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ABSTRACT: Atmospheric general circulation models (AGCMs) and coupled general circulation models (CGCMs)
in the High Resolution Model Intercomparison Project (HighResMIP) were evaluated on their ability to simulate tropical
cyclone (TC) activity in the western North Pacific (WNP) over its annual cycle. Specifically, we examined these models’
ability to simulate the south-north migration of the mean TC genesis location. The results revealed that both types of models
realistically captured TC numbers and the south-north migration of TC genesis locations associated with the meridional
migration of the WNP subtropical high ridge in response to the annual cycle. However, TC numbers decreased less rap-
idly in the AGCMs than in both the CGCMs and observed data during the monsoon retreat period (after September).
This bias was probably attributed to a low-tropospheric cyclonic anomaly over the Philippine Sea in response to La Nifia—
like sea surface temperature (SST) differences between the AGCMs and the CGCMs. Because of these differences, the
TC genesis frequency in the AGCMs over the Philippine Sea was overestimated. The cyclonic anomaly occurred when
the northeasterly trade wind arose and was maintained through wind—evaporation-SST feedback. In future climate
(2021-50), the main changes occurred during the monsoon retreat period. A more rapid decrease in TC numbers shown
in AGCMs was likely attributed to the decrease (increase) of low-level vorticity (vertical wind shear) modulated by
enhanced WNP subtropical high and subsidence anomalies. Conversely, a cyclonic circulation and ascending anomalies
projected by CGCMs were identified off-equator, which favored TC genesis location shifting northward.

SIGNIFICANCE STATEMENT: Model performance and future changes in the annual cycle of tropical cyclone
(TC) activity in the western North Pacific are investigated. We found that high-resolution uncoupled and coupled mod-
els realistically captured the TC numbers and meridional migration of TC genesis locations associated with the meridio-
nal migration of subtropical high ridge. However, TC numbers decreased more gradually in the uncoupled models than
in the coupled models after September. This lower skill may stem from differences between the uncoupled and coupled
models in simulating a cyclonic anomaly over the Philippine Sea in response to the La Nifia-like sea surface tempera-
ture difference. In future climate (2021-50), TC numbers are significantly projected to decrease more rapidly during
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the monsoon retreat period in uncoupled models.
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General circulation models; Seasonal cycle

1. Introduction

The western North Pacific (WNP) is the region in the
tropics where most tropical cyclones (TCs) originate from,
and the TC activity in that area has a clear annual cycle
(Lander 1994; Chia and Ropelewski 2002; Wang and Chan
2002; Gilford et al. 2017; Sobel et al. 2021). The analysis of
TC genesis locations in response to the annual cycle reveals a
clear pattern of south-north migration. The TC frequency
increases significantly, and the genesis location extends north-
eastward starting from June, reaching the highest and north-
ernmost location in August and September, then rapidly
decreasing and returning southward in October (Chia and
Ropelewski 2002; Wang and Chan 2002). This meridional
migration of TC formation indirectly influences the landfall
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frequency of TCs over East Asia (Harr and Elsberry 1991;
Kim et al. 2005). Thus, an understanding of model’s ability to
simulate the seasonal cycle of TC activity will be beneficial for
the countries in East Asia for disaster preparedness, response,
and mitigation strategies.

The south-north migration of the TC genesis location is pri-
marily associated with the meridional migration of monsoon
trough in response to the annual cycle (Ritchie and Holland
1999). The northernmost location of monsoon trough is mainly
bounded by the WNP subtropical high (WNPSH), which also
experiences seasonal meridional migration (Chen et al. 2017;
Li et al. 2024). The WNPSH moves northward in June and
reaches its northernmost location in August and September
and then begins to migrate southward in October (Chen et al.
2017). The meridional movement of TC formation is sub-
stantially affected by the seasonal variation of the WNPSH,
which is usually accompanied by low-level anticyclonic vor-
ticity, low humidity, and downward motion, providing unfa-
vorable conditions for TC development (Liu and Chan 2013;
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Wang and Wang 2019). Accordingly, the skill in simulating
WNPSH is crucial to reproduce the south-north migration
of the TC genesis location. Previous studies reported that
air—sea coupled general circulation models (CGCMs) from
phase 5 of the Coupled Model Intercomparison Project (CMIP)
(CMIPS5) improved the summer monsoon and WNPSH simu-
lations at the cost of negative sea surface temperature (SST)
bias in the WNP compared to those in uncoupled GCMs
(Song and Zhou 2014; Yang et al. 2019). That is the cold
bias in the WNP has a compensation effect on improving
the WNPSH. This colder SST bias in the WNP was also
identified in CMIP6 simulations (Zhang et al. 2023). How
the cold bias affects the WNPSH simulation and the south—
north migration of TC activity in response to the annual
cycle deserves attention. However, this topic so far has been
less investigated.

The ability of models to simulate the south-north move-
ment of the TC genesis location is closely related to the ability
of models to simulate the intensity and landfall frequency of
TCs. Numerous studies have employed GCMs to simulate
and predict the annual cycle of TC activity (Camargo 2013;
Roberts et al. 2015; Dwyer et al. 2015; Roberts et al. 2020a;
Sharmila et al. 2020; Tang et al. 2022). Studies have reported
that models with higher horizontal resolution better simulate
TC activity and TC number over the annual cycle (Manganello
et al. 2012; Roberts et al. 2015, 2020a; Tang et al. 2022;
Chen et al. 2023). The High Resolution Atmospheric Model
(HiRAM) and downscaling models from the CMIP3 and
CMIPS5 are able to capture the annual cycle of TC numbers in
the WNP (Dwyer et al. 2015; Tsou et al. 2016). However, high-
resolution downscaling models from CMIP3 and CMIPS5 have
been shown to underestimate TC numbers during the peak
TC season (Dwyer et al. 2015). Tang et al. (2022) found that
both uncoupled and coupled simulations in CMIP6 High
Resolution Model Intercomparison Project (HighResMIP) re-
alistically captured the annual cycle of TC genesis. Their study
also showed that coupled runs are more highly correlated with
the observed annual cycle of TC numbers than uncoupled
runs.

Most of the studies mentioned above have focused on the
simulation of TC numbers over the annual cycle. However,
few studies have investigated the accuracy of models in simu-
lating the south-north movement of TC genesis locations and
the effects of meridional migration of the WNPSH on this
movement. In this study, we employed GCMs from CMIP6
HighResMIP to examine the simulations of the annual TC
cycle over the WNP. We focused on the climatology of TC
numbers and locations and the effects on TC location from
large-scale environmental factors including the WNPSH. We
also discussed the future changes in the annual cycle of TC ac-
tivity. The remainder of this paper is organized as follows. In
section 2, we briefly describe the observed data, model de-
scription, and methods of analysis. Section 3 shows the simu-
lations of TC genesis activity and the analysis of genesis
potential indices (GPIs) over the annual cycle. Section 4 dis-
cusses the possible causes of simulated bias. Section 5 shows
the future projection of the TC annual cycle modulated by the
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changes in large-scale circulation. Discussion and conclusions
are given in sections 6 and 7, respectively.

2. Data, models, and methods
a. Data

The observed data for seasonal cycles over 1979-2008 were
compared against model simulations on dynamic and thermo-
dynamic characteristics. Data on atmospheric conditions were
obtained from the National Centers for Environmental Pre-
diction (NCEP)-Climate Forecast System Reanalysis (CFSR)
database with a 0.5° X 0.5° longitude-latitude resolution
(Saha et al. 2010). Version 1 of the Met Office Hadley Centre
Sea Ice and Sea Surface Temperature dataset (HadISST1),
which has a 1° X 1° longitude-latitude resolution, was used to
obtain sea surface temperature (Rayner et al. 2003). The pre-
cipitation data at a resolution of 2.5° X 2.5° were obtained
from satellite and gauge measurements performed by the
Global Precipitation Climatology Project (GPCP), version 2.3
(Adler et al. 2018).

The observed TC data in the WNP were obtained from the
Joint Typhoon Warning Center (JTWC). We only considered
TCs with maximum wind speeds = 35 kt (1 kt =~ 0.51 ms™ ")
(approximately 17.5 m s~ !). We defined the TC genesis loca-
tion as the position of the first data point recorded in the life-
time of a TC.

b. Model simulations

We used six models from the European Union Horizon
2020 project PRIMAVERA (https://www.climateurope.eu/
primavera/) under the CMIP6 HighResMIP experimental
protocol (Haarsma et al. 2016). Each model runs at a lower
and a higher horizontal resolution. We focused on the analysis
of simulation with a higher resolution ranging from 50 to
25 km. These models are CMCC-CM2-VHR4 (Scoccimarro
et al. 2017), CNRM-CM6-1-HR (Voldoire 2019), EC-Earth3P-
HR (EC-Earth 2018), ECMWEF-IFS-HR (Roberts et al. 2017),
HadGEM3-GC31-HM (Roberts 2017), and MPI-ESM1-2-XR
(von Storch et al. 2017), as described in Table 1. Each GCM
completed the atmospheric (highresSST-present; tier 1) and
coupled (hist-1950; tier 2) runs during 1950-2014. The future
projections (tier 3) under the Shared Socioeconomic Pathways
5-8.5 (SSP5-8.5) scenario are also used to examine the future
change in the annual cycle of TC activity. The CMIP6 High-
ResMIP protocol and the simulation design of these six model
groups are detailed in Haarsma et al. (2016) and Roberts et al.
(2020a), respectively.

TC locations and tracks from model simulations were ob-
tained using the objective feature-tracking algorithm “TRACK”
(Bengtsson et al. 2007; Strachan et al. 2013; Hodges et al.
2017). This algorithm used data on 6-h relative vorticity to
track TCs on a common T63 spectral grid with warm-core
criteria. The relative vorticities were first vertically aver-
aged at the levels 850, 700, and 600 hPa on the analysis grid,
and further tracking occurred if they exceeded 5 X 107°s7!
at each time step on a T63 grid. Only tracks that last at least
2 days were retained for further analysis. The tracking
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TABLE 1. Concise list of PRIMAVERA (HighResMIP) model configurations.

Atmospheric nominal Atmospheric Ocean
Model name Institution resolution (km) model levels  resolution (°)
CMCC-CM2-VHR4 Fondazione Centro Euro-Mediterraneo sui 25 26 0.25
Cambiamenti Climatici (CMCC)
CNRM-CM6-1-HR Centre Europeen de Recherche et de 50 91 0.25
Formation Avancee en Calcul
Scientifique (CERFACS)
EC-Earth3P-HR Royal Netherlands Meteorological Institute 50 91 0.25
(KNMI); Swedish Meteorological and
Hydrological Institute (SMHI);
Barcelona Supercomputing Center
(BSC); Consiglio Nazionale delle
Ricerche (CNR)
ECMWEF-IFS-HR European Centre for Medium-Range 25 91 0.25
Weather Forecasts (ECMWF)
HadGEM3-GC31-HM  Met Office Hadley Centre (MOHC) 50 85 0.08
MPI-ESM1-2-XR Max Planck Institute for Meteorology 50 95 0.4

(MPI-M)

proceeded by identifying the following criteria (Roberts
et al. 2020a):

1) The relative vorticity at 850 hPa is =6 X 107> s~ };

2) The difference in vorticity between 850 and 250 hPa is
>6x 1077 s 'to provide evidence of a warm core;

3) The vorticity center must exist at each level including 850,
700, 600, 500, and 250 hPa;

4) Criteria 1-3 must be jointly attained for at least four
consecutive time steps (1 day) and only apply over the
oceans;

5) Tracks must start within 30°S-30°N.

More detecting criteria are described in Roberts et al.
(2020a). Modeled TC data were accessed from the Centre for
Environmental Data Analysis (Roberts et al. 2020a,b).

¢. Methods of analysis

We applied a GPI based on the work of Murakami and
Wang (2010) to explore the annual cycle of TC genesis in con-
nection with large-scale environmental variations. The GPI is
defined as

3 \% 3 —w+
GPI = |105n|3/2(%) ( 7‘8") a+ 0.1Vs)’2(“’0f0'1), 1)

where 7 is the absolute vorticity at 850 hPa (s™'), RH is the
relative humidity at 600 hPa (%), Vo is the maximum TC po-
tential intensity (m s~') based on the study by Bister and
Emanuel (2002), V, is the magnitude of the vertical wind
shear (m s™!) between 850 and 200 hPa, and  is the vertical
pressure velocity at 500 hPa (Pas™ ).

To quantify the relative contributions of individual terms to
total GPI difference, we followed Li et al. (2013) in consider-
ing the difference between the atmospheric general circula-
tion model (AGCM) and CGCM values for each term but
fixed the multiple of the remaining terms as the climatology in
AGCM.

3. Ability of HighResMIP to simulate the TC annual
cycle and activity

a. Variation in TC genesis frequency over the
annual cycle

Figure 1 illustrates the annual cycles of TC numbers in the
WNP. In the observed data, the TC number increases sub-
stantially after June, peaks in August, and decreases notice-
ably after September (Fig. 1la). All AGCMs and CGCMs
realistically simulated the annual cycle of TC frequency ex-
cept MPI-ESM1-2-XR (Figs. 1b-g). The underestimation of
TC numbers in the MPI-ESM1-2-XR has been reported in
earlier studies (Roberts et al. 2020a,b; Tang et al. 2022). A
further analysis suggested that this underestimation was likely
due to an underestimation in the variance of vorticity at
850 hPa over the WNP. Because a multimodel ensemble
mean may reduce the bias and uncertainty inherent in individ-
ual runs, we use the ensemble mean in the following analysis.
For convenience, the ensembles of atmospheric runs and
air-sea coupled runs are referred to as Ens-AGCM and
Ens-CGCM, respectively. The MPI-ESM1-2-XR estimates
were excluded from the ensemble mean due to their underes-
timation of TC numbers.

The annual cycle of TC frequency was successfully captured
by the ensemble mean (Fig. 1a). Ens-AGCM and Ens-CGCM
had temporal correlation coefficients larger than 0.9 in rela-
tion to the observed data. During the development stage of
the WNP monsoon (June-September), the Ens-AGCM and
the Ens-CGCM closely fit the observed TC numbers. How-
ever, the number of TCs decreased more gradually in the
Ens-AGCM than in both the Ens-CGCM and observed
data during the retreat stage of the WNP monsoon (after
September).

Figure 2 depicts the spatial distribution of TC genesis fre-
quency and midtropospheric geopotential height during the ty-
phoon season. In June and July, most TCs formed in the
Philippine Sea (Fig. 2a). In response to the annual cycle, the
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FIG. 1. Comparisons of the climatology (1979-2008) of the annual cycle of TC genesis numbers in the WNP be-
tween the observed data (gray bars), CMIP6 HighResMIP AGCM (red line), and CGCM (blue line) simulations
from (a) the ensemble mean excluding MPI-ESM1-2-XR simulations (referred to as Ens-AGCM and Ens-CGCM)
and (b)—(g) individual models. The numbers within parentheses indicate the temporal CC between simulation and ob-
served data. The white circles in (a) indicate that the difference in the TC numbers between model simulation and ob-

served data is statistically significant.

TC genesis locations extended eastward and migrated north-
ward to the south of Japan during August-September
(Fig. 2d). The locations migrated southward to the south of
20°N in October—November (Fig. 2g). The meridional migra-
tions of TC genesis locations were primarily controlled by the

location of the ridge of the WNPSH (WNP-SHR; see the
dashed line in Fig. 2), which moved northward and southward
in response to the period of monsoon development and re-
treat, respectively; that is, the TCs frequently formed south of
the WNP-SHR (Figs. 2a,d,g). These results indicate that the
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FIG. 2. Climatology of the TC formation frequency (numbers per year; shaded) and 500-hPa geopotential height (m; contour) with a ridge
(black dotted line) during June—July for (a) observation, (b) Ens-AGCM, and (c) Ens-CGCM. (d)—(f) and (g)—(i) As in (a)-(c), but during
August-September and October—November, respectively. The number in each picture indicates the TC count (per year) in the WNP.

location of the WNP-SHR plays a crucial role in determining
the north extension of TC genesis locations.

Overall, both the Ens-AGCM and the Ens-CGCM reason-
ably simulated the meridional migration of the WNP-SHR
and TC genesis locations in response to the annual cycle
(Figs. 2b,c,e,f,h,i). For the June-July period, the Ens-AGCM
simulated the TC genesis numbers and locations more accu-
rately than the Ens-CGCM (Figs. 2b,c). The spatial correlation
coefficient (CC) between the Ens-AGCM and the observed
data (CC = 0.65) is higher than that between the Ens-CGCM
and the observation (CC = 0.53). However, the Ens-AGCM
has a lower skill in simulating the TC numbers after July than
the Ens-CGCM. It underestimated (overestimated) the TC gen-
esis numbers during August-September (October—November).
The Ens-AGCM had a clear eastward shift in the WNP-SHR
during October—November (cf. the dashed lines in Figs. 2h,g).
This bias weakened the strength of the WNP-SHR in the
Philippine Sea. TC genesis numbers were thus overestimated
(underestimated) north (south) of 20°N in the Ens-AGCM
(Fig. 2h). By contrast, the Ens-CGCM realistically captured the

southward and westward retreat of the WNP-SHR (Fig. 2i). The
simulation of the TC genesis location and the number was more
accurate during the period of monsoon retreat.

b. GPI analysis

A GPI analysis was applied to investigate the effects of
large-scale thermodynamic and dynamic factors on the dis-
crepancy in TC genesis numbers and locations between the
models and observed data. Figure 3 presents the climatologies
of GPI and TC genesis frequency in the observed data and
simulations for comparison. The observed GPIs closely fit the
data for TC genesis, especially during August-September and
October-November (Figs. 3d,g). Most TCs formed over the
South China Sea and the Philippine Sea where high GPIs
were observed. The meridional migration of larger GPIs real-
istically reproduced the meridional migration of TC genesis
locations in response to the seasonal cycle (Figs. 3a,d,g).

Overall, the climatological GPIs and TC genesis locations
shared a similar spatial pattern in both the Ens-AGCM and
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(c) Ens-CGCM. (d)—(f) and (g)—(i) As in (a)—(c), but during August-September and October-November, respectively.

Ens-CGCM during the entire typhoon season (Figs. 3b,c.e.f,h,i),
although the magnitude of the GPIs was particularly overesti-
mated during the development stage of the WNP monsoon
(Figs. 3b,c,e,f). The meridional migration of the GPIs in re-
sponse to the seasonal cycle also was reasonably simulated.
These results indicate that GPIs are indeed useful indicators of
the seasonal variation in the TC frequency in the WNP.
Because the Ens-AGCM was most inaccurate in simulating
the annual cycle of TC activity (number and location) during
August-September and October—-November, we focused on
these periods in our GPI analysis. Figure 4 illustrates the
differences between the Ens-AGCM and the Ens-CGCM
(Ens-AGCM minus Ens-CGCM) in total GPI and TC genesis
frequency and the relative contribution of individual terms to
the total GPI difference. In August and September, the distri-
butions of GPI and TC genesis frequency differed similarly
and exhibited a south—north tripole pattern (Fig. 4a). This tri-
pole pattern approximately had a belt of negative GPI be-
tween 10° and 20°N and belts of opposite values south of 10°N
and north of 20°N. The negative GPI substantially led to a
greater underestimation of the TC genesis number compared

with the Ens-CGCM. The GPI includes five terms, and the
relative contribution of each term to the total GPI difference
was estimated per the method of Li et al. (2013). Our estimate
revealed that midtropospheric relative humidity and low-level
cyclonic vorticity primarily contributed to the GPI difference
(Fig. 4b).

In October and November, the distributions of GPI and TC
genesis frequency also had a similar pattern and exhibited an
east-west dipole structure (Fig. 4c); that is, the Ens-AGCM
overestimated (underestimated) the GPI west (east) of 150°E
compared with the Ens-CGCM. This overestimation of GPIs
over the Philippine Sea resulted in a more gradual decrease in
the TC genesis number compared with the Ens-CGCM during
the monsoon retreat (Fig. 1a). An analysis of each term re-
vealed that midtropospheric relative humidity dominated the
GPI difference and that upward motion played a secondary
role (Fig. 4d). The contributions of lower-level vorticity, maxi-
mum potential intensity, and vertical wind shear were not sig-
nificant. Midtropospheric relative humidity, vertical motion,
and the eastward shift of the WNP-SHR (Figs. 2h,i) worked
in conjunction to create favorable conditions for TC genesis.
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FIG. 4. The difference between the Ens-AGCM and Ens-CGCM simulations (Ens-AGCM minus Ens-CGCM)
during August-September in (a) the GPI (shaded) and TC genesis frequency (numbers per year; contour), and
(b) the relative contribution of individual terms of GPI over the domain where the change in the TC frequency was
evident [black box in (a)]. (c),(d) As in (a),(b), but during October-November.

This accounts for the less rapid decrease in TC activity during
October-November. Consequently, the underestimation of GPI
in August-September and the overestimation of GPI in October—
November resulted in a relatively flat seasonal cycle in the
Ens-AGCM compared with the Ens-CGCM (Fig. 1a).

4. Possible causes for simulation bias in the Ens-AGCM

As indicated in Fig. 2, TC genesis numbers were underesti-
mated (overestimated) during August-September (October—
November) in the Ens-AGCM. This explains the bias of the
Ens-AGCM in simulating the annual cycle of TC frequency.
The possible causes for this bias are discussed in the following
sections.

a. Atmospheric circulation in response to
La Nifia-like SST

Figure 5 presents the differences in the SST and the 850-hPa
streamfunction between the Ens-AGCM and the Ens-CGCM
(Ens-AGCM minus Ens-CGCM) for August-September and
October—November. The SST difference has a La Niia-like
pattern that persists through the summer to the autumn.
Because the Ens-AGCM was forced by the observed SST
as the lower boundary condition, the La Nifia—like SST re-
flects an El Nifio-like SST bias in the coupled models, a
common feature seen in CMIP6 simulations (Zhang et al.
2023). Previous studies reported that the atmospheric response

in the WNP to the ENSO-related SST anomalies (SSTAs) was
seasonal dependent (Wang et al. 2000; Wang and Zhang 2002;
Stuecker et al. 2015; Wu et al. 2017a). This is especially evident
in monsoon regions like the WNP, where the basic flow (i.e.,
prevailing wind) is nearly opposite between the dry and wet
monsoon seasons. The SSTA-mean flow interaction modified
the atmospheric response to the same SSTAs. Consequently,
the ENSO-related SSTAs tend to drive a large-scale cyclonic
circulation anomaly over the WNP during the El Nifio-
developing summer. Conversely, an anticyclonic circulation
anomaly was established in the WNP during the following
autumn and winter (Wang et al. 2000; Wang and Zhang
2002; Stuecker et al. 2015; Wu et al. 2017a). It is widely
accepted that this season-dependent circulation transition is
related to a tight link between the phase of El Nifio and the
changes in the background mean state over the annual cycle
(Wang et al. 2000; Wang and Zhang 2002; Wu et al. 2017b).
The similar results were identified in this study except for
the atmospheric response to La Nifia-like SSTAs. A Gill-type
large-scale anticyclonic circulation anomaly, in response to the
La Nifia-like SST, was identified in the subtropical Pacific in
the Northern Hemisphere during August-September (Fig. 5a).
This anticyclonic anomaly weakened the WNP monsoon
trough, which in turn suppressed TC genesis. These unfavor-
able conditions contributed to the Ens-AGCM’s underestima-
tion of TC numbers in summer compared with the estimates
given by the Ens-CGCM (Figs. 2e,f). The anticyclonic anomaly
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FIG. 5. The difference in the SST (°C; shaded) and 850-hPa streamfunction (10” m? s~ !; contour) between the
Ens-AGCM and Ens-CGCM simulations (Ens-AGCM minus Ens-CGCM) during (a) August-September and
(b) October-November. The characters AC and C in the panel represent the locations of anomalous anticyclone and
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cyclone, respectively.

in the WNP persisted for the entire monsoon season, with
the center shifting east in autumn (Fig. 5b). Additionally, a
cyclonic anomaly moved eastward from the Indian Ocean to
the Philippine Sea during October—November. The cyclonic
anomaly provided favorable large-scale conditions for TC
genesis. Consequently, the decrease in TC numbers during
October-November estimated by the Ens-AGCM was more
gradual than the decrease seen in both the observed data and
Ens-CGCM.

b. Season-dependent local air-sea interaction

Wang et al. (2000) uncovered the mechanism of local air—
sea interaction to explain the establishment and maintenance
of anticyclonic anomalies in the Philippine Sea during the ma-
ture phase of El Nifo. In this study, the atmospheric response
in the Philippine Sea during October—-November reflected the
working of this mechanism. During August-September, the

(a) SST, 850wind (Aug & Sep)

anticyclonic anomaly in the Philippine Sea was part of a large-
scale anticyclonic anomaly in response to La Nifia-like SST
(Figs. 5a and 6a). During October-November, this Gill-type
anticyclonic anomaly moved eastward, and the Philippine Sea
was covered by a cyclonic anomaly that moved from the
Indian Ocean. The southwesterly associated with this cyclonic
anomaly was against the northeasterly prevailing wind in the
central-western tropical Pacific (Figs. 5b and 6b). The cyclonic
anomaly weakened the northeasterly trade wind, which
warmed the SST in the Philippine Sea and cooled the SST
along the coast of East China through wind—evaporation—SST
(WES) feedback (Wang et al. 2000). This feedback favored
an east-west-distributed SST anomaly, extending along
the East China coast and the Philippine Sea. The east-west
SST anomaly itself probably created a circulation anomaly
that maintained the cyclonic anomaly in the Philippine Sea.
In sum, the eastward shift in large-scale anticyclonic anomaly

N (b) SST, 850wind (Oct & Nov)
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FIG. 6. Climatology of 850-hPa wind (m s~ '; gray vector) in Ens-CGCM and the difference in the SST (°C; shaded)
and 850-hPa wind (m s~ '; black vector) between the Ens-AGCM and Ens-CGCM simulations (Ens-AGCM minus
Ens-CGCM) during (a) August-September and (b) October-November.
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FIG. 7. A comparison of time series for the averaged climatological SST (black curves), latent
heat flux (bars in red tone), and net downward shortwave radiation (bars in blue tone) between
observation and Ens-CGCM over the region where WES feedback was evident (dashed box in
the upper-left panel). The upper-left panel indicates the differences in SST (°C; shaded) and
850-hPa winds (m s '; vector) between observation and Ens-CGCM (observation minus

Ens-CGCM) during October-November.

in response to the annual cycle led to the establishment of a
cyclonic anomaly in the WNP through local wind—evaporation—
SST feedback when the prevailing wind shifted to north-
easterly.

Figure 7 shows the comparison of the annual cycle of SST
and surface flux averaged in the regions where WES feedback
occurred between the Ens-CGCM and observed data. The
Ens-CGCM realistically captured the annual cycle of individual
fluxes, although the incoming shortwave radiations were under-
estimated. This underestimation is likely due to the negative
SST—cloud-radiation (SCR) feedback (Ramanathan and Collins
1991; Li et al. 2000), which results from the cyclonic anomaly
in response to El Nifio-like SST bias during the typhoon sea-
son. The latent heat flux exchange cools the SST, and its effect
increases from summer to winter in response to the establish-
ment of a prevailing northeasterly wind (Wang et al. 2000).
During October-November, the magnitude of latent heat is
close to that of the incoming shortwave radiation, and the
SST in this region rapidly decreased. The overestimation of
latent heat and the underestimation of net downward short-
wave radiation in Ens-CGCM contributed to an SST cold bias
in the Philippine Sea.

The same analysis was applied to the Ens-AGCM. It re-
vealed that the incoming shortwave radiation, as identified in
Ens-CGCM, was also underestimated (not shown). This bias
was due to the prescribed SST and a lack of negative SST—
cloud-radiation feedback in the AGCMs. A tropical warm
SST usually plays an active role and can force a lower-level cy-
clonic circulation and convection anomaly (Figs. 5b and 6b).
The overestimation of convection substantially decreased the
incoming shortwave radiation. The prescribed warm SST also
led to an overestimation of latent heat flux throughout almost

the entire year. Finally, this cyclone anomaly and warmer SST
provide more favorable large-scale conditions for TC genesis,
leading to an overestimation of TC genesis numbers in October
and November.

Mean TC genesis locations were strongly influenced by the
WNP-SHR, which migrated northward to Japan in summer
and returned to the South China Sea in autumn. The south-
ward migration of the WNP-SHR in autumn suppressed TC
genesis and caused TCs to only occur south of 20°N. The lack
of air-sea interaction in the Ens-AGCM, combined with the
seasonal cycle, probably caused the models to underestimate
the WNP-SHR. This underestimation gave rise to an overesti-
mation of the GPI and TC numbers in the Philippine Sea
(Fig. 4). Consequently, the annual cycle of TC numbers in the
Ens-AGCM did not exhibit the same rapid decrease seen in
both the observed data and Ens-CGCM.

5. Future changes in TC annual cycle and possible causes
for the changes

Changes in the annual cycle of TC activity in future projec-
tion under global warming and possible causes for the changes
were investigated in this section. Figure 8 compares the an-
nual cycle of TC genesis counts between the present climate
(1979-2008) and a mid-21st-century (2021-50) simulation un-
der the high-emission SSP5-8.5 scenario (O’Neill et al. 2016).
Overall, the annual mean of the TC genesis number decreased
by approximately 5% in Ens-AGCM and 7% in Ens-CGCM
during 2021-50, respectively. This declining trend in the WNP
aligns with the findings from previous studies employing high-
resolution models (Knutson et al. 2020). Additionally, Ens-
AGCM simulated a faster drop in the TC genesis number in the
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FIG. 8. Comparisons of the annual cycle of TC genesis numbers
between present-day (PD; 1979-2008) and global warming (GW;
2021-50) simulations using ensemble means. Data from ECMWF-
IFS-HR were excluded due to the lack of future simulations. The
solid (dotted) lines indicate the PD (GW) simulation. The bars in-
dicate the difference between PD and GW simulations (GW minus
PD). The white circles indicate that the difference in TC numbers
between PD and GW simulations is statistically significant.

future than that in the present climate during autumn, particu-
larly in the monsoon retreat period (October-November). By
contrast, the TC annual cycle in Ens-CGCM revealed minor
changes in the future.

JOURNAL OF CLIMATE

VOLUME 37

Figure 9 presents the future changes in the spatial distribu-
tion of TC genesis frequency and 850-hPa winds in August—
September and October—-November. For the Ens-AGCM, the
reduction primarily occurred over the main TC genesis region
and was possibly caused by the low-level anticyclonic anoma-
lous flows in the WNP (Figs. 9a,c). Notably, the change in the
TC genesis frequency in August-September seems to exhibit
an east-west dipole structure (Fig. 9a); that is, the increase
(decrease) in the TC frequency occurred west (east) of 150°E.
This concentration of the increased TC frequency was
likely attributed to the weakened eastward propagation of
intraseasonal oscillations modified by the enhancement of
WNPSH (Tam and Lau 2005; Hong and Li 2009). By con-
trast, the main change in Ens-CGCM was that the TC gene-
sis location shifts northward during the monsoon retread
period (Fig. 9d), a phenomenon also noted in previous stud-
ies (Sharmila and Walsh 2018; Shan and Yu 2020; Feng et al.
2021).

The distinct response of the annual cycle of the TC genesis
frequency in the future between the Ens-AGCM and the Ens-
CGCM was likely attributed to the different changes in large-
scale circulation (Fig. 10). For the Ens-AGCM, SSTs exhibited
a greater warming in the northern Indian Ocean (NIO) and
WNP and a smaller warming in the central-eastern North
Pacific (Fig. 10a). This led a zonal SST gradient over the Indo-
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FIG. 9. (a) Difference in the TC genesis frequency (numbers per 10 years; shaded) and 850-hPa wind (m s~ '; vector)
between PD and GW simulations (GW minus PD) in Ens-AGCM during August-September. (b) As in (a), but for
Ens-CGCM. (¢),(d) As in (a),(b), but during October-November. The number in each panel indicates the total differ-
ence in the TC count (per year) over the WNP. The stippling in each panel indicates that the difference in the TC gen-
esis frequency is statistically significant at the 90% confidence level.
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over the WNP.

Pacific, which provided a favorable boundary condition for the
enhancement of the WNP subtropical high (Fig. 10a). Mean-
while, a positive (negative) precipitation anomaly over the
NIO (WNP) was identified (Fig. 10c). The precipitation anom-
alies created a Walker circulation anomaly in the Indo-Pacific,
characterized by upward (downward) motions over the NIO
(WNP). The enhanced-WNPSH-associated negative relative
vorticity and positive vertical wind shear, as well as subsidence
anomalies, suppressed TC formation in the WNP (Fig. 10e).
Conversely, Ens-CGCM projected warmer SSTs over the
whole tropical North Pacific in the future (Fig. 10b). The
causes for a warmer SST projection in Ens-CGCM are com-
plex and beyond the scope of this paper. Some studies re-
ported that changes in the representation of aerosol schemes
or differences in the prescribed concentrations of greenhouse
gases between CMIPS5 and CMIP6 models are likely contribu-
tors (Zelinka et al. 2020; Wyser et al. 2020a,b). A cyclonic cir-
culation anomaly accompanied with upward motion anomalies
and positive precipitation anomalies was identified north of
10°N (Figs. 10b,d). This cyclonic anomaly provided a favorable
environment for TC formation. It modulated the vorticity and
vertical wind shear, favoring a northward shift in the mean TC
genesis location in a warming climate (Figs. 9d and 10f).

6. Discussion

This study indicates that the HighResMIP simulations reason-
ably capture the annual cycle of TC activity in the WNP. How-
ever, the Ens-vAGCM tends to overestimate the atmospheric

response to prescribed SST (Lau and Ploshay 2009); that is, a
positive SST anomaly is expected to cause above-normal precip-
itation (Fig. 11). However, the SST—precipitation relationship is
usually negatively correlated in the WNP during the boreal sum-
mer monsoon (Wang et al. 2005). An anticyclonic anomaly
with below-normal rainfall may cause a positive SST anom-
aly through associated large-scale subsidence. However,
deep convection is usually accompanied by a negative SST
anomaly due to cloud-radiation-SST feedback (Ramanathan
and Collins 1991; Li et al. 2000; Hong et al. 2008). These pro-
cesses were not successfully captured in the AGCMs, causing
significant bias in the Ens-AGCM in simulating the annual
cycle of TC activity.

Song and Zhou (2014) reported that CGCMs from CMIP5
improved substantially the simulation of summertime WNPSH
compared with that in AGCMs. A consistent result was found
in the HighResMIP of CMIP6 (Figs. 2 and 6). The cold SST
bias in the WNP has a compensation effect on improving the
simulation of the annual cycle of WNP-SHR and the TC activ-
ity compared with AGCMs.

Since only an ensemble of five models might be doubtful,
we expanded the ensemble size to seven, incorporating
ECMWEF-IFS-LR and MPI-ESM1-2-XR models with 50-km
resolution. This extension aims to examine the sensitivity of
the discrepancies in the TC annual cycle between AGCMs
and CGCMs. The estimate revealed that the number of TCs
also increased (decreased) more gradually during August—
September (October-November) in the ensemble of seven
AGCMs than in the ensemble of seven CGCMs (Fig. 12).
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FIG. 11. The point CCs between SST and precipitation during June-July for (a) observation, (b) Ens-AGCM, and (c) Ens-CGCM. (d)—(f) and
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This robustness of the results increases our confidence in our
analysis.

In addition to the TC genesis frequency, the annual cycle of
intense TCs (=category 3) was investigated. In observation,
the intense TCs similar to the total TCs exhibit an evident an-
nual cycle with a peak in autumn (Fig. 13). Most of AGCMs
and CGCMs realistically simulated the annual cycle of intense
TCs but with underestimation, especially for the Ens-CGCM,
in autumn. Additionally, the observed seasonal advance, re-
ported in a recent study (Shan et al. 2023), was not captured
by all GCMs (not shown). These results suggest that high-
resolution models still face challenges in accurately captur-
ing intense TC numbers and trends. For future changes,
both Ens-AGCM and Ens-CGCM projected a similar
annual cycle compared to their present climates, but Ens-
AGCM showed a noticeable decrease during summer and
fall, particularly in October (Fig. 14). Note that underesti-
mating the TC intensity may lead to uncertainty in projec-
ting intense TCs in a warming climate. Thus, the limitation
of TC intensity simulation should be considered when

investigating future changes in severe TCs by using High-
ResMIP models.

7. Conclusions

This study evaluated the performance of HighResMIP
models in simulating TC activity over its annual cycle, includ-
ing the number and location of TCs, in the WNP. Potential
changes in the annual cycle of TC activity under global warm-
ing were also investigated. The possible causes of biases in
simulating TC activity were addressed. The results are sum-
marized as follows (Fig. 15).

1) The Ens-AGCM and the Ens-CGCM reasonably simulated
the annual cycle of TC numbers. However, TC numbers
were underestimated (overestimated) during the monsoon
development (retreat) in the Ens-AGCM compared with
the observed data and with the Ens-CGCM. This bias
caused the Ens-AGCM to fail to simulate a rapid decrease
in the TC number after September.
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FI1G. 12. As in Fig. 1, but for the addition of ECMWF-IFS-LR simulations.

2) The Ens-AGCM and the Ens-CGCM both captured the
meridional migration of the WNP-SHR in response to the
seasonal cycle. Nevertheless, the WNP-SHR in the Ens-
AGCM exhibited a west (east) shift bias during August—
September (October-November). This bias may result in an
underestimation (overestimation) of TC numbers for August—
September (October-November). The mean locations of
TC genesis also shifted substantially northward in October—
November due to the eastward shift of the WNP-SHR.

The GPI analysis revealed that the overestimations of
GPI and TC numbers over the South China Sea and the
Philippine Sea (10°-20°N, 110°-150°E) during October—
November in the Ens-AGCM were due to overestima-
tions of midtropospheric relative humidity and upward
motion. The underestimations of the GPI between 10°
and 20°N during August-September were due to underes-
timations of midtropospheric relative humidity and low-
tropospheric vorticity.

The differences in simulations of the annual cycle of TC
numbers between runs using coupled and uncoupled mod-
els can be explained by a large-scale circulation anomaly
over the WNP in response to a La Nifia-like SST differ-
ence between the Ens-AGCM and the Ens-CGCM (Fig.
15). The Gill-type anticyclonic anomaly in response to the
La Nifa-like SST dominated large-scale circulation in the
WNP during August-September. The anticyclonic anom-
aly shifted eastward during October—November. During
this period, a cyclonic anomaly occurred in the Philippine
Sea and was maintained through local air-sea interaction,
a WES positive feedback mechanism (Wang et al. 2000).
This cyclonic anomaly favored TC activity and probably
caused an overestimation of TC numbers in the Philip-
pine Sea.

AGCMs and CGCMs exhibiting a similarity revealed that
the annual mean of the TC number will decrease by ap-
proximately 5%-7% in future climate (2021-50). Ens-
AGCM projected a faster drop in the annual cycle during
the monsoon retreat period. By contrast, Ens-CGCM

3)

4)

5)

simulated minor changes in the annual cycle but with a
northward shift in the TC genesis location during the
monsoon retreat period.

A faster drop in Ens-AGCM was attributed to compound
factors. The enhanced WNPSH, accompanied with down-
ward motion anomalies, modulated the low-tropospheric
vorticity and vertical wind shear and may lead to a more
rapid decrease in the TC numbers. Conversely, a cyclonic
circulation anomaly projected by Ens-CGCM, accompanied
with upward motion anomalies, was identified off-equator
and favored TC genesis location shifting northward in the
future.

6)

Our comparison between the atmospheric and coupled
runs of the CMIP6 HighResMIP highlights the importance of
the air-sea interaction in capturing the meridional migration
of the WNP-SHR over the annual cycle. Realistic simulation
of the WNP-SHR is crucial to the accuracy of a model in sim-
ulating the annual cycle of TC activity in the WNP. These
results help us better predict seasonal TCs and understand
the complex interactions among SST, atmospheric circulation,
and TC genesis over the annual cycle.

This meridional migration of TC formation indirectly influ-
ences the landfall frequency of TCs over East Asia (Harr and
Elsberry 1991; Kim et al. 2005). An important finding in this
study shows that while the high-resolution Atmospheric
Model Intercomparison Project (AMIP) simulation has suffi-
cient ability to capture the annual mean of TC genesis num-
bers (Dwyer et al. 2015; Tsou et al. 2016; Tang et al. 2022), it
exhibits lower skill in simulating the annual cycle of TC num-
bers and genesis locations compared to the coupled model
(CGCM). In addition to the WNP region, we also investigated
the annual cycle of TC activity in the eastern North Pacific
and North Atlantic. Overall, the results yield consistency and
indicate that Ens-CGCM can realistically capture the annual
cycle of TC numbers with better skill than Ens-AGCM,
although Ens-CGCM underestimates TC numbers during the
peak season (August-October) in the North Atlantic (not
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FIG. 13. Annual cycle of the number of intense TCs (number per 30 years) for the observed data (gray bars), AGCM
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shown). The ability of Ens-CGCM to simulate the TC’s an-
nual cycle encourages us to investigate TC landfalls in differ-
ent seasons in both the present climate and future projections.
This work will be presented in the other papers.
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FIG. 14. As in Fig. 8, but for the number of intense TCs.
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Centre Sea Ice and Sea Surface Temperature dataset, version 1
(HadISST1; https://www.metoffice.gov.uk/hadobs/hadisst/data/
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data in the western North Pacific were obtained from the Joint
Typhoon Warning Center (JTWC; https://www.metoc.navy.
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FI1G. 15. Schematic diagram illustrates the causes of bias for the TC genesis frequency simulated by Ens-AGCM in
the WNP (black dotted boxes) during the monsoon development and retreat periods by comparing the Ens-AGCM

and Ens-CGCM.

mil/jtwc/jtwe.html?western-pacific). The model outputs from
CMIP6 HighResMIP were obtained from the Earth System
Grid Federation nodes (https://esgf-node.llnl.gov/projects/
cmip6/). The tropical cyclone tracks detected by the TRACK
algorithm were obtained from the Centre for Environmental
Data Analysis (https:/data.ceda.ac.uk/badc/highresmip-derived/
data/storm_tracks/TRACK).
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