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Abstract This study examines the year-to-year modula-
tion of the western North Pacific (WNP) tropical cyclones
(TC) activity by the Atlantic Meridional Mode (AMM)
using both observations and the Geophysical Fluid Dynam-
ics Laboratory Forecast-oriented Low Ocean Resolution
Version of CM2.5 (FLOR) global coupled model. 1. The
positive (negative) AMM phase suppresses (enhances)
WNP TC activity in observations. The anomalous occur-
rence of WNP TCs results mainly from changes in TC gen-
esis in the southeastern part of the WNP. 2. The observed
responses of WNP TC activity to the AMM are connected
to the anomalous zonal vertical wind shear (ZVWS) caused
by AMM-induced changes to the Walker circulation. Dur-
ing the positive AMM phase, the warming in the North
Atlantic induces strong descending flow in the tropical
eastern and central Pacific, which intensifies the Walker
cell in the WNP. The intensified Walker cell is responsible
for the suppressed (enhanced) TC genesis in the eastern
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(western) part of the WNP by strengthening (weakening)
ZVWS. 3. The observed WNPTC-AMM linkage is exam-
ined by the long-term control and idealized perturbations
experiment with FLOR-FA. A suite of sensitivity experi-
ments strongly corroborate the observed WNPTC-AMM
linkage and underlying physical mechanisms.

Keywords Tropical cyclone - Western North Pacific -
Atlantic Meridional Mode

1 Introduction

Tropical cyclones (TCs) are among the most destructive
and costly natural disasters (e.g., Rappaport 2000; Pielke
et al. 2008; Zhang et al. 2009). Understanding and predict-
ing the status of TC occurrence is a topic of intense sci-
entific interest (e.g., Mitchell 1932; Gray 1979; Vitart and
Stockdale 2001; Klotzback 2007; Vecchi et al. 2014).
Environmental factors affecting the status of TC genesis
in the western North Pacific (WNP) are strongly modulated
by the sea surface temperature (SST) modes such as the El
Nifio Southern Oscillation (ENSO) (e.g., Chan 1985; Wu
and Lau 1992; Chan 2000; Wang and Chan 2002; Cama-
rgo and Sobel 2005; Zhang et al. 2012, 2015, 2016b), the
North Pacific Gyre Oscillation (Zhang et al. 2013), the
Pacific Meridional Mode (PMM) (Zhang et al. 2016a), the
Pacific Decadal Oscillation (PDO; Lee et al. 2012; Liu and
Chan 2012; Girishkumar et al. 2014) and basin-wide Indian
ocean SST changes (Du et al. 2010; Zhan et al. 2010;
2014). Therefore, the SST patterns in both Pacific and
other ocean basins can alter the occurrence of WNP TCs
through both local forcing and remote teleconnections. A
number of studies have documented the importance of the
North Atlantic SST in mediating Pacific climate including
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the Walker circulation (England et al. 2014; McGregor
et al. 2014), ENSO (Ham et al. 2013; Yu et al. 2014), and
the PDO (Zhang and Delworth 2007; Zhang and Zhao
2015). The SST anomalies in the North Atlantic have been
recently found to exhibit substantial statistical connection
with WNP TC activity (Li et al. 2013; Huo et al. 2015; Yu
et al. 2015). More specifically, positive SST anomalies in
the North Atlantic tend to suppress TC activity in the WNP
(Li et al. 2013; Huo et al. 2015; Yu et al. 2015). Yu et al.
(2015) proposed the Indian Ocean relay effect for interpret-
ing the link between North Atlantic SST anomalies and
WNP TCs. Huo et al. (2015) analyzed observed statistical
relationships between Atlantic SST and the key dynamic
and thermodynamic conditions in the WNP to interpret the
impacts of North Atlantic SST on WNP TCs; yet the under-
lying physical mechanisms connecting the Atlantic to these
large-scale WNP changes were not provided in their study.
Therefore, while there is mounting evidence supporting the
idea that North Atlantic SST influences the occurrence of
WNP TCs, the field is still attempting to disentangle the
underlying physical mechanisms.

The Atlantic Meridional Mode (AMM) is a leading
mode of the coupled ocean/atmosphere system in the
tropical & subtropical Atlantic (Nobre and Shukla 1996;
Chang et al. 1997; Chiang and Vimont 2004; Vimont and
Kossin 2007; Smirnov and Vimont 2011). The AMM has
also been referred to historically as the Atlantic Dipole
or Inter-hemispheric Mode (Servain 1991; Xie and Phi-
lander 1994; Carton et al. 1996) or the tropical Atlantic
gradient mode (Chiang et al. 2002). The AMM exhibits
variability on a variety of time scales from inter-annual
to decadal. On decadal scales, the AMM is closely linked
to the Atlantic Multidecadal Oscillation (AMO) (Kossin
and Vimont 2007; Vimont and Kossin 2007; Grossmann
and Klotzbach 2009). While it has been shown that the
AMM modulates hurricane activity in the North Atlan-
tic (Vimont and Kossin 2007), here we examine whether,
the extent to which and by what mechanisms changes in
the phase and magnitude of AMM can modulate WNP
TC activity. By using the long-term control experi-
ments of the Geophysical Fluid Dynamics Laboratory
(GFDL) Forecast-oriented Low Ocean Resolution Ver-
sion of CM2.5 (FLOR), we can test the robustness of the
observed linkage between WNP TC activity and AMM
and explore the mechanisms behind the connection. This
study will advance our understanding of TC activity in
the WNP, and provide references for the prediction and
projection of WNP TC activity.

The remainder of this paper is organized as follows.
Section 2 presents methodology and Sect. 3 discusses
the analysis results based on observation and simulation
results. Section 4 includes the discussion and conclusion.
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2 Data and methodology
2.1 Data

The TC data are obtained from International Best Track
Archive for Climate Stewardship (IBTrACS; Knapp et al.
2010) and the source of TC data for this study is from the
Japan Meteorology Agency (JMA). The analysis results
are consistent using four TC best track data [i.e., JMA, the
Joint Typhoon Warming Center (JTWC), the Chinese Mete-
orology Administration (CMA) and the Hong Kong Obser-
vatory (HKO)]. We focus on WNP TCs that occur in the
peak season (June to November: JJASON). The key mete-
orological variables such as zonal and meridional wind
fields, geopotential height, vorticity and relative humidity
are from the JMA 55 reanalysis data (JRA-55, Kobayashi
et al. 2015). To substantiate the results, the National Cent-
ers for Environmental Prediction and the National Center
for Atmospheric Research (NCEP/NCAR; Kalnay et al.
1996) reanalysis data are also used. The JRA-55 is avail-
able since 1958 on a global basis with a spatial resolution
of 1.25° x 1.25°. It is based on a new data assimilation
system that reduces many of the problems reported in the
first JMA reanalysis (Kobayashi et al. 2015). The zonal
vertical wind shear (Idu/dzl or lu,l) is defined as the mag-
nitude of the differences in zonal wind between 200 and
850 hPa level. Monthly estimates of SST are taken from the
Met Office Hadley Centre HadSST3.1.1.0 (Kennedy et al.
2011).

2.2 AMM index

The AMM index is calculated following Chiang and
Vimont (2004) by the singular value decomposition (SVD)
of 10 m surface wind fields (zonal and meridional compo-
nents) and SST. In its calculation, the seasonal cycle and
the linear trend are first removed by applying a three-month
running mean to the data, and then subtracting the linear
fit to the cold tongue index (CTI, Deser and Wallace 1987)
from every single spatial point to remove correlations with
El Nifio (Chiang and Vimont 2004). The CTI is defined as
the average SST anomaly over 6°N—6°S, 180-90°W (Deser
and Wallace 1987). The regression of SST and 10 m sur-
face wind fields onto the AMM index (i.e., the PC time
series) represents the spatial patterns during the positive
AMM phase (Fig. 1). The warming and cooling patterns
of SST stride the equator and are coupled with surface
winds (Fig. 1). To further validate the independence of
AMM on ENSO, we also show the AMM pattern during
neutral ENSO years (Fig. 1b). The EI Nifio (La Nifia) years
are defined as those with the Nifio 3 values during June-
November larger (smaller) than 1 (—1) standard deviation.
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2.3 Global coupled model

This study employs a newly-developed high-resolution
coupled climate model for experiments, the Geophysical
Fluid Dynamics Laboratory (GFDL) Forecast-oriented Low
Ocean Resolution Version of CM2.5 (FLOR) (e.g., Vecchi
et al. 2014; Jia et al. 2015; Yang et al. 2015). This model
is characterized by high-resolution land and atmosphere
components but relatively low-resolution ocean compo-
nent (Vecchi et al. 2014). The atmosphere and land are the
same as those of the GFDL Climate Model version (CM)
2.5 (CM2.5; Delworth et al. 2012) with a spatial resolution
of 50 km x 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 1° x 1°. 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 freshwater flux from
the atmosphere to the ocean to give the model’s SST and
surface wind stress a closer climatology to the observa-
tions over 1979-2012 (Vecchi et al. 2014). For more details
about the FLOR model, please refer to Vecchi et al. (2014),
Jia et al. (2015), Yang et al. (2015) and references therein.

2.4 Control simulation

A 3500-year long control simulation was performed with
the FLOR-FA by prescribing radiative forcing representa-
tive of 1860. These experiments are referred to as “Pre-
industrial” experiments with FLOR-FA. Here we focus on
the first 1000 years for the analysis of AMM and TCs for
the sake of computing efficiency. We compared the results
based on the first 1000 years from those derived from the
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other 2500 years and the results are consistent. The 500-
year control simulation by prescribing radiative forcing and
land use representative of 1990 with FLOR-FA is also ana-
lyzed to characterize the AMM-TC association. Because
the AMM-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. TCs are tracked
from the simulations of FLOR by a tracker described in the
“Appendix”.

2.5 Perturbation experiments

A reference climatological experiment (CLIMO) is pre-
pared by nudging the SSTs in FLOR to the repeating
annual cycle of global climatological SST from the long-
term control experiment of FLOR-FA; the perturbation
experiment (PAMM) is designed by prescribing the annual
cycle of climatological SST outside the AMM region and
the overlapping of the annual cycle of climatological SST
and SST anomalies associated with the positive AMM
mode inside the AMM region. SST in both experiments is
restored to each target with 5-day time scale. The subtrac-
tion of the control experiment from the perturbation experi-
ment (PAMM minus CLIMO) produces the net influence of
the positive AMM mode. Because GFDL FLOR is a TC-
resolving model, we use a tracker to extract TCs from the
simulated output. Both CLIMO and PAMM experiments
spin up for 100 years and further integrated for 60 years.

3 Analysis results
3.1 Results from observations

We start with the analysis of AMM which is derived
from observed SST data. The full AMM index exhibits
an increasing trend over 1970-2013, but we explore the
detrended time series to focus on the year-to-year variations
(Fig. 2a). The detrended AMM index has a significant cor-
relation (—0.41) with WNP TC frequency for 1970-2013
at 0.01 level of significance, reflecting a tendency for WNP
TC frequency to be suppressed (enhanced) in the positive
(negative) AMM phase (Fig. 2a). We do not consider auto-
correlation in the calculation of the correlation between the
WNP TC frequency and the AMM index because the auto-
correlations for WNP TC frequency and the AMM index are
statistically insignificant. The slope of the linear least square
fit line for all years (1970-2013) is almost the same as the
one for only the neutral ENSO years during this period,
indicating that the strong WNPTC-AMM association may
not be directly caused by El Nifio/La Nifia events (Fig. 2b).
However, the WNPTC-AMM association is to some degree
affected by the warm/cold phase of ENSO (Fig. 2b).
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More details of the relationship of the AMM with WNP
TC can be seen in the regression of TC track density onto
the detrended AMM index for the period 1970-2013,
which shows negative loading in almost the entire WNP
(Fig. 3a). In addition, the regression of TC genesis density
onto AMM features negative anomalies in the WNP except
the regions from 130°E to 145°E in the southwestern WNP
(Fig. 3b). Moreover, the regression of basinwide TC gene-
sis anomalies onto AMM is negative. The spatial regression
of both WNP TC density and genesis onto the AMM index,
along with the correlation of basinwide frequency with
AMM, indicates a significant link between AMM and WNP
TC activity. The southeastern part of the WNP has long
been considered a key region for WNP TC genesis (Chan
2000; Wang and Chan 2002; Camargo et al. 2007a, b).

Previous studies have highlighted the dominant role
of zonal vertical wind shear (ZVWS) induced by remote
SST, instead of local SST, in modulating WNP TC genesis
(Wang and Chan 2002; Chan and Liu 2004). The regres-
sion of TC genesis density onto AMM shows similarities
with that of the genesis potential index (GPI) (Emanuel and
Nolan 2004; Camargo et al. 2007a, b) (Figs. 3b, 4a). Specif-
ically, the regression of GPI onto the AMM index is char-
acterized by negative anomalies in the eastern WNP and
positive anomalies in the western WNP (Fig. 4a). Among
the factors associated with GPI, ZVWS stands out to agree
with the spatial patterns of GPI while 600-hPa relative
humidity and 850-hPa relative vorticity are not consist-
ent with the spatial patterns of GPI (Fig. 4b, d). To further
assess the underlying mechanisms, we analyze the Walker
circulation, represented by the vertical profile of vertical
pressure velocity and zonal wind averaged over 0-20°N
where most of WNP TCs are formed. The anomalous
ZVWS is associated with an anomalous regional Walker
cell in the WNP (120°E-180°E) (Fig. 4e). An anomalously
ascending (reduced subsidence) branch in the western
WNP (120°E-150°E) is accompanied with an anomalously
descending (reduced ascent) branch in the eastern WNP
(150°E-180°E) (Fig. 4e). This anomalous zonal circulation
would intensify ZVWS, and act to suppress TC activity in
the eastern WNP during the positive AMM phase because
the climatology of lower level and upper level winds are
largely easterly and westerly respectively in the western
part of the WNP (Fig. 4e).

There are enhanced TC geneses in the western WNP
during positive AMM phases (Fig. 3b). Such TC geneses
are associated with weakened ZVWS in this region. The
weakened ZVWS is caused by the displaced Walker cir-
culation (Fig. 4e). The altered Walker circulation tends
to weaken the prevalent upper easterly and it also weak-
ens the lower westerly to some degree, resulting in weak-
ened ZVWS in the western WNP (Fig. 4d, e). A number
of studies have found that Atlantic SST anomalies could
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Fig. 2 a The observed time

series of WNP TC frequency 30
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act to modulate the Pacific Walker circulation and trades
in the tropical Pacific by displacing the Walker circulation
(Kucharski et al. 2011; Ham et al. 2013; McGregor et al.
2014), providing a plausible mechanism for the relation-
ships observed in this section.

3.2 Control experiments

To investigate the mechanisms connecting the AMM and
WNP TCs, we first assess whether the TC-AMM associa-
tion holds in the long-term control experiment in a coupled
climate model (FLOR-FA 1860). The fundamental struc-
tures of the observed AMM mode (i.e., a dipole mode of
SST coupled with surface winds) are captured in the long-
term control experiment of FLOR-FA (Fig. 5) as they were

in a related model (GFDL CM2.5) (Doi et al. 2013). Previ-
ous studies have found that the positive and negative SST
anomalies related to AMM are not strongly connected to
one another (e.g., Chiang and Vimont 2004). This is also
consistent with the interpretation of meridional mode as an
extratropics-to-tropics linkage (Chiang and Vimont 2004;
Smirnov and Vimont 2012; Zhang et al. 2014).

Figure 6 depicts the histogram of the correlation coef-
ficients between WNP TC frequency and the AMM index
in every 45-year chunk of the 1000-year control simulation.
The mean of the correlation coefficients is around —0.21
which is statistically different from O at 0.01 level of sig-
nificance based on the Student’s ¢ test. (Figure 6), although
the simulated WNPTC-AMM association is weaker than
the observed one (the red vertical line in Fig. 6).
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Fig. 3 Regression of WNP TC
45N

track a and genesis b density
(unit: times) onto the AMM
index in observations. The

TC track/genesis density is
defined as those binned into
every 5° x 5° grid box without
smoothing. The red lines
divides the WNP into five sub-
domains: SCS, NW, SW, NE,
and SE in the long-term control 20N
experiment with FLOR

(a) Regression of TC Track Density onto AMM in Observations
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For further analysis, we classify the 1000 years into the
positive and negative AMM years with the magnitude of
AMM index averaged over JJASON larger than one stand-
ard deviation. There are significantly fewer WNP TCs
during the positive AMM years compared to the negative
AMM years (Fig. 7). The anomalies of WNP TC frequency
are defined as the deviation from the average WNP TC fre-
quency over the 1000 years. The TC frequency difference
in the southeastern portion of the WNP is mainly responsi-
ble for the difference in total WNP TC frequency between
two AMM phases (Fig. 7), consistent with the observed
spatial pattern of TC genesis (Fig. 3). The regression of
TC track density onto the AMM index is characterized by
negative anomalies in the WNP; on the other hand, the
regression of TC genesis density in the long-term control
experiment has characteristic negative anomalies only in
the southeastern portion of the WNP with weak positive
anomalies in its southwestern portion (Fig. 8). The positive
anomalies in TC genesis in the southwestern part of WNP
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in the control experiment is weaker than those in the obser-
vations (Figs. 3 and 8).

To disentangle the physical mechanisms underlying how
AMM modulates WNP TC activity in the control experi-
ment, we also regress the genesis potential index (GPI),
600-hPa relative humidity, 850-hPa relative vorticity,
ZVWS and vertical atmospheric velocity onto AMM dur-
ing strong AMM years as what is shown for observations.
The regression of the GPI pattern onto AMM is consistent
with the pattern of TC genesis (Figs. 8b, 9a). Among the
key atmospheric variables relevant to GPI, ZVWS stands
out to be linked with GPI because of the similarity in the
regression of ZVWS and GPI onto AMM (Fig. 9). Previous
studies have highlighted the key role of ZVWS in modulat-
ing TC genesis in the WNP (Wang and Chan 2002; Chan
and Liu 2004), supporting our results both in the observa-
tions and long-term control experiment of FLOR-FA.

We find that ZVWS is changed mostly by the displace-
ment of the Walker circulation in the WNP in the observations.
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(a) Regression of GPI onto AMM in Observations
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Fig. 4 Regression of GPI, 600 hPa relative humidity (unit: percent),
850 relative vorticity (unit: 10~%1), zonal vertical wind shear (unit:
m/s), and vertical profile (0-20°N) of zonal wind (m s~!) and verti-
cal velocity (—100*w, Pa s~1) onto the detrended AMM index. The

shading represents minus omega (—w). The red lines divide the WNP
into five subdomains: SCS, NW, SW, NE, and SE. Contours in bot-
tom panel represent the climatology of zonal wind (unit: m/s)
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Fig. 5 Regression of SST (unit:
°C) and 10 m wind fields (ms™")
onto the AMM index in the
long-term control experiment
with FLOR-FA

Fig. 6 The histogram of cor-
relation coefficient between
WNP TC frequency (unit:
times) and the AMM index in
every 45-year sub-periods in
the 1860 (pre-industrial) control
experiment with FLOR-FA. The
red bar denotes the observed
TC-AMM association
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Fig. 7 The anomalous TC 1
frequency in the WNP and its
sub-domains (i.e., SCS, NW,
SW, SE and NE as in Figs. 3,
4) during positive (blue) and
negative (red) AMM years. The
error bars represent the 0.95
confidence intervals. The sym-
bol “asterisks” following the
names of the sub-regions (e.g.,
WNP and SCS) below x-axis

-
HH
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Figure 9e shows that an anomalous Walker cell resides from
the eastern part of the WNP to the eastern Pacific (140°E to
100°W). To the east of this Walker cell, there is another anom-
alous Walker cell with descending branch located around
100°W, which is associated with the warming during positive
AMM phase (Fig. 9¢). We speculate that the AMM induces
a displacement of the Walker circulation, which is responsi-
ble for changes in ZVWS in the WNP including strengthened
ZVWS in the eastern WNP and weakened ZVWS in the west-
ern WNP (Fig. 9e). The climatology of zonal wind in control
experiment is similar to that in observations (Figs. 4e, 9e).
The altered Walker circulation is responsible for the intensi-
fied ZVWS in the eastern WNP by strengthening the prevalent
(climatological) upper level westerly and lower level easterly
and for the diminished ZVWS in the western WNP by weak-
ening the prevalent (climatological) upper level easterly and
lower level westerly (Fig. 9e). The anomalous ZVWS subse-
quently modulates WNP TC genesis. Such mechanisms are
consistent with those based on observations. A suite of experi-
ments using the state-of-the-art GFDL FLOR-FA coupled cli-
mate model are performed to verify the mechanisms underly-
ing how AMM regulates WNP TC genesis.

3.3 Sensitivity experiments

To verify the mechanisms underlying how the AMM influ-
ences TC activity in the WNP, we have performed a suite of

SCS NW

Sw* SE* NE*
WNP Domains

experiments including the control experiment and the per-
turbation experiment using FLOR-FA (Vecchi et al. 2014;
Jia et al. 2015; Yang et al. 2015). The control and pertur-
bation experiments are denoted as CLIMO and PAMM,
respectively. The details of both experiments are provided
in Sect. 2.

The PAMM experiment produces significantly fewer
(3.7 times) WNP TCs than the CLIMO experiment
(Table 1). It appears that the suppressed WNP TC genesis
in the PAMM experiment is due to suppressed TC activ-
ity in the southeastern part of the WNP (Table 1). In addi-
tion, TC genesis in the northeastern part is also suppressed
in the PAMM phases, even though the PAMM experiment
produces more TC geneses in the southwestern part of the
WNP (Table 1). Such forced TC responses are further sup-
ported by the differences in the spatial pattern of TC track
and genesis density between PAMM and CLIMO experi-
ments (Fig. 10).

The forced anomalous TC density responses to PAMM
strongly resemble that in the long-term control experi-
ment (Fig. 10a), though there are some weak positive TC
density anomalies from the Philippines to Vietnam in the
PAMM experiment. The subtraction of TC genesis density
in the PAMM from CLIMO experiment produces anoma-
lous negative anomalies in the eastern WNP and positive
anomalies in a large portion of the western WNP, consist-
ent with the observed TC genesis density anomalies in
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Fig. 8 Regression of TC track

(@) Regression of TC Track Density onto AMM in FLOR-FA Control Run
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the observations (Figs. 3b, 10b). The negative TC genesis
density anomalies in PAMM are located slightly eastward
compared to the observations and this may be caused by
the biases in simulated TC track density with FLOR or
CM2.5 (Kim et al. 2014; Vecchi et al. 2014). The differ-
ences in the spatial pattern of TC genesis between PAMM
and CLIMO experiments (Fig. 10) are consistent with what
shown in Table 1. The PAMM experiment has less TC gen-
eses in the southeastern portion and more TC geneses in the
southwestern portion of the WNP than the CLIMO experi-
ment (Fig. 10b), consistent with the results based on obser-
vations and the long-term control run with FLOR-FA.

To assess the role of key large-scale environmental vari-
ables in WNP TC genesis, we have analyzed the differ-
ences in GPI, relative humidity, 850 hPa relative vorticity,

@ Springer

ZVWS and the Walker circulation between PAMM and
CLIMO experiments (Fig. 11). The sensitivity experiments
reproduce the relationship between key variables and GPI
in observations and long-term control experiment (Figs. 4,
9, 11). Negative GPI anomalies are located in the south-
eastern WNP while positive GPI anomalies are located in
the southwestern WNP (Fig. 11a). The ZVWS differences
between PAMM and CLIMO are characterized by positive
anomalies in the southeastern WNP and negative anomalies
in the southwestern WNP (Fig. 11d), consistent with the
spatial patterns of GPI (Fig. 11a). The anomalous Walker
circulation in the PAMM experiment shows similarity with
what shown in the observations: there is an anomalous
ascending branch in the Atlantic and a descending branch
in the central Pacific forced by warming during the positive
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(a) Regression of GPI onto AMM in Control Run (FLOR FA 1860)
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Fig. 9 Regression of GPI, 600 hPa relative humidity (unit: percent), 850 control experiment with FLOR. The shading represents minus omega
relative vorticity (unit: 10_6s_1), zonal vertical wind shear (unit: m/s), (—w). The red lines divides the WNP into five sub-domains: SCS, NW,
and vertical profile (0-20°N) of zonal wind (m s™!) and vertical veloc- SW, NE, and SE in the long-term control experiment with FLOR. Con-
ity (—100*w, Pa s~") onto the AMM index in the WNP in the long-term tours in bottom panel represent the climatology of zonal wind (unit: m/s)
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Table 1 TC frequency in

. . TC Count WNP SCS NwW SW SE NE
the WNP and its sub-regions
during peak season (JJASON) PAMM 19.9 2.4 3.2 11.4 2.4 05
produced by the control
experiment (CLIMO) and CFIMO 236 2.8 4.1 9.9 5.5 1.3
the perturbation experiment Diff -3.7% -0.4 —0.9*% 1.5% -3.1* —-0.8+*

(PAMM)

The boldface and “*” represent results that are significant at the 0.01 level

Fig. 10 The differences in

WNP TC track and genesis 60 N T
density between PAMM and
CLIMO experiments. The TC
track/genesis density is obtained
by binning TCs into every 5 x 5
grid box without smoothing.
The red lines divides the WNP
into five sub-domains: SCS,
NW, SW, NE, and SE in the
long-term control experiment
with FLOR
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AMM phases, which act to enhance the ascending branch
in the eastern WNP (Fig. 11e). Such displacement of the
Walker circulation leads to the anomalous Walker cell
residing from the western to tropical central Pacific; this
is responsible for the enhanced ZVWS in the eastern part
of WNP and the diminished ZVWS in the western part of
the WNP during the positive AMM phase (Fig. 11e). The
anomalous Walker circulation in PAMM is located in a
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Fig. 11 Differences in GPI, 600 hPa relative humidity (unit: per- p
cent), 850 relative vorticity (unit: 10_6s_1), zonal vertical wind shear
(unit: m/s), and vertical profile (0—20°N) of zonal wind (m s7!) and
vertical velocity (—100*w, Pa s~!) between the PAMM and CLIMO
experiments with FLOR-FA. The contours in bottom panel (e) repre-
sent the climatology of zonal wind (unit: m/s) in the CLIMO experi-
ment. The shading represents minus omega (—w). The red lines
divides the WNP into five sub-domains: SCS, NW, SW, NE, and SE
in the long-term control experiment with FLOR
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slightly different location compared to the observations.
For example, the descending branch of the Walker circu-
lation in the western WNP resides slightly westward com-
pared with observations (Figs. 4e, 10e).

The two experiments (CLIMO and PAMM) therefore
strongly support the physical mechanisms underlying the
observed AMM-TC association. During the positive AMM
phases, the anomalous SST warming in the North Atlan-
tic forces changes in the atmospheric Walker circulation,
which intensifies ZVWS in the eastern part of the WNP and
suppresses TC genesis there.

4 Discussion and conclusion

Several studies have highlighted the important role of the
North Atlantic SST in modulating WNP TC activity (e.g.,
Huo et al. 2015; Yu et al. 2015). The forcing impacts of
remote tropical SST on TC activity have been identified in
the North Atlantic and WNP (Vecchi and Soden 2007; Lin
and Chan 2015). This study further examines the possible
year-to-year modulation of WNP TC activity by AMM.
Our research findings are summarized as follows.

1. The positive (negative) AMM phase suppresses
(enhances) WNP TC activity in the observations. The
anomalous occurrence of WNP TCs results mainly
from changes in TC genesis in the southeastern part of
the WNP.

2. The observed responses of WNP TC activity to the
AMM phase are connected to the anomalous ZVWS
driven by AMM-induced changes to the Walker circu-
lation. During the positive AMM phase, the warming
in the North Atlantic induces strong descending flow in
the tropical eastern and central Pacific, which intensi-
fies the Walker cell in the eastern WNP. The intensified
Walker cell is responsible for the suppressed TC gen-
esis in the eastern part of the WNP by strengthening
ZVWS.

3. The observed WNPTC-AMM linkage is supported
by the long-term control and idealized perturba-
tions experiment with FLOR-FA. A suite of sensitiv-
ity experiments strongly corroborate the observed
WNPTC-AMM linkage and underlying physical mech-
anisms.

The WNPTC-AMM linkage will provide useful refer-
ences for seasonal prediction of WNP TC frequency by
combining with other factors such as PMM, Nifio 4 and the
South Oscillation Index (Chan et al. 2001; Fan and Wang
2009). This study has identified the important role of AMM
in mediating WNP TC activity, confirming the impacts of
the Atlantic SST on WNP TCs (Huo et al. 2015; Yu et al.
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2015). AMM influences WNP TC activity via changing
ZVWS in the WNP (especially in the southeastern and
southwestern portions) by altering the Walker circula-
tion. Such physical mechanisms are strongly supported
by previous studies. The Atlantic warming can induce the
circulation changes that strengthen the trade winds by
altering the Walker circulation using perturbation experi-
ments (England et al. 2014; McGregor et al. 2014; Li et al.
2015). By forcing the atmosphere with positive anomalies
in the Atlantic similar to the PAMM with warming in the
North Atlantic, McGregor et al. (2014) have found similar
responses of changes in the Walker circulation and trade
winds. Kucharski et al. (2011, 2016) found that the physi-
cal mechanism for the Atlantic warming influence on the
tropical Pacific is a change in the Walker circulation that
results in easterly surface wind anomalies in the central-
west Pacific. Kang et al. (2014) also found that AMO is
related to changes of the SST cooling in the eastern and
central Pacific accompanied by the easterly wind stress
anomalies in the equatorial central Pacific, which were
reproduced reasonably well by coupled general circulation
model simulations performed with the Atlantic Ocean SST
nudged with the observed SST representing the positive
phase of the AMO. Therefore, this study has also proposed
new physical mechanisms to interpret the linkage between
AMM and WNP TC activity. Such underlying mechanisms
are supported by observations, long-term control experi-
ments and a suite of sensitivity experiments with the state-
of-the-art FLOR-FA coupled climate model.

TC Frequency in the WNP has sharply decreased since
the late 1990s (Tu et al. 2009; Liu and Chan 2012; Choi
et al. 2015; He et al. 2015; Lin and Chan 2015). Such
changes have been attributed to suppressed TC genesis
in the southeastern part of the WNP (Liu and Chan 2012;
He et al. 2015; Lin and Chan 2015; Wu et al. 2015). The
Atlantic SST has been warming since 1950s and the multi-
decadal change of the Atlantic SST (e.g., AMO) plays an
important role in the rising SST. Based on our research
findings, the suppressed TC activity in the WNP may be
caused by the rising SST in the North Atlantic since the
mid-1990s. This will be examined in our future work.
PMM also exerts strong impacts on WNP TC activity
(Zhang et al. 2016a). PMM enhances TC genesis in the
WNP, especially in the southeastern WNP by inducing
the Matsuno-Gill responses to the heating relevant to the
northwestern part of the positive PMM pattern. Our ongo-
ing research is examining how concurrent AMM and PMM
influence WNP TC activity.

Despite the advancements made in understanding WNP
TC activity, there are several caveats to be addressed.
First, this study is limited by the uncertainties and biases
in the simulations of FLOR-FA. Second, due to the inher-
ent complexity existing in WNP TC activity, AMM is just
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one factor/mode that modulates WNP TCs. The concurrent
influences of AMM, PMM, ENSO and even East Indian
Ocean SST on WNP TCs should be considered to obtain a
more comprehensive understanding.
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Appendix

TCs in FLOR are tracked from 6-hourly model output by
using the tracker developed at GFDL and this tracker has
been implemented in Murakami et al. (2015) and Zhang
et al. (2016a, b). The temperature anomaly averaged
vertically over 300 and 500 hPa (t,), 10 m wind speed,
850 hPa relative vorticity and sea level pressure (SLP) are
key factors of this tracker. The tracking procedures are as
follows.

1. Find local minima of the smoothed SLP field. The
location of the cyclone center is properly adjusted by
fitting a biquadratic surface to the SLP and locating
the center at the minima.

2. Closed contours are in an interval of 2 hPa (dp)
around every single low center. The N contour
is marked as the contiguous region surrounding a
low central pressure P with pressures lower than
dp x N + P, as detected by a “flood fill” algorithm.
Note that the contours are not required to be circular
and a maximum radius of 3,000 km is searched from
each candidate SLP low center.

3. If the above closed contours are found, the low
is counted as a TC center. In this way, the tracker
attempts to find all closed contours within a certain
distance of the low center and without entering con-
tours 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 are found surrounding the maximum
t, within a TC’s identified contours, no more than 1
degree from the low center. This contour must have
a radius smaller than 3 degrees in distance. If such a
core is not found, it is not considered as a warm-core
low center and the center is rejected.

5. TC centers are combined into a TC track by taking a
low center at time T—dt, extrapolating its motion for-

ward dt, and then seeking for storms within 750 km.
A deeper low center has higher priority of tracking.

6. The following criteria are required to finalize the TC
identifications.

(a) Atleast 72 h of total detection lifetime (not nec-
essarily consecutive).

(b) At least 48 cumulative (not necessarily consecu-
tive) hours with a warm core.

(c) At least 36 consecutive hours of a warm core
with winds greater than 17.5 ms™'.

(d) TC genesis should be confined equatorward of
40°N.

TC track/genesis density in the WNP is binned into
5° x 5° grid boxes at a 6-h interval without smoothing.
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