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ABSTRACT: In the late 1990s, tropical cyclone genesis over the western North Pacific (WNP) abruptly decreased, with
seasonality that is significant only from October to December (OND). A previous study suggested that this seasonality can
be attributed to the seasonal location of anomalous anticyclonic flow in the WNP, which are associated with increased pre-
cipitation over the seasonal concentrated rainfall regions (SCRRs) within the Indo-Pacific Ocean under La Nifia-like SST
warming, which conforms to the “rich-get-richer” mechanism. However, this argument has not been explicitly verified.
Here, by using dynamic models, i.e., the Model for Prediction Across Scales-Atmosphere (MPAS-A) and the linear baro-
clinic model (LBM), we sought to validate the argument. Using the MPAS-A, we implemented two experiments, respec-
tively, forced by the global daily climatological SST and by the La Nifia-like SST warming. The results showed that the
increased precipitation over the SCRRs corresponds closely to the rich-get-richer mechanism. However, the MPAS-A ex-
periments poorly mimicked observed precipitation changes in the central to eastern Pacific, possibly because they are less
sensitive to slightly warmer SSTs. The LBM experiments showed that the diabatic heating rates induced by tropical rainfall
anomalies not only in the Indo-Pacific warm pool but also in the central to eastern Pacific were significant factors in the for-
mation of the anomalous anticyclones over the WNP in OND. Hence, changes in diabatic heating rates in both basins, in-
duced by the increase in precipitation, can contribute to the seasonality of changes in the large-scale circulation over the

WNP.
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1. Introduction

In recent decades, there has been an abrupt decrease in
tropical cyclone genesis frequency (TCGF) over the western
North Pacific (WNP) since the mid-1990s (He et al. 2015;
Hong et al. 2016; Liu and Chan 2013; Park et al. 2011; Zhao
et al. 2018b). The change exhibits seasonality (Chang et al.
2021; Hsu et al. 2014; Liu et al. 2019; Shan and Yu 2020; Zhao
and Wang 2016), with the significant decrease only seen in the
late season [October—-December (OND)]. Liu et al. (2019) in-
vestigated changes in TCGF over the WNP during the 1979—
2012 period and found significant reductions during OND,
with the largest decline in October. Additionally, Hsu et al.
(2014) showed that during the 1979-2011 period, the TCGF
in OND significantly decreased by about 2.7. Zhao and Wang
(2016) and Chang et al. (2021) found that the TCGF has
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decreased significantly in OND since 1998, which is the year
known for the climate regime shift in the Pacific Ocean
(Hong et al. 2014; McPhaden et al. 2011; Zhao et al. 2018a).

A larger proportion of tropical cyclones (TCs) intensify
into strong TCs in autumn than in summer, though the annual
average TCGF in autumn is less than that in summer (Deng
et al. 2021; Hsu et al. 2014). Deng et al. (2021) reported that
from 1979 to 2017, 39.5% of typhoons in autumn developed
into the super typhoon category, in which the maximum wind
speed exceeds 51 m s™!, while only 25.5% become super ty-
phoons in summer. Most of the catastrophic typhoons in his-
tory, such as Tip (1979), Megi (2010), and Haiyan (2013), which
caused significant loss of life and economic damage in East
Asia, have occurred in autumn. Typhoon Tip struck Japan in
October 1979, claiming 99 lives, and Typhoon Megi, striking in
October 2010, caused enormous economic damage in East
Asian countries, especially in the Philippines, where it killed
more than 200 people. Typhoon Haiyan was especially disas-
trous, wreaking more than $2 billion in economic damages and
killing over 6000 in the Philippines. Thus, understanding TC ac-
tivity in the late season and the related mechanisms is very
important.
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The development of TCs is strongly affected by large-
scale environmental fields (Baik and Paek 2001; Gray 1968;
Murakami and Wang 2010; Park et al. 2011, 2017). Gray
(1968) was the first study to propose a link between the devel-
opment of TCs and large-scale environmental variables, which
can be divided into dynamic factors, such as vertical wind shear
(VWS) and lower-level relative vorticity, and thermodynamic
factors, such as sea surface temperature (SST), static stability,
and midlevel relative humidity. The TCs over the WNP are
more influenced by dynamic factors (Chang et al. 2021; Liu and
Chan 2013; Park et al. 2017; Sharmila and Walsh 2017; Wu et al.
2020). Sharmila and Walsh (2017) analyzed thermodynamic
variables along with dynamic variables. By comparing high-TC
years to low-TC years, they found that, in the WNP, thermody-
namic factors were relatively unfavorable for the development
of TCs during high-TC years, while all dynamic factors were
more favorable.

Although oceanic thermodynamic conditions have weaker
one-to-one relationship with TCGF, the spatial distribution of
tropical SSTs strongly modulate dynamic conditions over the
WNP (Guo et al. 2020; Lian et al. 2018; Sohn et al. 2013; Zhao
and Allen 2019). The factors modulating the TCGF over the
WNP, including low-level vorticity and midlevel humidity,
can be mediated not only by SST over the WNP but also by
SST over the tropical Indian Ocean and tropical Atlantic
(Cao et al. 2016; Huo et al. 2015; Yu et al. 2016a,b). Cao et al.
(2016) suggested that boreal spring SST anomalies over the
tropical North Atlantic affect the TC activity over the WNP
in the following summer and fall since the late 1980s. Yu et al.
(2016b) elaborated that the first leading SST modes of tropi-
cal North Pacific, Indian Ocean, and North Atlantic are con-
tributed to TCGF variability. Specifically, they elaborated
that the first SST mode of the North Pacific accounted for
22%, while that of the North Atlantic accounted for 14.5%.
In recent decades, SST in the tropical Pacific Ocean have be-
come warmer in the west and relatively cooler in the east,
which is referred to as the La Nifia-like warming (An et al.
2012; Karnauskas et al. 2009). This zonal gradient in SST
strengthens the Walker circulation, leading to stronger easter-
lies over the tropical WNP (Lian et al. 2018; Sohn et al. 2013;
Zhao and Allen 2019). Enhanced easterlies could lead to
larger meridional wind gradients in the tropics, which in turn
cause the formation of anomalous anticyclones with stronger
VWS, which are ultimately unfavorable for TC development
(Choi et al. 2015; Hong et al. 2016; Hsu et al. 2014; Huangfu
et al. 2018; Park et al. 2013).

This La Nifia-like SST warming pattern has been suggested
as a main cause of the recent decrease in TCGF by many pre-
vious studies (Hsu et al. 2014; Huangfu et al. 2018; Liu and
Chan 2013; Park et al. 2013; Yu et al. 2016b; Zhang et al.
2018). However, the La Nifa-like SST warming pattern does
not show seasonality (Chang et al. 2021; Kohyama et al. 2017;
Kosaka and Xie 2013; Zhang et al. 2011), so it cannot explain
the seasonality of the change of TCGF. Recently, Chang et al.
(2021) proposed the seasonally different locations of the cli-
matological concentrated rainfall region within the Indian
and the western Pacific oceans as a possible factor explaining
this seasonality. They found that those high rainfall areas vary
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seasonally and that the strongest is located further west dur-
ing OND than during the rest of the year. They suggested
that convection has intensified in those high rainfall regions
due to the La Nifia-like SST warming, which is in accordance
with the “rich-get-richer mechanism” described by Chou and
Neelin (2004). Anomalous anticyclones could then be induced
to the east of the intensified convective regions. Since the
high rainfall region is located further west during OND, the
anomalous anticyclones could be driven across the seasonal
main development regions (MDRs) of TCs over the WNP
only during this season, resulting in a significant reduction in
TCGF.

The hypothesis suggested by Chang et al. (2021), however,
has not been directly verified by model experiments to see if
the rich-get-richer mechanism is valid under the La Nina-like
SST warming pattern. In addition, they did not show dynamic
causality, i.e., whether differences in diabatic heating imposed
in the troposphere can induce the observed changes in large-
scale circulations in the seasonal MDRs of the WNP, and they
focused on diabatic heating only in the Indian and western
Pacific regions, despite evidence supporting the contribution
of decadal variability in the oceanic environment of the cen-
tral and eastern Pacific on the Indo-Pacific warm pool convec-
tion (Han et al. 2017).

This study has two main objectives. First, we verify whether
convection increases in the climatological concentrated rainfall
regions under the La Nifia-like SST warming pattern, ie.,
whether the rich-get-richer mechanism is applicable, using mod-
els. Second, we investigate whether the observed diabatic heat-
ing within the central to eastern Pacific, as well as within the
Indo-Pacific warm pool, can drive the seasonality of the large-
scale circulation seen over the seasonal MDRs of the WNP.
The rest of this study is organized as follows. In section 2, the
data and methods are described, including a description of the
model and setup. Section 3 presents the observed changes in
the TCGF and large-scale circulation patterns and compares
them with the findings of Chang et al. (2021). In section 4, the
experimental design and the model results are presented and
discussed, and we conclude with a summary and discussion in
section 5.

2. Data and methods
a. TC data

We used the TC best track data from the Joint Typhoon
Warning Center (JTWC) to analyze the seasonal long-term
changes in the TCGF over the WNP (0°—40°N, 100°E-180°)
during the period 1982-2020. This dataset provides TC infor-
mation at 6-h intervals, including the TC center location in
latitude and longitude, the maximum 1-min sustained wind
speed in knots, the minimum sea level pressure in hectopas-
cal, and the intensity classification, which includes tropical de-
pression (TD), tropical storm (TS), typhoon (TY), and
extrapolated (ET). In this study, TC genesis is defined as the
point at which a TC first reaches tropical storm intensity or
above, corresponding to a maximum 1-min sustained wind
speed of at least 34 kt (1 kt ~ 0.51 m s™'). Using this dataset,
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FIG. 1. Time series (black lines) of (a) TCGF and (b) SST over the WNP. Red and blue horizontal lines indicate
the mean values for the period before and after the changepoint, i.e., 1998, respectively. The sliding window change-
point detection scores with window sizes of 12 (orange), 15 (green), and 18 (purple) years are shown, respectively.

we conducted sliding window changepoint analyses with win-
dow sizes of 12, 15, and 18 years, which confirmed an abrupt
change in TCGF and SST around 1997/98 over the WNP (Fig. 1).
Consequently, we divided the analysis period into early
(1982-97) and recent (1998-2020) periods, which is consistent
with the methodologies used in previous studies (Chang et al.
2021; Hsu et al. 2014; Zhao and Wang 2016). To investigate sea-
sonal differences, we grouped the seasons into January—-March
(JFM), April-June (AMJ), July-September (JAS), and OND.
This classification aligns with previous study, which have iden-
tified three periods for general circulation and TCGF charac-
teristics: May—June, July-September, and October—-December
(Huang et al. 2011). Additionally, we examined the best track
data from the Regional Specialized Meteorological Center
(RSMC) and compared it with the JTWC dataset to identify
inconsistencies in intensity between the datasets (Kossin et al.
2007). The results indicate that both datasets are consistent
throughout the study period (cf. Table 1 and Table S1 in the
online supplemental material).

The overlap gridding method (Chang et al. 2021; Kim et al.
2010; Park et al. 2013) was utilized to examine interdecadal
changes in the spatial distribution of TCGF. Since each TC
genesis location is represented as a point on the map, the spa-
tial distribution is sensitive to one point. To avoid this prob-
lem, we counted over the grid boxes centered on the location
of each TC genesis. The location of each TC genesis is binned
into a 10° X 10° grid box centered on the genesis point on a
map with a resolution of 2.5° X 2.5° latitude-longitude grid.
The grids of the map within the 10° X 10° grid box were
counted as one TC genesis for each TC. This method

produced gridded TC genesis data with a 2.5° X 2.5° horizon-
tal resolution from the genesis points (latitude-longitude) of
the raw data. For example, the horizontal distribution of the
annual-mean TCGF is shown in Fig. S1.

b. Environmental field data

The National Oceanic and Atmospheric Administration
(NOAA) daily Optimum Interpolation Sea Surface Tem-
perature (OISST), version 2.0, dataset, with a horizontal reso-
lution of 0.25°, was used to investigate the seasonal long-term
changes in SST and to prescribe the SST forcing in our model
experiments (Reynolds et al. 2007). The monthly precipitation
dataset was obtained from the Global Precipitation Climatol-
ogy Project (GPCP), version 2.3, which has a horizontal resolu-
tion of 2.5° (Adler et al. 2018). The GPCP dataset was used to
examine the climatology and long-term changes in precipita-
tion. In the present study, the regions where the annual-mean
precipitation is 6 mm day ™! or more are identified as climato-
logical seasonal concentrated rainfall regions (SCRRs). For
analysis of large-scale atmospheric fields (i.e., horizontal wind,
relative vorticity at 850 hPa, and relative humidity at 700 hPa),
we used the fifth major global reanalysis produced by the
European Centre for Medium-Range Weather Forecasts
(ERAS) monthly and 6-hourly data, which have 37 vertical
levels and a horizontal resolution of 0.25° (Hersbach et al.
2020). While we used the monthly data bilinearly interpo-
lated into 2.5° for analyzing the spatial distribution of atmo-
spheric fields, the original 6-hourly data were used as initial
conditions for the models.

TABLE 1. Seasonal average TCGFs over the WNP during the early and the recent periods, their difference, and the p value of the
difference, as determined via the Student’s ¢ test. Values out of parentheses are derived from JTWC best track data, and those in

parentheses are derived from RSMC best track data.

Season Early period (1982-97) Recent period (1998-2020) Difference (recent minus early) p value

JFM 0.9 (1.0) 1.1 (0.9) +0.3 (=0.1) 0.45 (0.81)
AMJ 3.5(3.5) 33(32) -0.2 (-0.3) 0.72 (0.66)
JAS 14.9 (15.1) 13.4 (13.6) ~1.5 (~1.6) 0.11 (0.11)
OND 8.6 (8.2) 6.3 (6.2) -2.3(-2.0) <0.01 (0.01)
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FIG. 2. Annual- and seasonal-mean precipitation of (a)—(e) GPCP and (f)—(j) CTRL run experiment from
MPAS-A. (top-right second column) The r values denote the pattern correlation between the observed and sim-
ulated precipitation climatology within the tropical Indian and the tropical Pacific Oceans (20°S-20°N, 60°E-90°W),

as determined via Pearson’s r correlation analyses.

¢. Model description and setup

The Model for Prediction Across Scales-Atmosphere
(MPAS-A), version 7.3, was adopted for this study. MPAS-A
is a nonhydrostatic and fully compressible atmospheric model
provided by the National Center for Atmospheric Research
(NCAR), and it satisfies the conservation of mass in dry air and
other physical quantities. MPAS-A consists of a mesh-like grid
system based on unstructured spherical centroidal Voronoi tes-
sellations (SCVTs) (Ringler et al. 2008; Skamarock et al. 2012).
These SCVTs are composed of two types of random cells con-
structed according to the Voronoi diagram and the Delaunay
triangulations (C-grid staggering) and have a quasi-uniform
shape (Ringler et al. 2010). The Cartesian coordinates are in a
hybrid coordinate where terrain effects are smoothed with alti-
tude, as suggested by Klemp (2011). The physical parameteriza-
tions in MPAS-A are a subset of those in the Advanced
Research version of the Weather Research and Forecasting
(WRF-ARW) Model.

In this study, we conducted global simulations with a horizon-
tal resolution of 240 km and a vertical resolution of 55 layers,
the upper bound of which reaches 30 km. In addition, the
Grell-Freitas scheme (Grell and Freitas 2014) was applied for
cumulus parameterization, and the WRF single-moment 6-class
scheme (Hong and Lim 2006) was used for the microphysics.
The Noah land surface (Niu et al. 2011) and the Mellor-
Yamada—Nakanishi-Niino schemes (Nakanishi and Niino 2009)
were applied for surface and boundary layer parameterizations,

respectively. The Xu—Randall scheme (Xu and Randall 1996)
was utilized for cloud fraction for radiation, and the Yonsei
University scheme (Shin et al. 2010) was used for gravity wave
drag by orography. These settings for the physical parameter-
izations were adopted based on the reasonable agreement
between the horizontal patterns of simulated precipitation
climatology they produced and those of the observed pre-
cipitation climatology from GPCP over the tropical Indian
and Pacific Oceans (20°S-20°N, 60°E-90°W) (Fig. 2). Note,
however, that there are still discrepancies, such as overesti-
mated rainfall, that can be attributed to the inherent limita-
tions of the model simulation.

MPAS-A was used to identify whether the precipitation in
the SCRRs within the tropical Indian and Pacific Oceans is
enhanced under the La Nifa-like SST warming (i.e., the
rich-get-richer mechanism). We conducted a control (CTRL)
simulation and the experimental simulation, which was forced
by the tropical SST changes. The SST field was updated daily
throughout the simulations. The same SST pattern was pre-
scribed each year for a total of 30 years, with the first 5 years
excluded from analysis as a spinup period. Identical initial at-
mospheric conditions from ERAS were applied to both simu-
lations. Details of the forcing in the MPAS-A experiments will
be given in section 4.

To investigate the causal relationship between the large-
scale circulation over the WNP and the diabatic heating in-
duced by precipitation anomalies within the Indian and Pacific
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Oceans, we utilized the dry linear baroclinic model (LBM)
(Watanabe and Kimoto 2000). LBM is usually used to evalu-
ate the effects of individual forcings (e.g., SST, adiabatic heat-
ing) on synoptic-scale circulation and the causal relationships
between them, including teleconnection (Annamalai 2010; Jin
et al. 2006; Kosaka et al. 2009; Lu and Lin 2009; Yoo et al.
2012). It consists of linear atmospheric dynamic equations de-
rived from the primitive equations presented in Watanabe and
Kimoto (2000), with variables comprising vorticity, divergence,
temperature, and the logarithm of surface pressure (Watanabe
and Jin 2003).

In this study, the horizontal resolution of LBM was set to
T42 (64 X 128) and the vertical resolution to 20 sigma levels.
Atmospheric fields, such as zonal and meridional wind, tem-
perature, specific humidity, and surface pressure, seasonally
averaged from 1982 to 2020, were used as initial conditions
for each experiment. Following the equation in Holton and
Hakim (2013) and Hu and Duan (2015), the condensational
diabatic heating (H, K day ") is calculated from the precipita-
tion anomalies (P, mm day ') as follows:

P X pw X Lc -3 -1
=—"¥ _¢x10°(Kda ,
C, X (p,/8) (Kday™)

where p,, is the average water density (1000 kg m™>), L, is the
average latent heat of condensation (2.5 X 10° J kg™ 1), C,is
the specific heat at constant pressure (1004 J kg™* K™%, p, is
the average surface pressure (101325 Pa), and g is the average
gravitational acceleration (9.80665 m s~2). Diabatic heating,
which includes contributions from radiation, sensible heat,
and latent heat, is typically estimated using methods described
in Li et al. (2023), Ling and Zhang (2013), and Yanai et al.
(1973). However, in this study, we focus solely on the anoma-
lous latent heating associated with precipitation anomalies
and, therefore, apply the above equation to calculate diabatic
heating. The diabatic heating rate was then converted into 20
sigma levels. This vertical heating profile follows a gamma
profile (Fig. S2). The maximum thermal forcing, equivalent to
H, is set to be at 700 hPa (sigma = 0.8), as the diabatic heating
rate typically has maximum at this level during precipitation
(Chang and L’Ecuyer 2019; Hagos et al. 2010; Liu et al. 2015).
The experiments ran for a total of 28 days, and the results af-
ter day 14 were used in this study to exclude the spinup pe-
riod. The LBM approaches a steady state by day 15
(Watanabe and Jin 2003). Details of the forcing used in the
LBM experiments will be given in section 4.

3. Observed interdecadal changes in TCGF and
large-scale circulation

Table 1 shows a significant decrease in TCGF over the
WNP only in OND in the recent period (1998-2020) com-
pared to the early period (1982-97). In JFM, the mean TCGF
increases by 0.3 in the recent period, but this increase is statis-
tically insignificant, as indicated by the p value. The mean
TCGEF decreases slightly by 0.2 in AMJ, but this change is
also statistically insignificant. The TCGF in JAS season de-
creases by 1.5, a much larger change compared to the
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previous two seasons, but this change is not significant at a
95% confidence level. This is reasonable given that the
change is relatively small compared to the average TCGF in
JAS (14.03 TCs during the entire period), which represents
the peak TC season. In OND, however, approximately 2.3
fewer TCs formed in the recent period than in the early pe-
riod. This is about 30% decline in TCGF during this season
and is statistically significant at the 95% confidence level.

Seasonal spatial distributions of the interdecadal changes in
TCGEF and the relative vorticity at 850 hPa are shown in Fig. 3,
and the results are consistent with those of Chang et al. (2021).
Both TCGF and vorticity show similar patterns over MDRs in
all seasons. In contrast to other seasons, abrupt decreases in
TCGEF and the relative vorticity were observed within the sea-
sonal MDR in OND. However, in JAS, the long-term changes
in TCGF and relative vorticity were statistically insignificant, al-
though their spatial patterns show slight similarities to those in
OND. This reconfirms that relative vorticity is an important
factor controlling TCGF during OND. Note that other varia-
bles affecting TC genesis, such as relative humidity at 700 hPa,
potential intensity (Bister and Emanuel 2002), and vertical
wind shear (VWS) between 200 and 850 hPa, do not clearly
match the change over the seasonal MDR (Fig. S3): the rela-
tive humidity and the potential intensity increase in all sea-
sons, which is favorable for TC genesis, while the change in
the VWS is statistically insignificant over the seasonal MDR.
Furthermore, the spatial patterns of the interdecadal changes in
TCGF correlate with those of low-level relative vorticity within
the WNP, with the weakest correlation in AMJ (r = 0.2) and
the strongest in OND (r = 0.32), which are statistically signifi-
cant at the 99% confidence level (Table S1). The correlations
with relative humidity, vertical wind shear, and potential in-
tensity are inconsistent by season and generally produce
high p values.

According to Chang et al. (2021), the seasonal differences in
the interdecadal changes in precipitation are responsible for the
distinct change in the low-level relative vorticity during OND.
The most noticeable increases in precipitation are observed
over the SCRRs. This can be explained by the rich-get-richer
mechanism.

We first reconfirmed the seasonal variation of the SCRRs
over the tropics. In Figs. 4a—d, the SCRRs (contours), where
the climatological mean precipitation is above 6 mm day ™!,
are observed in the intertropical convergence zone (ITCZ)
and the South Pacific convergence zone (SPCZ), as well as in
the tropical Indo-Pacific warm pool region (i.e., 20°S-20°N,
60°E-180°). In particular, the location of the SCRRs exhibits
a seasonal cycle in the tropical Indo-Pacific warm pool region:
These areas are found in the Indian and western Pacific
Oceans during JFM, in the western Pacific during AMJ, fur-
ther to the northwest during JAS, and back to the west, i.e.,
the Indian Ocean, during OND. Simultaneously, in the central
and eastern Pacific Ocean, the precipitation area in the ITCZ
shows a seasonal variation that is analogous to the seasonal
cycle found in the tropical Indo-Pacific warm pool.

The precipitation increased overall in the SCRRs across all
seasons, as indicated by shadings and contours in Figs. 4a—d.
Table 2 presents the specific interdecadal changes in
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F1G. 3. Horizontal distributions of interdecadal changes in (a)-(d) TCGFs derived from the JTWC best track data
and (e)—(h) 850-hPa relative vorticity derived from ERAS reanalysis data between the early (1982-97) and recent
(1998-2020) periods for four seasons. Contours represent the seasonal MDR as the number of TC genesis during the
season based on the entire study period. Slashed and crossed areas indicate that the changes are significant at the

90% and 95% confidence levels, respectively.

precipitation (mm day ') averaged over the areas of the tropical
Indian and Pacific Oceans (20°S-20°N, 60°E-90°W), where the
climatological precipitation is above or below 6 mm day ™ *. In
the SCRRs, where the climatological precipitation exceeds the
threshold, a significant increase in precipitation is observed in
AMI, JAS, and OND. On the other hand, in regions with
lower precipitation (i.e., below the threshold), the changes are
statistically insignificant, as indicated by the high p value
across all seasons. In JFM, the increase in the precipitation
within the Indian Ocean is centered north (10°N, 90°-120°E)
of the SCRR (south of 0°). This may largely contribute to the

low significance of the interdecadal change in the SCRRs in
JFM, as shown in Table 2. This could result from mechanisms
other than the rich-get-richer mechanism, such as changes in
the Hadley circulation. However, confirming this hypothesis
requires further investigation, as it is beyond the scope of our
study.

The observed increases in precipitation can be attributed to
the changes in SSTs. SST has increased within the tropical Indo-
Pacific warm pool region, and the horizontal distribution of the
increase is similar across seasons (Figs. 4e-h), with correlations
between the spatial patterns of all season pairs significant at
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FIG. 4. Spatial distribution of interdecadal changes (shading) in (a)-(d) precipitation and (e)-(h) SST between the
early (1982-97) and recent (1998-2020) periods. In (a)—(d), black contours represent seasonal mean precipitation
(mm day "), and slashed and crossed areas indicate that the depicted changes are significant at the 90% and 95% con-

fidence levels, respectively.

the 99% confidence level (not shown). A complex pattern of
changes is also found in the tropical eastern Pacific. In the sub-
tropical eastern Pacific, SST cooling is exhibited in both hemi-
spheres, although the cooling signals are relatively weak in the
Southern Hemisphere, particularly during JFM and AMJ. In
contrast, SST warming is found near the American continent
and along the ITCZ. The patterns of the SST changes resem-
ble those of the precipitation changes. Rainfall increases over
the SCRRs in the tropical Indo-Pacific warm pool, the SPCZ,
and the ITCZ, while rainfall rarely changes or decreases in the
other tropical ocean areas.

The observational analysis suggests that the seasonality of
the changes in the large-scale circulation can be related to the
changes in the precipitation rather than to the changes in the
SST. The interdecadal changes in the SST show the La Nifia—
like pattern across all seasons, which results in the atmospheric
boundary layer (ABL) warming and convection strengthening
in the SCRRs. According to Chou and Neelin (2004), precipi-
tation tends to increase in the SCRRs under global warming,
while it tends to decrease in nonconvective regions. The ABL

TABLE 2. Interdecadal differences in precipitation (mm day ')
between the early (1982-97) and recent (1998-2020) periods in the
regions where the climatological precipitation is either above or
below the threshold value of 6 mm day ! in the tropical Indian and
Pacific Oceans (20°S-20°N, 60°E-90°W). Values in parentheses
indicate the p value of the interdecadal differences.

Above 6 mm day ! Below 6 mm day !

JFM +0.274 (0.15) —0.021 (0.83)
AMJ +0.393 (0.02) —0.049 (0.47)
JAS +0.329 (0.01) —0.067 (0.34)
OND +0.602 (<0.01) ~0.133 (0.08)

moisture increases in response to global warming in convective
regions, which decreases the gross moist static stability and
increases gross moisture stratification (i.e., the direct effect
of greater moisture). Chang et al. (2021) suggested that tropi-
cal oceanic warming would lead to an increase in low-level
moisture, akin to ABL warming under global warming, result-
ing in enhanced convection over the SCRRs through the
rich-get-richer mechanism (Chou and Neelin 2004).

Given the observed data, it seems reasonable to suggest that
the seasonality of interdecadal precipitation changes can impact
the seasonality of the interdecadal changes in the large-scale
circulation over the WNP. To further examine this relationship,
we employed numerical model simulations. Additionally, we
aimed to determine whether the precipitation changes over the
Indo-Pacific warm pool alone can drive the observed changes
in the large-scale circulation in the WNP, as suggested by
Chang et al. (2021), or if changes in other basins also influence
the large-scale circulation in the WNP.

4. Simulated changes in precipitation and large-scale
circulation

Two simulations were conducted using MPAS-A. In the
CTRL simulation, we prescribed the daily climatological mean
SST from 1982 to 2020 for the entire simulation period. The ex-
perimental simulation, identified as L-WARM, was designed to
incorporate interdecadal SST changes, specifically the La Nifia—
like SST pattern. For the L-WARM simulation, we added the
daily SST anomalies over the tropics (20°S-20°N) to the clima-
tological SST used in the CTRL simulation. To reduce model
instability caused by drastic changes in the SST at the bound-
aries (i.e., 20°S and 20°N), we applied a buffer zone of 10° to-
ward higher latitudes (Fig. 5). The L-WARM simulation was



3794

(a) Annual
30N~ T
15N

-0.4 0 0.4 0.8
(K]

FiG. 5. Interdecadal changes of annual and seasonal SST—
(a) January-December, (b) JEM, (c) AMJ, (d) JAS, and (e) OND.
All of them were used as forcing for MPAS-A experiments.

implemented to examine whether MPAS-A can simulate the
observed precipitation changes under conditions reflecting the
La Nifia-like SST warming pattern.

According to the results, the rich-get-richer mechanism
seems to explain the increased precipitation within the Indo-
Pacific warm pool region under La Nifia-like SST warming.
Figure 6 shows the seasonal averages of the CTRL simulation
(contours) and the changes in the simulated precipitation of
the L-WARM relative to that of the CTRL (shadings). The
seasonal cycle of precipitation patterns simulated in the CTRL
is comparable to the observed precipitation (Figs. 4a—d and
6a—d), although the simulated precipitation is overestimated
overall. In terms of the location of the SCRRs, this seasonal
cycle pattern is maintained in the L-WARM (Fig. S4), but
there is stronger precipitation over the SCRRs under La
Nina-like SST warming compared to the CTRL (Fig. 6) over
the Indo-Pacific warm pool region, where the increases in
SSTs were more pronounced. These results confirm that the
rich-get-richer mechanism is valid in the tropical Indo-Pacific
warm pool region under La Nifia-like SST changes. As in the
observed precipitation patterns, in JFM, the L-WARM simu-
lation produced a precipitation decrease within the SCRR in
the eastern Indian Ocean, which again suggests that another
mechanism may be at work in JFM. In summary, based on the
MPAS-A simulation, the precipitation tends to increase over
the SCRRs in the Indo-Pacific warm pool region in response
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FIG. 6. Seasonal-mean precipitation of the CTRL simulation
(contours) and the changes in the simulated precipitation of the
L-WARM relative to that of CTRL (shadings) over four sea-
sons: (a) JFM, (b) AMJ, (c) JAM, and (d) OND. Slashed and
crossed areas indicate that the depicted changes are significant
at 90% and 95% confidence levels, respectively.

to La Nifia-like SST warming, which implies that the rich-
get-richer mechanism is valid.

On the other hand, simulated precipitation decreases in the
equatorial convergence zone of the central and eastern Pacific
Ocean (i.e., 180°~100°W), which contrasts with the observed
changes in precipitation, especially in JAS and OND (Figs. 4c,d
and 6c,d). These discrepancies can be attributed to the inherent
limitations of the model. The observed increases in precipitation
are likely associated with a local response to the zonal SST ridge
in the ITCZ depicted in Figs. 4g and 4h. However, in the model
simulation, the strong zonal gradient in SSTs that characterizes
the La Nifia-like SST pattern is likely to be a dominant factor,
leading to an intensification of the Walker circulation and a re-
duction in rainfall over the equatorial central and eastern Pacific
Ocean.

The differences in the simulated relative vorticity and hori-
zontal winds at 850 hPa between the L-WARM and CTRL sim-
ulations are shown in Fig. 7. In JFM and AMJ (Figs. 7a,b),
there are minor changes in the large-scale flow over the sea-
sonal MDRs (contours), with patterns comparable to those in
the observed data (Figs. 3e.f). In JAS, there is an anomalous cy-
clonic flow across the MDR, which would be favorable for TC
development. The changes in the 850-hPa relative vorticity pat-
terns in the L-WARM relative to the CTRL generally resemble
the observed interdecadal changes in JFM, AMJ, and JAS
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FIG. 7. Changes in relative vorticity (10~¢ s'; shadings) and hor-
izontal winds at 850 hPa (m s~ !; vectors) in the L-WARM relative
to the CTRL, both based on MPAS-A, over four seasons: (a) JEM,
(b) AMJ, (c) JAS, and (d) OND. Vectors are plotted where the
changes in wind are statistically significant at the 95% confi-
dence level. Black contours indicate the seasonal MDRs based
on the JTWC best track data, which are as in Fig. 1.

seasons. Notably, the patterns are inconsistent and insignificant
over the MDR, although some discrepancies remain. In particu-
lar, the positive anomalies are stronger, and the negative anoma-
lies are weaker than observed changes in JAS season. On the
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FIG. 8. Diabatic heating rates during (a) JFM, (b) AMJ, (c) JAS,
and (d) OND. These patterns are calculated from observed pre-
cipitation anomalies and are applied to the LBM experiments.
Solid-boxed and dotted regions represent the areas in which the
forcing is prescribed in each experiment. These include the
tropical Indian Ocean (20°S-20°N, 60°~120°E), the Indo-Pacific
warm pool (20°S-20°N, 60°E-180°), the tropical Indian and Pacific
Oceans (20°S-20°N, 60°E-90°W), and the tropical band (20°S-
20°N), respectively.

other hand, in OND, a weak anomalous anticyclone is pre-
sent, confined to the east of the seasonal MDR, which differs
somewhat from the observed patterns. This discrepancy is
discussed more in section 5. Additionally, whereas the pat-
terns in JAS and OND show similarities in observations
(Figs. 3g,h), they are not well captured in the model results.
Moreover, the pattern correlation between observations and
simulations is relatively high during JFM (0.6406) and AMJ
(0.5035) but drops significantly during JAS (0.002) and OND
(0.1654). This suggests that MPAS-A struggles to reproduce
accurately the atmospheric circulation patterns in these sea-
sons. These results indicate a seasonal dependence in the
MPAS-A simulation, with better performance in capturing
large-scale circulation changes in JFM and AMJ compared to
JAS and OND.

Experimental simulations based on the LBM were conducted
to determine whether the changes in precipitation directly
cause the changes in large-scale circulation over the seasonal
MDRs in the WNP. This model was used instead of MPAS-A
due to the limitations of MPAS-A simulations discussed above.
Moreover, the LBM experiments were implemented to exam-
ine whether precipitation changes in other basins can affect the
large-scale circulation over the WNP. Four LBM simulations
were conducted for each season (JFM, AMJ, JAS, and OND).
The experiments were conducted in response to the diabatic
heating rates calculated based on the observed precipitation
anomalies in the tropical Indian Ocean (20°S-20°N, 60°-120°E),
the Indo-Pacific warm pool (20°S-20°N, 60°E-180°), both the
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FIG. 9. Horizontal distributions of the seasonal anomalies in relative vorticity (shadings) and horizontal winds (vectors) at 850 hPa simu-
lated by LBM. The results of four experiments, which were, respectively, forced by diabatic heating rates calculated from the observed
changes in precipitation over (first column) the tropical Indian Ocean (20°S-20°N, 60°~120°E), (second column) the Indo-Pacific warm
pool (20°S-20°N, 60°E~180°), (third column) the tropical Indian and Pacific Oceans (20°S-20°N, 60°E-90°W), and (fourth column) the
tropical band (20°S-20°N), are presented for four seasons: (first row) JFM, (second row) AMJ, (third row) JAS, and (fourth row) OND.
Vectors are plotted at the points where the average wind speed is 0.5 m s~ ' or greater. Black contours indicate the seasonal MDRs based

on the JTWC best track data, which are as in Fig. 1.

tropical Indian Ocean and tropical Pacific Ocean (20°S-20°N,
60°E-90°W), and the tropical band (20°S-20°N), respectively.
The spatial distributions of the seasonal diabatic heating rates
are identical to those of the observed seasonal anomalies of the
precipitation. In OND, the strong diabatic heating is observed
in the tropical Indian Ocean, while it is located around the
Maritime Continent and in the western Pacific in JFM, AMJ,
and JAS (Fig. 8).

Figure 9 shows the spatial distributions of the relative vor-
ticity and the horizontal wind at 850 hPa over the WNP, as
simulated by the LBM experiments. In all four simulations,
pronounced anomalous easterlies and anticyclonic flow are
observed over the WNP during OND, which is distinct from
other seasons. However, when the thermal forcing is applied
only over the Indian Ocean (20°S-20°N, 60°-120°E) or the
Indo-Pacific warm pool (20°S-20°N, 60°E-180°), the wind
anomalies are much weaker than in simulations where dia-
batic heating is imposed over both the Indian and Pacific
Oceans (20°S-20°N, 60°E-90°W) or across the entire tropical
band. In the latter cases, the induced easterlies and the anticy-
clones become stronger and extend westward in OND season
(Figs. 9i—p), suggesting that the precipitation changes in the

Indian and Pacific Oceans contribute to modulating large-
scale circulation over the WNP.

This conclusion is further supported by the pattern correla-
tion between ERAS and the tropical band experiment using
LBM (Figs. 9m-p). The correlation coefficients in the sea-
sonal MDR were 0.3967 (JFM), 0.2456 (AM]J), 0.2769 (JAS),
and 0.2259 (OND), all statistically significant at the 99% con-
fidence level. These results suggest that precipitation anoma-
lies over the Indian and Pacific Oceans influence atmospheric
circulation over the WNP. Thus, the weaker and smaller
anomalous anticyclones during OND in the MPAS-A simula-
tion compared to observations (Figs. 3h and 7d) are likely due
to MPAS-A’s inability to accurately simulate precipitation
patterns, which in turn limits its ability to capture the associ-
ated atmospheric circulation over the WNP.

5. Summary and discussion

This study aims to validate the mechanism driving the de-
cline in TCGF over the WNP seen in recent decades through
a series of model experiments. Previously, Chang et al. (2021)
highlighted this phenomenon, suggesting a link between the
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FI1G. 10. Horizontal distributions of the anomalies of relative vorticity (shadings) and horizontal wind (vectors) at 850 hPa in OND,
which are simulated from the LBM experiments. The experiments were forced by diabatic heating rate calculated from the simulated
changes in precipitation over (a) the tropical Indian Ocean (20°S-20°N, 60°~120°E), (b) the western Pacific (20°S-20°N, 120°E-180°),
(c) Indo-Pacific warm pool (20°S-20°N, 60°E-180°), and the Pacific Ocean (20°S-20°N, 120°E-90°W) and are represented. Vectors are
plotted at the points where the wind speed is 0.5 m s~! or greater. Black contours indicate the seasonal MDR region based on the

JTWC best track data, which is as in Fig. 1.

seasonal changes in precipitation and those in large-scale
anticyclones in the MDRs, thereby influencing the TCGF.
However, the underlying mechanism remained unverified
due to a reliance on observational analysis alone.

To address this gap, this study conducted model experiments
using MPAS-A and LBM. First, two experiments were con-
ducted using MPAS-A: CTRL and the L-WARM. These ex-
periments were implemented in response to the daily SST
climatology and the climatology plus La Nifia-like SST changes,
respectively. In the L-WARM scenario, the precipitation in-
creased, particularly in the SCRRs within the Indo-Pacific
warm pool region. Subsequently, the LBM experiments were
conducted to examine the direct influence of observed increases
in precipitation on large-scale circulation in the WNP, prescrib-
ing thermal forcing based on the seasonal precipitation changes.
The results showed that when the changes in precipitation in
both the tropical Indian Ocean and the tropical Pacific Ocean
are considered collectively, the anomalous anticyclonic flow is
more intense and extends further westward in OND than in
other seasons over the WNP.

Thus, the series of model experiments implemented in this
study provided evidence that validated two hypotheses: Based
on the MPAS-A experiments, the observed La Nifla-like SST
warming was found to be responsible for the precipitation in-
creases in the SCRRs of the Indo-Pacific warm pool. The
LBM experiments revealed that the changes in precipitation
in both the Indo-Pacific warm pool and the eastern Pacific
played an instrumental role in influencing the changes in the
large-scale circulation over the WNP. The first conclusion
verifies the concept introduced by Chang et al. (2021), and the
second adds a new dimension, as the previous study solely fo-
cused on the precipitation increases in the Indo-Pacific warm
pool region.

The MPAS-A shows some limitations in simulating changes
in precipitation under La Nifia-like SST warming. Compared
to the observed changes in precipitation, the model simulation
could not capture increases in precipitation in the ITCZ, espe-
cially in JAS and OND. This suggests that the MPAS-A failed
to simulate the local responses of precipitation to the warm

SST ridge in the ITCZ. The lower-tropospheric relative vortic-
ity exhibited a pattern comparable to that of the observations
over the MDRs from January to September, whereas in OND,
the anomalous anticyclone is confined more to the eastern
WNP compared to the observation. This discrepancy between
the observed and the simulated large-scale circulations in OND
(cf. Figs. 3h and 7d) can be attributed to a competition be-
tween two enhanced precipitations, one in the 70°-90°E re-
gion and the other in the 150°-170°E region of the model
results (Fig. 6d). The observed increase in precipitation in
the Indian Ocean is prevailing within the Indo-Pacific warm
pool region (Fig. 4d), resulting in the anomalous easterlies
extending further westward (Fig. 3h). On the other hand, in
the result of MPAS-A simulation, the precipitation increases
over both the western Pacific and the Indian Oceans, which
hinders the strengthening and westward extension of the anom-
alous easterlies. This argument is supported by the LBM experi-
ments, which are forced by the simulated precipitation changes
only over the warm pool region (Figs. 9h and 10a—c). Further-
more, based on the LBM experiments forced by simulated pre-
cipitation anomalies, the discrepancies between the simulated
and observed precipitation changes over the ITCZ in the cen-
tral to eastern Pacific—where the simulations show a decrease
while the observations indicate an increase—may contribute
to the differences in the simulated large-scale circulation com-
pared to observation. The LBM experiments suggest that the
reduced precipitation over the central to eastern Pacific may
strengthen the easterly anomalies over the tropics in the south-
east of the WNP (Figs. 10b,d). However, this effect is unlikely
to cause a significant difference between the observed and
simulated large-scale circulation.

A limitation of our model configuration is that TC genesis
was not captured directly due to the low model resolution of
240 km. Many studies have shown that horizontal resolution
influences the simulation of TC information, such as forma-
tion, intensity, and track, considerably (Roberts et al. 2020;
Walsh et al. 2013; Wehner et al. 2014; Zhao et al. 2009). Our
model results indicate that the observed changes in the large-
scale environmental factors that can affect TC genesis can
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largely be simulated using numerical models. Although large-
scale circulation, including low-level relative vorticity, affects
TC genesis, our results could not show that the simulated dif-
ferences in the large-scale circulation between the L-WARM
and CTRL simulations influenced TC genesis directly. In fu-
ture research, it would be meaningful to investigate how well
TCs can be simulated using the MPAS-A at a resolution
higher than 25 km.
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