moving 50-yr chunks and all
are positive. The correlation coefficient from the
observations is within the model spread. This suggests
consistency between the observed and modeled TC–
PMM association, as the observed correlation falls
well within the spread of the model correlations. The
partial correlation by controlling Niño-3 and that
during only neutral ENSO years of the 1000-yr control run are similar to each other, significant at the
0.01 level (Fig. 8b).
The model shows negative anomalies in ZVWS in
the southeastern part (08–208N, 1508E–1808) of the
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FIG. 6. The regressions of 600-hPa relative humidity (%), 850-hPa relative vorticity (1026 s21),
zonal vertical wind shear (m s21), 850-hPa wind (m s21), and 200-hPa wind (m s21) onto the PMM
index based on JRA-55. The thick red lines are used to divide the five subregions in the WNP.

WNP (Fig. 9), similar to those based on observations
(Fig. 6). There are positive anomalies of ZVWS westward of 1508E in the control experiment, suggesting
unfavorable condition for TC genesis there. This is
responsible for the different spatial patterns for TC
genesis between the observations and control simulation (Fig. 5). The observations show that TC genesis
is promoted in almost all the subregions in the

observations (Fig. 5). In contrast, the control simulation
shows that TC genesis is enhanced in the southeastern
part while suppressed in the southwestern subregion of
the WNP (Fig. 5). It is noted that we have also analyzed
the 500-yr FLOR-FA control with 1990 radiative forcing
and the results derived from both control runs are consistent in terms of the PMM pattern and TC–PMM
association.
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FIG. 7. Regression of SST anomalies (8C) and 10-m wind fields (m s21) during (a) all 1000 yr
and (b) neutral ENSO years, and (c) regression of TC density onto the standardized PMM
index in a 1000-yr control simulation of the FLOR-FA.

In summary, the 1000-yr control experiment produces
quantitatively consistent results with observation, with
positive phases of the PMM conducive to WNP TC
genesis, and anomalous reductions of ZVWS during the
positive PMM phases. However, TC genesis exhibits
different regional relationships between observations
and the control experiment, which may be explained by
different anomalous ZVWS patterns in the model and
observations. To further investigate the mechanisms
underpinning how PMM modulates TC genesis in the
WNP, a set of sensitivity experiments have been performed using FLOR-FA and will be discussed in next
subsection.

c. Results from sensitivity experiments
To isolate the role of the PMM, a set of perturbation
experiments were performed with FLOR-FA using 1860
radiative forcing. The description of the perturbation
experiments is provided in section 2d. One can assess the
net influence of the positive PMM phase on the climate
system by subtracting the CTRL experiment from the
PPMM experiment.
The mean WNP TC frequency during the peak TC
season [July–October (JASO)] in the 100-yr PPMM
experiment (19.4) is significantly higher than the control
experiment (17.5) at the 0.01 significance level (Table 1).
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FIG. 8. (a) The scatterplot of PMM vs WNP TC frequency (blue dots) and fitted line (black),
and (b) the histogram of correlation between WNP TC frequency and PMM for every 50 yr in
the control experiment of FLOR-FA. The correlation between WNP TC frequency and PMM
based on observations is shown in the thin red bar. The thin blue bar and green bar denote the
partial correlation between WNP TC frequency and PMM by controlling Niño-3 and that
during neutral ENSO years only.

The difference in WNP TC frequency between the
PPMM experiment (26.7) and CTRL (24.7) is also significant for June–November (JJASON) (Table 1). To
better represent the differences between the two experiments, TC density is computed by binning TC centers in 58 3 58 grid boxes in the WNP. Positive anomalies
of TC density are observed in the eastern part of the
WNP (Fig. 10). However, the positive anomalies have
higher magnitude than the negative ones. These positive
anomalies arise from an enhanced TC genesis in the
PPMM experiment (Fig. 11). The occurrence of TC

genesis in the PPMM experiment is higher than that in
the control run in the eastern part of the WNP (Fig. 11).
These experiments corroborate that the positive PMM
phases promote TC genesis in the WNP, especially in the
eastern portion of the WNP. A number of studies have
proposed mechanisms on how remote SST patterns affect TC genesis in the WNP, including the Matsuno–Gill
pattern (Matsuno 1966; Gill 1980), Pacific–East Asia
teleconnections (Wang et al. 2000; Wang and Chan
2002), the Philippine anticyclone induced by Indian
Ocean warming (Xie et al. 2009; Ha et al. 2015), and SST
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FIG. 9. The regressions of 600-hPa relative humidity (%), 850-hPa vorticity (1026 s21), zonal
vertical wind shear (m s21), 850-hPa wind (m s21), and 200-hPa wind (m s21) onto the PMM
index in the control experiment of FLOR-FA. The thick red lines are used to divide the five
subregions in the WNP.

gradients (Zhan et al. 2013; Li and Zhou 2014). These
studies have emphasized the importance of the Philippine anticyclone and monsoon trough in modulating TC
genesis and how SST anomalies modulate the largescale circulation in remote areas.
To explain why TC genesis in the PPMM experiment
is higher in the eastern part of the WNP, the large-scale

atmospheric factors related to TC genesis are analyzed.
The differences between the PPMM and control run
resemble the regression of those variables onto the
PMM index in both control experiment and observations (Fig. 12). This suggests that the SST pattern in the
positive PMM phase and within that particular box
drives the modeled and observed TC genesis in the
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TABLE 1. TC frequencies in JASO and JJASON for PPMM and
CTRL experiment. Boldface numbers represent the differences
that are statistically significant, with an asterisk representing results
significant at the 0.01 level based on Student’s t test.
Frequency

JJASON

JASO

PPMM
CTRL
PPMM 2 CTRL

26.7
24.7
2.0*

19.4
17.5
1.9*

WNP, especially in its eastern part. Specifically, negative
anomalies of ZVWS are induced by the PPMM, arising
from westerly anomalies at the 850-hPa level and easterly anomalies at 200 hPa (Fig. 12). These changes can
be described as a change in the Walker circulation. The
question is then related to the mechanisms that lead to

the changes in the Walker circulation. It is known that
the positive PMM pattern features a warming in the
northwestern part and a cooling in the southeastern part
in the tropical eastern Pacific (Figs. 1, 7, and 13). A cyclonic 850-hPa flow is forced by the anomalous warming
in the tropical central Pacific through the Matsuno–Gill
response (Matsuno 1966; Gill 1980). The responses to
anomalous positive PMM warming are quite similar to
the Matsuno–Gill pattern under asymmetric heating
(Gill 1980), showing that a cyclonic pattern is located
northwestward of the heating (Fig. 13). In addition, the
diabatic heating center can also be identified by negative outgoing longwave radiation (OLR) anomalies
(Fig. 13). The anomalous cyclonic flow pattern in the
WNP is more likely to cause a weaker Philippine

FIG. 10. TC track density in the (top) PPMM experiment and (middle) CTRL experiment, and
(bottom) the difference PPMM 2 CTRL.
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FIG. 11. As in Fig. 10, but for TC genesis.

anticyclone, a weaker subtropical high, and an elongated
monsoon trough, which are favorable conditions for TC
genesis in the WNP (Wang et al. 2000; Wang and Chan
2002). Intensified low-level westerly and easterly flows
move toward the PPMM heating center from east and
west, respectively (Fig. 13). The enhanced TC genesis in
the WNP can be attributed to weaker ZVWS, which
arises from the responses of the atmosphere to the
anomalous warming that is part of the positive PMM
pattern via the Matsuno–Gill mechanisms.

4. Discussion and conclusions
The Pacific meridional mode (PMM) has been the
subject of heightened interest by the scientific community

because of its role in bridging across the extratropical
and tropical climate systems. It is thus of high scientific
relevance whether the PMM is linked to TCs in the
WNP given that previous studies claimed that its counterpart AMM is intimately associated with hurricane
activity in the North Atlantic (Vimont and Kossin 2007;
Smirnov and Vimont 2011; Patricola et al. 2014).
This study has analyzed the observed and modeled
association between the PMM and TC activity in the
WNP. Our results show that the positive PMM phase
promotes the occurrence of TCs in the WNP. There is a
general consistency in the diagnostic TC–PMM relationship in observations and in a long-term control
experiment (1000 yr) of FLOR-FA. Sensitivity experiments using the model show causality in the PMM–TC
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FIG. 12. The differences in 600-hPa relative humidity (%), 850-hPa relative vorticity
(1026 s21), ZVWS (200–850-hPa, m s21), 850-hPa wind (m s21), and 200-hPa wind (m s21)
between PPMM and control experiments. The thick red lines are used to divide the five subregions in the WNP.

relation. The modulation of the TC genesis by the PMM
originates mainly from the abnormal ZVWS in the
WNP, especially in its southeastern portion as shown in
the control and sensitivity experiments. The anomalous
ZVWS is attributable to the responses to the atmosphere to the anomalous warming in the positive PMM
pattern through Matsuno–Gill mechanisms. Such results
are supported by the cyclonic flow in the Philippine Sea

and relevant flow patterns over the Pacific Ocean in the
sensitivity experiments.
The PMM is linked to the climate modes in the North
Pacific such as NPO and NPGO (Chiang and Vimont,
2004). For example, the NPO, which is the atmospheric
component of NPGO, tends to force the PMM (Chiang
and Vimont 2004). Therefore, the PMM bridges the
extratropical and tropical climate systems. As shown in
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FIG. 13. The differences in 850-hPa wind fields (vector, m s21) and OLR (contour, W m22)
between PPMM and CTRL experiments with FLOR-FA, and the SST pattern of the positive
PMM pattern (shading, 8C). The capital letter C denotes cyclonic flow.

Zhang et al. (2013), the NPGO/NPO modulates the
occurrence of TCs in the WNP and it plays an even
stronger role than ENSO and PDO based on the observations. In addition, Chen et al. (2015) reported that
the spring NPO can modulate TC activity in the WNP in
the following peak TC season. However, detailed
mechanisms are yet to be unraveled. This study may
provide some hints to explain the impacts of the NPGO
or NPO on TCs in the WNP.
It is known that the PMM pattern is obtained by removing the effect of ENSO via linear removal of the
cold tongue index (Deser and Wallace 1990). TCs in the
WNP are affected by various climate modes such as
ENSO, the Indian Ocean basin mode (IOBM), NPGO,
PDO, and the SST in the North Atlantic Ocean. This
study has also found that the PMM significantly modulates the occurrence of TCs in the WNP. Our ongoing
study is examining the relative roles the climate modes
play in influencing TC genesis in the WNP. Given the
importance of the PMM in modulating the climate, the
linkage between PMM and TC activity in other ocean
basins will be analyzed in our future work. Moreover,
the results of this study indicate that the predictability of
the PMM is potentially of great value for the prediction
of TC activity; future studies will examine the predictability of the PMM and TCs by leveraging seasonal
forecasting experiments with FLOR-FA.
Although this study has found a significant relationship between PMM and WNP TC activity, it still has

limitations. First, the removal of ENSO from PMM is
not perfectly clean in this study and the PMM–TC
linkage found may be influenced by this removal. Second, there exist uncertainties and biases (e.g., genesis
regions and TC track density) in the model simulations.
Third, the limited duration and biases of the observations plague to some extent the TC–climate analyses.
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