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Climate change has the potential to significantly alter the characteristics of tropical cyclones (TCs). Under-
standing how representative extreme TCs with distinct meteorological structures and hydrological impacts
respond to warming is critical for improving risk assessment. Super Typhoon Usagi (2013) represents a rare case,
maintaining unusually high intensity at landfall while coinciding with an astronomical high tide—a combination
infrequently observed in the climatological record—which led to severe compound flooding in coastal cities.
However, how such exceptional TC characteristics respond to climate change remains unclear. In this study, we
apply a high-resolution (5 km) Weather Research and Forecasting (WRF) model simulation within the Pseudo-
Global Warming (PGW) framework, in which reanalysis-based initial and boundary conditions are perturbed
by multi-variable warming signals from CMIP6 GCMs, to assess how climate change may alter the characteristics
of Super Typhoon Usagi (2013). Our results indicate that the accumulated precipitation increases by up to 100
mm under future warming scenarios, along with an increase in peak intensity, range from 5 hPa (LESS_ZWARM) to
10 hPa (MORE_WARM)). Hourly precipitation is projected to rise by 6.5 %-26.4 %, exceed the temperature-
induced CC scaling (4.2 %-20.3 %). Increased latent heat flux (30-90 W m’z) under warmer (0.6-2.9 K) and
wetter (1.5-4.0 g kg™1) climate conditions enhances TC intensification. Warming also affects the dynamic
structure of TCs, enhancing vertical velocity (2-4 Pa s~1) and tangential wind (5-10 m s~ 1), expanding the inflow
and outflow regions contributing to a stronger TC. The unexpected increase in precipitation is driven by both
thermodynamic and dynamic factors. This case study provides insights into the potential responses of landfalling
TCs—particularly those linked to compound flooding—in the Western Pacific Ocean (WNP) under future climate
change.

1. Introduction

Tropical cyclones (TCs) pose significant threats to coastal regions
with extreme precipitation, strong wind, and associated storm surges,
particularly in the most prosperous and densely populated economic
areas along the China’s southern coast (Shi et al., 2024; Chen et al.,
2020). For example, Super Typhoon Usagi (2013) resulted in wide-
spread flooding, transportation disruptions, and severe property damage
(HKO, 2013). Climate change has been shown to profoundly affected TC
characteristics, including their intensity, frequency and track
(Seneviratne et al., 2021; Knutson et al., 2020, 2021). Notably, the
projections indicate that the proportion of Category 4-5 TCs (Saffir-
Simpson scale, Simpson and Saffir, 1974) will very likely increase

globally (Knutson et al., 2020; Seneviratne et al., 2021). Besides, recent
study (Wang and Toumi, 2022) show that the number of annual global
TC landfalls with major landfall intensity has nearly doubled from 1982
to 2020. Therefore, investigating the response of climate change to se-
vere landfall TC is of critical importance for public safety and coastal
resilience.

Considerable progress has been achieved in recent decades toward
the projections of TC characteristics under warming climate. General
Circulation Models (GCMs) from the Coupled Model Intercomparison
Project Phases 5 and 6 (CMIP5/6) are commonly used to study the TC
response to climate change (Cha et al., 2020; Knutson et al., 2020).
However, their coarse horizontal resolution (around 100-200 km grid
spacing) cannot simulate TCs of Category 4-5 (Knutson et al., 2020;
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Seneviratne et al., 2021). High-resolution GCMs (around 10-100 km)
have improvements but are computationally demanding (Manganello
et al., 2014; Murakami et al., 2015; Roberts et al., 2018; Moon et al.,
2022). To address the unrealistic TC structures caused by coarse spatial
resolution and to reduce computational costs, downscaling methods are
widely adopted, primarily falling into two categories: statistical (Pierce
and Cayan, 2016; Jiang et al., 2018) and dynamical downscaling (Chih
et al., 2022, 2024; Barcikowska et al., 2017; Emanuel, 2021; Knutson
et al., 2022; Rendfrey et al., 2021; Pérez-Alarcon et al., 2024). Statistical
downscaling, while computationally efficient and suitable for large GCM
ensembles, relies on stationary empirical relationships and long-term
observations, and may lack physical consistency across variables
(Jones et al., 2023). As for dynamical downscaling, the regional climate
models (RCMs) with horizontal of 1-10 km resolution can more pre-
cisely simulate TC eye-wall structures (Tsuboki et al., 2015; Lynn et al.,
2009). However, they require additional lateral and surface boundary
inputs. Nonetheless, RCMs are computationally expensive, and may
inherit biases from the driving GCMs (Jones et al., 2023).

Thus, to overcome these limitations, the Pseudo Global Warming
(PGW) approach (Schar et al., 1996; Kimura and Kitoh, 2007; Sato et al.,
2007) has been widely adopted to asses the impacts of climate change on
extreme events, including droughts, floods, extreme precipitation, heat
waves, and TCs (Xue and Ullrich, 2021, 2022; Doan et al., 2022; Chan
et al., 2023; Dougherty et al., 2023; Bercos-Hickey et al., 2022; Delfino
et al., 2023; Hiraga et al., 2025). The method uses initial and boundary
conditions derived from reanalysis data, which are perturbed by
warming signals estimated from various coarse resolution GCM vari-
ables, to drive RCMs (1-10-km grid spacing), and asses how identical
events might evolve under a warmer climate (Kimura and Kitoh, 2007;
Sato et al., 2007). Compared to traditional direct downscaling, the PGW
method can avoid the systematic biases in GCM boundary conditions,
avoiding incorrect feedback passed to RCMs, and thus potentially
improving our understanding of regional climate change processes
(Adachi and Tomita, 2020) and impact assessments (Laux et al., 2021).
Furthermore, the PGW method offers significant computational advan-
tages, as it enables storyline-based downscaling of individual extreme
events, rather than requiring long-term climate simulations. Numerous
studies have applied the PGW method with projections to investigate
response of TCs, including the Atlantic Ocean, Pacific Ocean, Australia,
and the Bay of Bengal (Lynn et al., 2009; Lackmann, 2015; Nakamura
et al., 2016; Parker et al., 2018; Patricola and Wehner, 2018; Gutmann
et al., 2018; Mittal et al., 2019; Chen et al., 2020, 2022; Tran et al., 2022;
Delfino et al., 2023). For example, in the Western North Pacific (WNP)
basin, Chen et al. (2020) applied the PGW approach to landfalling TCs
(Victor 1997, Utor 2001, Hagupit 2008) and found that peak TC in-
tensities are projected to increase by approximately 10 % in the late 21st
century under the RCP8.5 scenario. In a subsequent study, Chen et al.
(2022) extended the analysis to 20 TC cases in the WNP and reported an
average increase in peak intensity of 9 % =+ 8 % under the same scenario.
Similarly, Tran et al. (2022) employed PGW simulations using CMIP6
outputs under SSP3-7.0 scenarios, finding that the peak intensity of TCs
could increase by approximately 9.25 hPa (1 %) by the 2090s. Delfino
etal. (2023) also applied the PGW method to simulate three high-impact
TCs (Haiyan 2013, Bopha 2012, Mangkhut 2018) using 5 km grid
spacing WRF model, and found projected increases in maximum wind
speeds of 4 %, 3 %, and 14 %, respectively, under the SSP5-8.5 scenario.
Given the differences in TC intensity changes observed in previous
studies across cases, it is essential to examine the potential response of
TC characteristics to climate change in the WNP basin, particularly for
landfalling TCs along southern coastal regions of China, a region highly
vulnerable to TC impacts due to its dense population and complex
coastal environment.

Super Typhoon Usagi (2013), a Category 4 TC (Simpson and Saffir,
1974), was one of the most intense and damaging TC to make landfall in
eastern Guangdong Province (China’s southern coast) over the past four
decades, resulting in 35 fatalities and direct economic losses exceeding
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20.8 billion RMB (CWN, 2013). Unlike many previously analyzed ty-
phoons (e.g., Mangkhut 2018), Usagi’s damage was not only due to
strong winds or heavy rainfall, but also the result of compound flooding,
caused by the simultaneous occurrence of astronomical high tide, heavy
rainfall, and storm surge. This overlap of meteorological and tidal
drivers resulted in widespread coastal inundation (HKO, 2013). Usagi
thus represents a valuable case of a compound flood event (Sebastian,
2022) for understanding the atmospheric changes underlying such
events, especially in the context of future climate change. To our
knowledge, this study is among the first to focus on comprehensively
analyze a compound-flood-inducing Typhoon Usagi, using the PGW
framework. By exploring the underlying physical mechanisms driving
these changes, this work provides novel insights into how such TCs may
respond to a warming climate, thereby informing disaster risk man-
agement for similar events.

The performance of the PGW method in projecting TC changes is
influenced by multiple factors. First, uncertainties arise from the
warming signals used to perturb the initial and boundary conditions
derived from global climate models (GCMs), such as those from CMIP5
and CMIP6. Accurate sea surface temperature (SST) representation is
crucial for accurate projections of future TC (Seneviratne et al., 2021).
Compared to CMIP5, CMIP6 reduces SST cooling biases over the WNP by
20 % (Zhang et al., 2023) and better captures thermodynamic conditions
along the tracks of TCs affecting South Korea (Park et al., 2021). Since
2021, PGW studies in the WNP increasingly use CMIP6 outputs for TC
projections (Chen et al., 2022; Tran et al., 2022; Delfino et al., 2023),
likely due to their improved performance in simulating historical SSTs
over the WNP, which increase confidence in future projections
(Seneviratne et al., 2021). For example, Chen et al. (2022) applied the
PGW method using the WRF model to downscale TCs based on both
CMIP5 and CMIP6 outputs. Their results showed that the change in the
radius of maximum wind (RMW) was more pronounced in the CMIP6
simulations (—10 % + 5 %) compared to CMIP5, indicating a tendency
toward more compact TCs.

Secondly, the selection of specific GCMs, emission scenarios, and
consideration of internal climate variability to compute the climate
change signal also affects the results of TC projections. Structural un-
certainty from model selection is the dominant contributor among
various sources of uncertainty in TC projections (Meiler et al., 2023).
Previous studies have commonly adopted the Multi-Model Ensemble
(MME) approach to combine outputs from multiple GCMs (Chen et al.,
2022; Tran et al., 2022; Lin et al., 2024). However, this approach can
result in biases toward the largest set of similar models and an under-
estimation of the inter-model uncertainty (Pathak et al., 2023). Addi-
tionally, the MME method can smooth out structural uncertainties and
overlook the different physical process assumptions associated with
different models (Mittal et al., 2019; Pathak et al., 2023). Therefore,
selecting or classifying climate models based on their equilibrium
climate sensitivity (ECS) has been increasingly adopted as an approach
for exploring model uncertainty (Delfino et al., 2023; Jones et al., 2023).
For example, Jones et al. (2023) grouped global climate models into
high- and low- climate sensitivity categories based on ECS to examine
how different warming responses influence projections. Delfino et al.
(2023) selected four GCMs based on ECS for PGW downscaling to
investigate the sensitivity of TC intensity, track, and translation speed to
warming signals from different GCMs, but did not examine changes in
precipitation. Tahara et al. (2025) considered the uncertainties in pro-
jecting extreme Mesoscale Convective Systems-related precipitation
using three GCMs. However, few studies have examined the sensitivity
of TC precipitation projections to the choice of GCMs based on ECS,
especially using CMIP6 datasets.

Lastly, the choice of perturbation variables within the PGW frame-
work also play a critical role in shaping the simulated TC characteristics.
Some studies only perturbed both thermodynamic variables. For
example, Yang and Toumi (2025) considered only SSTs in their pro-
jections. Lee et al. (2023) considered the SST, atmospheric temperature
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(Ta), and relative humidity (RH) in the projections. Tran et al. (2022)
highlighted the necessity of perturbing both thermodynamic and dy-
namic variables (SST, Ta, RH, and winds), which is particularly crucial
for short-term simulations. Brogli et al. (2023) emphasized the impor-
tance of adjusting the pressure and geopotential height fields to ensure
consistency between thermodynamic and dynamic changes. However,
only few studies have taken such adjustments into consideration in TC
downscaling with PGW method.

Most PGW downscaling studies consistently suggest that TCs in the
WNP are projected to intensify (Tran et al., 2022; Chen et al., 2022;
Delfino et al., 2023) and produce more precipitation (Tran et al., 2022;
Chen et al., 2022), while changes in translation speed, track, and TC size
remain relatively small (Tran et al., 2022; Delfino et al., 2023). Despite
the general agreement on increased TC-induced rainfall, discrepancies
arise when examining the radial structure of precipitation and the
magnitude of rainfall rate increases. Satellite-based observations indi-
cate a decreasing trend in inner-core rainfall rates, accompanied by
enhanced rainfall in the outer regions of TCs (Guzman and Jiang, 2021;
Wei et al., 2022). In contrast, most modeling studies (Liu et al., 2019;
Patricola and Wehner, 2018; Tran et al., 2024) project a pronounced
increase in inner-core rainfall. Understanding the spatial distribution
and quantitative changes of TC rainfall is critical for effective coastal
disaster management. Additionally, the relative contributions of dy-
namic and thermodynamic factors to changes of TC rainfall under future
warming remains unclear.

The key innovations of this study are as follows: (1) We focus on a
unique and understudied case—Super Typhoon Usagi (2013)—which
was associated with a significant compound flooding event. (2) We
employ a modeling framework that combines dynamical downscaling
using the high-resolution (5 km) WRF model with PGW approach, forced
by both high- and low-climate-sensitivity GCMs from CMIP6. Impor-
tantly, perturbing key oceanic and atmospheric variables (SST, Ta, RH,
winds) and adjusting pressure and geopotential height for consistency.
(3) We examine the projected changes in the inner-core of TC rainfall
and assess the relative contributions of dynamic and thermodynamic
factors to TC rainfall.

Above all, this study aims to investigate the impact of global
warming on a Super Typhoon event in the WNP, which is known to
trigger coastal compound flood event—an increasingly critical phe-
nomenon with significant implications for both regional infrastructure
and disaster preparedness. In this study, we specifically address the

Atmospheric Research 329 (2026) 108495

following research questions: (1) How do the intensity of Super Typhoon
Usagi (2013), respond to global warming under the SSP5-8.5 scenario?
(2) To what extent will global warming alter precipitation rates in Super
Typhoon Usagi (2013), and how do these changes compare with the
theoretical scaling of precipitation with temperature (Clausius—Cla-
peyron relation)? (3) What are the relative contributions of thermody-
namic and dynamic factors to the projected changes in precipitation,
considering sensitivities to high- and low- climate sensitivity GCMs from
CMIP6?

The rest of the article is organized as follows: Section. 2 presents a
brief overview of the TC case, the experimental design, and the PGW
methodology. Section. 3 presents the simulated changes in the TC
characteristics and analyzes the mechanisms underlying these changes
from both thermodynamic and dynamic perspectives. The discussion
and conclusions are provided in Sections 4 and 5, separately.

2. Materials and methods
2.1. Overview of Typhoon case

Super Typhoon Usagi (2013) had a significant impact on the China
south coastal regions. To illustrate its characteristics, Figs. 1 and 2 show
the track and intensity of the Super Typhoon Usagi (2013) across the
Western Pacific Ocean. The track and intensity data is based on best-
track data from the China Meteorological Administration (CMA) (Lu
et al., 2021; Ying et al., 2014). Usagi formed as a tropical depression
southwest of Okinotori-Shima Island at 06 UTC on 16 September 2013
and moved slowly eastward. After turning westward over the same
waters, it strengthened to tropical storm intensity at 18 UTC on 16
September. Usagi continued moving westward and was upgraded to
typhoon intensity east of the Philippines at 12 UTC on 18 September.
The formation process occurred under an extremely warm ocean with
water temperatures exceeding 30 °C and weak vertical wind shear of 4
m s ' (Liu et al., 2018). Usagi underwent rapid intensification,
achieving severe typhoon status by 06 UTC on 19 September and
reaching Super typhoon intensity 6 h later. During the rapid intensifi-
cation, the wind speeds increased by 33 m s~ within a 24-h period
(Zhao et al., 2016; Liu et al., 2018). It peaked with maximum wind
speeds (MWS) of 60 m s~ ! and a minimum sea level pressure (MSLP) of
915 hPa around 06 UTC on 20 September 2013. Continuing a west-
northwestward track, Usagi passed through the Luzon Strait and
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Fig. 1. Domains used in this study, with the outer domain having a 25 km horizontal resolution and the inner domain having with a 5 km resolution. The red dashed
lines represent the best track of Super Typhoon Usagi (2013) from CMA. Symbols indicate the simulated TC locations: “+” for MORE_WARM, “o” for LESS_ WARM,
and “/\” for the HIS. The HIS simulation reproduces Usagi’s northwestward track and landfall with biases generally <50 km compared to best track data from CMA,
while LESS_ WARM and MORE_WARM scenarios show minimal changes from HIS. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Comparison of the time series of the minimum central pressure (hPa)
simulated for Super Typhoon Usagi from 00 UTC on 1800 September 2013 to
2100 UTC on 22 September 2013 for historical simulation (HIS, black), MOR-
E_ WARM (red), LESS_ WARM (blue), CMA best track (*). Future projections
(MORE_WARM and LESS_WARM) show a strengthening trend with lower peak
pressures (5-10 hPa). Differences between MORE_WARM and HIS are statisti-
cally significant at the 1 % level, and differences between LESS WARM and HIS
are significant at the 5 % level, based on a Student’s t-test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

entered the South China Sea on 21 September. It made landfall in the
southern part of China with typhoon intensity the next day. It main-
tained strong winds of approximately 45 m s~! at landfall, and was
accompanied by extreme rainfall, with 224 meteorological stations
recording daily precipitation totals between 100 and 250 mm (CMA,
2013). Although its peak intensity was relatively lower than that of
Super Typhoon Mangkhut (2018)—a Category 5 typhoon widely studied
due to its extreme wind and surge impacts—Usagi made landfall during
an astronomical high tide, leading to exceptionally high observed tidal
levels (e.g., 3.38 m at Tsim Bei Tsui vs. 4.18 m during Mangkhut; HKO,
2013). Finally Usagi weakened to tropical depression intensity by 00
UTC on 23 September, and dissipated at 0600 UTC the next day.

2.2. Model description, settings and validity

The Advanced Research Weather Research and Forecasting (WRF-
ARW) model , version 4.3.3 (Skamarock et al., 2019), is widely used for
dynamical downscaling studies. This high-resolution model can repre-
sent convection and the other physical processes that are essential for a
TC system (Moon et al., 2018), making it well-suited for present study.
Based on previous sensitivity research on horizontal resolution (Gentry
and Lackmann, 2010; Sun et al., 2013; Gutmann et al., 2018; Delfino
et al., 2023), the model was configured with two domains: 25 km and 5
km. The domain setup is adopted here due to balance computational cost
and are suitable for resolving different scales of TC structure. The do-
mains are illustrated in Fig. 1, with a regional grid of 295 x 160 grid
points for the outer domain and 925 x 550 for the inner domain,
covering the entire TC track. This first domain encompasses most re-
gions of the Northwest Pacific region, while the second domain covers
the southern coastal regions of China and part of southeast Asia, areas
frequently impacted by TCs. The model top was set at 50 hPa, with 52
sigma layers in the vertical direction. For shortwave and longwave ra-
diation, the Dudhia (Dudhia, 1989) and the Rapid Radiative Transfer
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Model (RRTM) (Mlawer et al., 1997) schemes were used respectively.
For the planetary boundary layer scheme, we used the Yonsei University
(YSU) nonlocal PBL scheme (Hong et al., 2006) with a surface boundary
layer scheme based on Zhang and Anthes (1982). For land surface
processes, the unified Noah Land Surface Model (Chen and Dudhia,
2001) was used. Regarding the cumulus and microphysics processes,
which significantly impact on TC simulation, models with 5 km hori-
zontal resolution in the “grey zone” cannot fully resolve the detailed
structure of deep convection in tropical regions (Lin et al., 2024; Yin
et al., 2022). Therefore, for this study, we used the Kain-Fritsch (KF)
cumulus scheme (Kain, 2004) for the inner domain and WRF Single-
Moment 6-class (WSM6) microphysics scheme (Hong et al., 2004).
Previous studies (e.g., Delfino et al., 2023; Sun et al., 2024) have shown
that WRF simulation with varying the initialization time can introduce
differences in simulated TC intensity. Such differences arise from model
internal variability, as small perturbations in the initial conditions can
grow nonlinearly during the model integration, even under identical
large-scale forcing. However, these differences are generally small
compared with the magnitude of the projected climate change signal
(Lee et al., 2023; Delfino et al., 2023). In addition, Sun et al. (2024)
indicate that simulations initialized at an earlier stage when the TC
Usagi was weaker (e.g., tropical depression and tropical storm stage)
exhibited smaller differences (within 1 hPa) in simulated TC intensity
attributable to model internal variability, as well as reduced bias relative
to observations. Thus, in this study, the initialization time was deter-
mined based on the CMA best-track dataset, which indicates that the TC
first reached tropical storm intensity (maximum sustained wind speed
>17 m s1) at that time. This choice is consistent with previous studies
that initiated simulations when the TC attained comparable intensity
(Sun et al., 2013; Delfino et al., 2022). The simulation was initiated at 18
UTC on 16 September 2013, and the total duration was 150 h, running
until 00 UTC on 23 September 2013. The first 12 h are treated as the
model spin-up period. This study focuses on the period from 2013 to 09-
18 00 UTC to 2013-09-22 12 UTC, during which the tropical cyclone
reached and maintained typhoon intensity, including the periods of se-
vere precipitation.

Spectral nudging is widely used in historical TC downscaling and
climate projection studies to maintain TC tracks close to observations,
facilitating attribution analyses (e.g., Delfino et al., 2022; Gutmann
et al., 2018; Chen et al., 2020; Tran et al., 2022). Delfino et al. (2022)
showed that nudging reduced TC track bias by ~20 km with minimal
impact on intensity, but excessive nudging can suppress TC intensifi-
cation (Cha et al., 2011). Nudging configurations vary across studies in
terms of variables, vertical level, and spectral cutoff. For example, Chen
et al. (2020) nudged above 500 hPa with a 1000 km cutoff to constrain
large-scale steering while avoiding interference with inner-core circu-
lations. Moon et al. (2018) recommended nudging humidity only above
800 hPa due to limited influence on TC dynamics. Applying nudging at
scales larger than ~1000 km preserves mesoscale and convective vari-
ability while constraining synoptic features (Gomez and Miguez-Macho,
2017). Based on these studies, we used a conservative approach:
nudging only horizontal winds above 500 hPa with a 1000 km cutoff and
a coefficient of 0.0003 s~!, minimizing interference with the TC’s in-
ternal evolution.

For the historical run (HIS), the initial and boundary conditions were
derived from 0.25° spatial resolution and 6-h temporal resolution
reanalysis data from the fifth-generation global reanalysis of the Euro-
pean Centre for Medium-Range Weather Forecasts (ERA5; Hersbach
et al., 2020). Land surface information was obtained from the 20 land
use classifications Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite dataset.

Regarding the validity of the model, the simulated historical track
and intensity of Super Typhoon Usagi (2013) were compared with the
CMA best-track data. To evaluate the performance of simulated rainfall,
we used the Integrated Multi-satellitE Retrievals for GPM (IMERG) Final
Run product (Version 07) with a half-hourly time resolution and 0.1° x
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0.1°spatial resolution (Huffman et al., 2023). This data is commonly
used for the validation of TC rainfall simulations (Lee et al., 2023;
Pamintuan and Bagtasa, 2025).

2.3. PGW method and selected Forcing Data

To assess how Super Typhoon characteristics respond to global
warming, we use the PGW method to simulate the TC case under future
climate scenarios. This PGW method uses initial and boundary condi-
tions derived from the ERAS5 dataset, with perturbations added based on
fields from various GCMs. To explore the sensitivity of TC projections to
model warming responses, we select two GCMs representing the high-
and low-sensitivity extremes of the CMIP6 ensemble rather than using
MMEs. Climate sensitivity is characterized by the equilibrium climate
sensitivity (ECS; Meehl et al., 2020), defined as the long-term equilib-
rium global mean temperature change following a doubling of pre-
industrial carbon dioxide concentrations. The high-sensitivity model,
CanESM5 (ECS ~ 5.6; Swart et al., 2019), shows a large tropospheric
warming of 2.5-10 K (Fig. S1a). The low-sensitivity model, INM-CM5-0
(ECS =~ 1.9; Volodin et al., 2017), shows a much smaller warming of
0.5-3 K (Fig. Sla). Both models exhibit minimal relative humidity
change in the boundary layer (Fig. S1b). This high-low model pairing
captures the sensitivity of PGW-simulated TC responses to the choice of
GCMs under SSP5-8.5 forcing.

The variables perturbed in the forcing data include SST, Ta, RH,
horizontal winds (U, V), pressure and geopotential height. In this study,
climate perturbations were derived from CMIP6 simulations under the
high-emission scenario SSP5-8.5, based on monthly climatologies for
the far-future period (2070-2099) and the historical baseline
(1985-2014). The PGW deltas were computed by subtracting the his-
torical monthly means from the future monthly means for each variable,
thereby capturing seasonally varying climate change signals. Horizon-
tally, the resulting PGW deltas were interpolated to match the spatial
resolution of the ERA5 reanalysis and added to the ERAS fields used for
both initial and lateral boundary conditions. Vertically, the perturba-
tions were computed on the native pressure levels of the CMIP6 models
and then directly mapped to the corresponding pressure levels in the
ERADS fields without vertical interpolation. This approach preserves the
high-frequency diurnal and synoptic variability provided by ERAS5,
while embedding the low-frequency climate change signal derived from
the monthly GCM anomalies. The overall workflow of this PGW down-
scaling procedure is illustrated in Fig. S2.

2.4. Tracking algorithm

The tracking algorithm used in this study is adopted from Gutmann
et al. (2018). However, in this study, the 400 km x 400 km evaluation
box around the storm center is substituted by a 2° x 2° (inner-core) and a
5° x 5° box on a regular lon-lat grid. As Patricola and Wehner (2018)
mentioned that precipitation increases near the TC center and drying in
the outer TC radii, which can lead to different results depending on the
box size. Liu et al. (2019) also found varying results using different box
sizes. The TC center is detected by the algorithm is the minimum central
pressure in the region.

2.5. Diagnostics to assess the impact of global warming

To quantify the response of TC to global warming, we first examined
changes in TC track, intensity. Intensity is assessed through minimum
central pressure. Next, we analyzed the response of total precipitation
and hourly precipitation rates. Furthermore, we investigated key ther-
modynamic and dynamic variables that respond to climate change sig-
nals. Thermodynamic variables include spatial changes of SST, air-sea
fluxes (latent and sensible heat flux), vertical profiles of Ta, water vapor,
hydrometeors, equivalent potential temperature (convective stability).
Dynamic variables include vertical profiles of wind field structures
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(tangential wind, radial wind, and vertical velocity), and vertical wind
shear (environmental factor). Building on these qualitative assessments
of thermodynamic and dynamic structures, we next performed a quan-
titative analysis of TC precipitation. We assessed changes in TC precip-
itation scaling rate relative to the CC relation, which predicts that
saturated specific humidity increases by roughly 7 % per °C rise in
temperature. To quantify the sensitivity of TC rainfall to warming, we
computed the precipitation scaling rate with respect to SST, following
previous studies (e.g., Liu et al., 2019; Knutson et al., 2020; Tran et al.,
2024), given its strong coupling with near-surface air temperature in
tropical ocean environments. Changes in SST and latent heat flux were
calculated as the differences in the mean values within a 5° x 5° box
centered on the TC. Changes in precipitable water (PW), updrafts, and
downdrafts were calculated as the differences in the mean values within
a 2° x 2° box centered on the TC, consistent with the spatial scale used
for precipitation rate analysis. Updrafts and downdrafts were defined
using the positive and negative vertical velocities at 500 hPa, respec-
tively. In addition, the moisture flux convergence (MFC; unit in kg/
(m?-s-hPa)) is calculated as the negative of the divergence of the vapor
transport:

@

MFCegy = — (a(QSsousso) +a(QS50V850)>

ox dy

@850: specific humidity (kg kg™!) at the 850 hPa level, representing
the mass of water vapor per unit mass of air. u850, v850 (m s 1): hor-
izontal wind components at 850 hPa, representing zonal (east-west) and
meridional (north-south) wind speeds, respectively.

Furthermore, the changes in moisture flux convergence can be
decomposed into two main terms: advection and convergence term.
Here we further decomposed the convergence term into three terms
based on Seager et al. (2010) and Ngai et al. (2024):

—A(q-D) = — {qnist*AD) — (Aq-Drist) — (Aq-AD) (2)

q is the specific humidity, D represents divergence. () Is the vertical
integration from surface pressure to the top-of-atmosphere pressure. A
denotes the future change relative to the historical period (future minus
historical). The subscript ‘hist” means the historical simulation. The
three terms on the right-hand side of Eq. (2) represent the dynamic
contribution associated with changes in atmospheric circulation, ther-
modynamic contribution related to the changes in specific humidity
(moisture content), and the non-linear term influenced by the changes in
both circulation and moisture content.

3. Results
3.1. Track and Intensity changes

In the HIS simulation, the model accurately simulated Usagi’s
northwestward track across the Philippine Sea and subsequent landfall
in southern China, exhibiting track bias approximately within 50 km
relative to CMA best-track data (Fig. 1). Future projections under both
LESS_WARM and MORE_WARM scenarios indicate minimal changes in
TC track characteristics relative to HIS simulations.

As for historical intensity simulation, the model captures the evolu-
tion of the Super Typhoon Usagi (2013), capturing both its intensifica-
tion phase (characterized by decreasing minimum central pressure) and
subsequent decay phase (marked by rising pressure, Fig. 2). The model
output shows the intensification from 966 hPa at 00 UTC 18 Sep to peak
intensity (approximately 930 hPa) by 12 UTC 20th Sep (intensification
period), and follows by decaying. The results shows a generally
reasonable agreement with the CMA best-track data, despite a slight
overestimation (underestimation) in TC minimum central pressure (in-
tensity). Regarding bias of TC intensity in HIS simulation, our results
indicate a systematic underestimation in peak intensity. Such biases are
commonly reported in previous studies involving WRF-based TC
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simulations. For example, Previous WRF simulations of super typhoons
show varying intensity biases, ranging from 3.4 to 10.8 hPa for Hato (Ma
et al., 2023), 24.7-27.5 hPa for Mangkhut (Pamintuan and Bagtasa,
2025), and up to 44 hPa for Haiyan (Delfino et al., 2022). Similarly, Lee
et al. (2023) and Sun et al. (2019) reported general underestimations of
TC intensity in WRF simulations, attributing them to limitations in the
ERAS and NCEP FNL reanalysis datasets, respectively, in representing
storm structures at initialization. The model resolution also have large
impacts on the simulated TC intensity. As resolution is increased, min-
imum central pressure decreases significantly (by 30 hPa from 8 to 1 km
grid spacing, Gentry and Lackmann (2010)). In addition, the simulations
were not able to capture Usagi’s rapid intensification phase as other
strong TC like Haiyan (2013) in previous studies (Delfino et al., 2022).
However, as pointed out by Chen et al. (2020), the discrepancies be-
tween historical simulations and observations do not directly undermine
the assessment of TC responses to climate change, since these are based
on the relative differences between historical and future scenarios rather
than absolute intensity values. Therefore, although a certain degree of
underestimation exists in the historical simulation of TC intensity, the
bias falls within a range comparable to those reported in earlier studies
and is considered acceptable for the purpose of investigating future
projections.

In future projections, both LESS WARM and MORE_WARM exhibit
consistent decrease in the minimum central pressure by approximately
5-10 hPa at the peak intensity compared to HIS run (Fig. 2). This
decrease of pressure indicates further promotes rapid intensification and
sustains stronger TCs under future climate conditions. To further test the
robustness of our findings, we conducted three additional PGW experi-
ments using different CMIP6 GCMs (AWI-CM-1-1-MR, KIOST-ESM, and
MPI-ESM1-2-LR) under the SSP5-8.5 scenario. All the experiments
consistently showed an increase in typhoon intensity, demonstrating the
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robustness of the TC intensification (not shown here).

3.2. Precipitation changes

The spatial distribution of accumulated precipitation from the HIS
simulation shows general agreement with IMERG observations (Fig. 3a-
b), particularly in capturing the overall orientation and location of the
primary rainbands. However, noticeable differences remain near the
eyewall, where the HIS simulation overestimates both the magnitude
and compactness of the extreme rainfall core compared to IMERG.
Previous studies also found that the WRF model tends to simulate
heavier precipitation than IMERG (Lee et al., 2023). It should also be
noted that satellite-based precipitation products themselves have
considerable uncertainty (Lee et al., 2023). Given this observational
uncertainty, the WRF model can still be considered to exhibit reasonable
skill in simulating TC precipitation. To further minimize the influence of
model biases on climate change attribution, the present study focuses on
the relative differences between the warming and control experiments
(e.g., MORE_WARM vs. HIS), rather than absolute precipitation values.

We examined the spatial pattern of accumulated precipitation of
Super Typhoon Usagi in HIS and the difference with two WARM ex-
periments (Fig. 3). The distribution of the precipitation band closely
correlates with the TC tracks, which exhibit minimal shifts across the
three experiments as depicted in Fig. 1. Consequently, the spatial loca-
tion of precipitation remains relatively similar across these experiments.
Compared with minimal shifts in track, there has been a significant
alteration in the amount of accumulated precipitation. Compared with
HIS, both LESS WARM and MORE_WARM show an increase in precipi-
tation along the TC track. MORE_WARM exhibits an expansion of pre-
cipitation region exceeding 500 mm in HIS run. Additionally, in certain
regions historically experiencing precipitation between 300 mm and
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Fig. 3. Spatial patterns of accumulated precipitation (mm) for Usagi from 00 UTC on 18 September 2013 to 23 UTC on 23 September 2013 as observed by (a) IMERG
and and simulated by (b) HIS, (c) LESS_WARM, and (d) MORE_WARM experiments. The HIS (b) generally reproduces the observed precipitation band (a). Compared
to HIS, both LESS_ WARM (c) and MORE_WARM (d) show increased precipitation along the track.
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450 mm, the precipitation has increased to over 450 mm in MOR-
E_WARM. Precipitation changes in coastal landing areas remain rela-
tively unchanged. LESS WARM also demonstrates an increase in
precipitation, albeit less intensely compared to MORE_WARM. The in-
crease in extreme precipitation area is qualitatively consistent with
previous study results for extreme precipitation events (Lee et al., 2023).

To specifically show the temporal changes in precipitation intensity,
we examined the regional average hourly precipitation within a box
along the TC center, as shown in Fig. 4. From 00 UTC on the 18th to 12
UTC on the 20th Sep, the precipitation intensity shows an increasing
trend (Figs. 4a), align with TC intensification (TC intensity increases as
the Minimum Central Pressure decreases, as shown in Fig. 2). After the
first peak, the two subsequent peak values are relatively weak compared
to the first one. The precipitation peaks may be related to the typhoon’ s
intensification and evolution into a triple-eyewall structure (Zhao et al.,
2016). However, the model cannot accurately reproduce this intensifi-
cation process, although it might capture the general intensification.

The peak precipitation rate for MORE_WARM and LESS_ WARM is 29
mm h~! and 26 mm h™}, respectively, compared to the HIS of 21 mm h™?
(Fig. 4a). The average hourly precipitation rate in MORE_WARM and
LESS_WARM increases by 26.4 % and 6.5 % compared to HIS (Fig. 4b).
Notably, MORE_WARM demonstrates a 40 % increase during the hour of
peak precipitation intensity, whereas LESS WARM exhibits a 25 % in-
crease (Fig. 4b). Employing the 6°box (not shown), we also found an
increase in precipitation, although the increase is relatively weaker
compared to 2° box results. These results are consistent with that pre-
vious study by Patricola and Wehner (2018) that precipitation increases
near the TC center and drying in the outer TC radii when comparing with
varying box size. Fig. 3 also confirms that the outer TC radii shows some
decrease in precipitation.

3.3. Potential Vorticity changes

TC is a positive potential vorticity (PV) anomaly in the atmospheric
flow environment (Lackmann, 2015). The enhanced cyclonic PV
maximum is consistent with increased TC intensity, as demonstrated by
the spatial PV patterns in Fig. 5a—c. Compared with HIS, both LESS -
WARM and MORE_WARM shows spatially increases in PV. Fig. 5d em-
ploys the probability density distribution (PDF) to quantify the increase
in PV, showing that compared to the HIS scenario, the MORE_WARM
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and LESS WARM scenarios exhibit increases in the maximum value of
the PDF from 15 to approximately 26 and 20, respectively.

3.4. Sea surface temperature, moisture, and air-sea heat flux changes

To further analyze the mechanism behind the enhancement of TC
intensity, precipitation and potential vorticity, we examined moist
thermodynamic state changes in the ocean and sea surface. SST changes
is projected to be between 0.6 and 3.6 K warmer compared to the HIS in
simulation period under the SSP5-8.5 scenario (Fig. 6a-b). Fig. 6¢-d
shows that MORE_WARM and LESS_WARM produced around 4.0 g kg~!
and 1.5 g kg~! water vapor mixing ratio increase respectively, which is
close to previous studies (Gutmann et al., 2018, 4 g kg~!; Delfino et al.,
2023, 1.5 g kg™1). This warmer and wetter surface could supply more
energy from ocean to air, which could drive the intensification of TC
(Gutmann et al., 2018; Delfino et al., 2023).

To quantify the energy exchange between air and ocean, we further
examined air-sea heat flux changes. Latent heat flux is a main heat
source for TC development (Sun et al., 2019). Latent heat flux (Fig. 6e—f)
has a larger increase in the experimental domain. MORE_WARM and
LESS_WARM produce more latent heat flux (approximately 60-90 W
m~2 and 30-60 W m™2 respectively) under a warming climate.The
sensible heat flux does not change much under a warming climate
compared to HIS (Fig. 6g-h). These results consistent with previous
study that the TC intensification is driven by more latent heat flux
supplied from a warmer ocean in the future (Delfino et al., 2023; Chen
et al., 2020; Nakamura et al., 2016)).

3.5. Air temperature and water vapor: Vertical profile and time changes

We further examined the box-average time changes in the vertical
profiles of air temperature and water vapor due to warming climate.
There is a significant decrease in low-level RH in WARM scenarios
around TC center (Fig. 7a—c). This is expected because only a drier low-
level atmosphere (especially BL) will lead to more latent heat flux
(Fig. 6e-f), thus lead to stronger TCs. The vertical profile of air tem-
perature changes (Fig. 7d-f) shows the increase in upper troposphere air
temperature, which will to some extent offset the TC intensification,
despite the more latent heat flux from the surface. More latent heat flux
from ocean will lead to the increase in water vapor content in
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Fig. 4. Comparison of simulated (a) regional average hourly precipitation rate (mm h~ 1) time series and (b) relative changes from a 2° box for Usagi from 00 UTC on
1800 September 2013 to 2100 UTC on 22 September 2013 for HIS (black), MORE_WARM (red), LESS WARM (blue). Compared to HIS (black), MORE_WARM (red)
and LESS_WARM (blue) show higher peak rates of 29 mm h~! and 26 mm h™!, respectively, representing increases of 26.4 % and 6.5 % in average hourly pre-
cipitation. Differences between MORE_WARM and HIS are statistically significant at the 1 % level, and differences between LESS_ WARM and HIS are significant at the
5 % level, based on the Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Spatial distribution potential vorticity (PV) differences at 300 hPa between MORE_WARM (c), LESS_ WARM (b), and HIS (a) on Sep 20th at 12 UTC for
Typhoon Usagi and probability density distribution of PV (d). The TC appears as a positive PV anomaly, with enhanced cyclonic PV maxima corresponding to

stronger TC intensity under warming climate.

atmosphere, which is beneficial for extreme precipitation. MOR-
E_WARM in comparison increased by 4.8-6 g kg™! (24-30 %) and
LESS_WARM by 1.2-3.6 g kg~ (6-18 %) compared to HIS (20 g kg™1)
(Fig. 7g-i). Notably, the large increase of water vapor at a low-level
happens during the intensification period.

Moreover, different hydrometers exhibit contrasting responses near
the freezing levels, within the cloud, and near the cloud top due to
warming climate. In this study, liquid condensate (cloud, and rain)
mixing ratios increase below the freezing level by 0.1-0.5 g kg™
(Fig. 8a-f). Previous studies have suggested that raindrops fall faster
than snow or ice, thereby enhancing downdrafts and intensifying pre-
cipitation due to a higher concentration of liquid condensate (Yuter
et al., 2006; R. Rasmussen et al., 2011). Meanwhile, a comparison of the
mixing ratio of solid condensate (snow and ice) reduce by 0.1-0.4 gkg ™!
between 6 and 10 km altitude in the WARM scenarios compared to the
HIS but increase at a similar level between 10 and 16 km (Fig. 8g-1). This
implies that freezing occurs at a higher altitude due to warming and
rising cloud tops, which benefits for stronger rainfall (Lin et al., 2024).
Additionally, the mixing ratio of graupel increases above 6 km height
but decreases below it, which could be a result of the rising freezing level
(Fig. 8m-0). These changes in atmospheric hydrometers associated with
global warming favor increase in precipitation.

3.6. Wind structure changes

Warming also significantly alters the dynamic structure of TCs. Fig. 9
shows the azimuth average radius-height cross-sections of tangential
winds, radial wind, and vertical velocity for the three simulations
respectively. The azimuth average maximum tangential wind speed in-
creases from 50 to 60 m s ! to up to more than 65 m s~ ! with an outward
and upward expansion of the region of stronger wind speed (Fig. 9a—c).

The azimuth average radial wind also tends to be stronger both in
convergence (inflow) near the surface and divergence (outflow) at the
upper layer (Fig. 9d-f). The increased low-level radial inflow enhances
moisture convergence for storm precipitation production (Liu et al.,
2019). The increase of the vertical velocity from 6 to 8 Pa s * to up to
more than 10 Pa s~ which means a stronger eyewall updraft (Fig. 9g—i).
Besides, the outside convection in future scenarios is also stronger than
the HIS. This increase in vertical velocity in the upper troposphere is
associated with the increase of tropopause height-induced TC eyewalls
to become taller (Yamada et al., 2017). Above all, the increase in
tangential wind suggests a stronger primary circulation, and the increase
of inflow and outflow as well as broader eyewall updraft suggests a
stronger secondary circulation.

3.7. Thermodynamic and dynamic contribution

To quantify the mechanisms contributing to the increased precipi-
tation in our simulations, we analyzed key thermodynamic and dynamic
variables within the TC center (Table 1). Compared to the HIS, both the
LESS_WARM and MORE_WARM simulations show notable increases in
precipitation, with mean rates of 16.0 mm hr? (6.5 %) and 18.8 mm
hr~! (26.4 %), respectively. This enhancement is accompanied by higher
SST (0.6-2.9 K) and increased LH (10.1-14.3 %), indicating a stronger
thermodynamic environment. The values in first row of brackets in
Table 1 represent the estimated increase in moisture based on the SST-
induced CC scaling (4.2 %-20.3 %). While the increases in PW and
precipitation in the LESS WARM and MORE_WARM simulations (8.5 %—
33.3 %, 6.5 %-26.4 % respectively) exceed these theoretical estimates,
indicating that thermodynamic effects alone cannot fully account for the
simulated intensification. Dynamic contributions are also evident, as
updraft and downdraft speeds increase by 12-31 % relative to HIS, while
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Fig. 6. Spatial SST variations, heat flux, and water vapor mixing ratio changes compared Between MORE_WARM, LESS WARM, and HIS: (a-b) SST changes (K);(c-d)
2-m water vapor mixing ratio (g kg-1); (e-f) average latent heat flux (W m~2); (g-h) average sensible heat flux (W m~2) for Usagi from 0000 UTC on 18 September
2013 to 2300 UTC on 23 September 2013. Compared to HIS, MORE_WARM and LESS_WARM show warmer SST (0.6-3.6 K), higher water vapor (1.5-4.0 g kg™!), and
increased latent heat flux (30-90 W m~2), supporting stronger TC intensification, while sensible heat flux remains largely unchanged.
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Fig. 7. The changes of vertical profiles in time series around 2° box average in (a—c) relative humidity (%), (d-f), air temperature (°C),(g-i) water vapor mixing ratio
(g kg-1) from HIS (left), and the difference between LESS WARM (middle), MORE_WARM (right) respectively. Compared to HIS, WARM scenarios show decreased
low-level RH, increased upper-troposphere temperature, and enhanced low-level water vapor (1.2-3.6 g kg™! in LESS_WARM, 4.8-6 g kg~! in MORE_WARM),

promoting stronger TC intensification and extreme precipitation.

MFC shows a corresponding rise. These results suggest that both ther-
modynamic and dynamic factors synergistically contribute to the
intensification of precipitation.

In addition, we quantified the relative contributions of dynamic,
thermodynamic, and nonlinear processes to the observed changes in
moisture convergence, as shown in Fig. 10. For the LESS WARM sce-
nario, the contributions from dynamic, thermodynamic, and nonlinear
terms were 21.5 %, 61.1 %, and 17.4 %, respectively, indicating that
thermodynamic processes dominated the precipitation increase, while
dynamics also played a substantial role. For the MORE_WARM scenario,
the corresponding contributions were 8.7 %, 86.4 %, and 4.9 %, sug-
gesting an even stronger thermodynamic control under warmer condi-
tions. The nonlinear term, although smaller, captures interactions
between dynamic and thermodynamic effects. Overall, these results
highlight that both thermodynamic and dynamic processes

10

synergistically influence the moisture convergence changes in the TC
center, ultimately modulating precipitation intensity.

4. Discussion
4.1. Estimation of TC intensity changes

Most PGW downscaling studies consistently suggest that TCs in the
WNP are projected to intensify, as reflected by decreases in minimum
sea level pressure (SLP) (Tran et al., 2022; Chen et al., 2020, 2022;
Delfino et al., 2023). Our analysis shows that the minimum SLP of Super
Typhoon Usagi decreases by approximately 5-10 hPa under the PGW
scenario. Chen et al. (2020) applied PGW simulations using CMIP5
output and reported minimum SLP reductions of 16.9 hPa for TC
Hagupit, 10 hPa for TC Victor, and 5 hPa for TC Utor by the late 21st
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Fig. 8. The changes of vertical profiles in time series around 2° box average in the simulated mixing ratio of cloud (a—c), rain water (d-f), snow (g-i), ice (-1),
graupel (m-o) (g kg-1) from HIS (left), and the difference between LESS_ WARM (middle), MORE_WARM (right) respectively. In WARM scenarios, liquid condensate
(cloud and rain) increases below the freezing level (0.1-0.5 g kg™1), solid condensate (snow and ice) decreases between 6 and 10 km but increases above 10 km, and
graupel increases above 6 km, indicating higher freezing levels and cloud tops, which favor stronger precipitation.
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Fig. 9. Azimuth average radius-height cross sections for TC Usagi on Sep 20th at 00 UTC. Thin black lines are (a—c) tangential velocity (m s~ %), (d—f) radial velocity
(ms™ 1), and (g-i) vertical velocity (Pa s~1). Panels a, d, and g show the results of HIS, panels b, e, h, and panels c, f, i show those of LESS WARM and MORE_WARM,
respectively. Compared to HIS, WARM scenarios show stronger tangential winds (50-65 m s~'), enhanced low-level inflow and upper-level outflow, and increased
eyewall updrafts (6-10 Pa s™!), indicating intensification of both primary and secondary circulation and taller eyewalls.

century (2075-2099). Using CMIP6-based PGW experiments, Tran et al.
(2022) found an average decrease of ~9.25 hPa (0.99 %) in minimum
SLP by the 2090s. Delfino et al. (2023), employing a 5 km WRF
configuration, projected decreases of 4 hPa, 1 hPa, and 11 hPa in min-
imum SLP for TCs Haiyan (2013), Bopha (2012), and Mangkhut (2018),
respectively, under SSP5-8.5. The magnitude of projected minimum SLP
decreases varies among studies and individual cases. Our results show
slightly smaller decreases compared with previous PGW studies, which
may partly reflect the influence of model resolution. For example, Del-
fino et al. (2023) compared simulations at 5 km and 3 km grid spacing
and found that the higher-resolution (3 km) runs captured more pro-
nounced decreases in minimum SLP, indicating that finer resolution
tends to simulate stronger TC intensification. The relatively weaker
intensification in our case may partly reflect seasonal timing, as the
climate change signal incorporated in PGW experiments can vary sub-
stantially by month. In particular, the increase in stability is slightly
greater in September and October than in July and August (Gutmann
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et al., 2018), which may influence the magnitude of TC intensification.
These factors highlight the sensitivity of projected TC intensity changes
to modeling resolution choices, storm characteristics, and timing,
underscoring the importance of case-specific analyses for landfalling
TCs in the southern coastal regions of China.

4.2. Estimation of precipitation changes

Most PGW downscaling studies consistently suggest that TCs in the
WNP are projected to produce more precipitation (Tran et al., 2022;
Chen et al., 2022). In our simulations, precipitation rates increase by
~6.5 %-26.4 %, slightly exceeding the CC scaling (4.2 %-20.3 %). Chen
et al. (2022) similarly reported inceased TC rainfall, with extreme pre-
cipitation within the eyewall (95th percentile and above) strengthening
by 22 % + 12 %. Tran et al. (2024) found precipitation increases of 15
%-35 % from the outer to the inner core, with a ~ 25.7 % increase
within 100 km of the center, also exceeding the CC rate (14.1 % for 2.1 K
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Table 1

Changes in box-average values of thermodynamic, dynamic parameters between
current and future Climates including Precipitation (Precip), SST, Latent heat
flux (LH), Precipitable water (PW), Updraft and Downdraft at 500 hPa, and
moisture convergence flux (MFC). Statistical significance assessed using Stu-
dent’s t-test: p < 0.10 (*), p < 0.05 (**), p < 0.01 (***).

Variables HIS LESS_WARM MORE_WARM
mean mean Diff(%) mean Diff(%)
. 6.5%* (4.2 26.4*** (20.3
Precip (mm h) 15.0 16.0 %) 18.8 %)
SST (K) 296.0 296.6 0.6 K 298.9
LH (W/m?) 265.5 292.3 10.1%%* 303.5
PW (kg/mz) 75.7 82.1 8.5%** 100.9
Updraft (m s 0.58 0.65 12.1%%* 0.72
Downifﬁgt m 019 022 15.8%%% 0.25
MEFC (10~° -
kg/(mz»s-hPa) 4.98 5.26 5.6 6.46 29.7
100 : .
Nonlinear [
1 ) Thermo [
80 ] =———= Dynamic B
é , L
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Fig. 10. Relative Contributions of Dynamic, Thermodynamic, and Nonlinear
Terms to Changes in Moisture Convergence within the TC center; thermody-
namic effects dominate (61-86 %), dynamics contribute moderately (9-22 %),
and nonlinear interactions are minor (5-17 %).

warming). In contrast, Gutmann et al. (2018) reported ~24 % increases
in maximum rainfall rates within 400 km x 400 km region, consistent
with the increase in water vapor predicted by the CC relation (22 % for
3.2 K) over the Gulf of Mexico. Despite the general agreement on
increased TC-induced rainfall, discrepancies arise when examining the
radial structure of precipitation and the magnitude of rainfall rate in-
creases. Differences across studies may arise from the precipitation
metric and the radial definition relative to the storm center. For
example, Tran et al. (2024) highlighted that precipitation changes vary
radially, peaking near the storm center, and results depend on whether
rainfall is calculated using fixed radii, circle-averages, or radial-
averages. Additional differences may stem from storm characteristics,
such as track, translation speed, and TC size. In our case, changes in
track and translation speed are negligible, but the storm size becomes
slightly more compact (Fig. 5), likely leading to modest inward shifts of
the radius of maximum rainfall. This response is consistent with the
findings of Tran et al. (2024), who also reported inward shifts of peak
rainfall under warming conditions.

Additionally, averaging across a large number of cases without
considering the varying intensities and durations of individual TC events
could also induce the discrepancy. Liu et al. (2019) and Tran et al.
(2024) both found that strong TC exhibit the most significant increased
rainfall across future states compared to weaker TC. Future research is
needed to verify whether our results hold for cyclones of varying
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strengths and occurring in different seasons (pre- vs. post-monsoon) in
the WNP region.

4.3. Mechanims analysis

In the WNP region, Chen et al. (2020) and Delfino et al. (2023) have
reported that the increase in SST, latent heat flux, moist mid-
troposphere, thus higher convective available potential energy (CAPE)
with decrease in vertical wind shear, which is quite important for the
increase in TC intensity. Similarly, we observed an increase in SST,
latent heat flux and moist air (Fig. 6e-f and Table 1) along the TC track.
In addition, equivament potential temperature and higher convective
instability height (Fig. S3). However, when examining the impact of
VWS from the synoptic environment (Fig. S4), we found small changes,
the results may differ from previous research (Delfino et al., 2023) that
demonstrated changes in VWS, suggesting potential variability across
different cases.

The intensification of TCs and the precipitation increase exceeding
the CC rate under warming are closely tied to coupled thermodynamic
and dynamic processes. Warmer SSTs elevate atmospheric moisture
content in line with CC scaling, but the simulated precipitation increase
in the TC core surpasses this thermodynamic expectation, indicating
additional dynamic contributions (Table 1 and Fig. 10). Enhanced low-
level inflow and radial convergence transport larger amounts of warm,
moist air toward the eyewall, while stronger updrafts driven by latent
heating accelerate vertical moisture transport (Table 1 and Fig. S5).
These processes synergistically amplify convection and secondary cir-
culation, promoting compact eyewall and intensification of tangential
winds (Fig. 9), which in turn feed back positively to further increase
rainfall rates beyond CC scaling. These mechanisms are consistent with
the findings of Tran et al. (2024).

4.4. Limitations and future directions

However, comparing the magnitude of these changes remains chal-
lenging due to variability arising from differences in GCM selection
(large variations in SST and air temperature), climate scenarios (RCP or
SSP), TC case studies (intensity, genesis, seasonality, and track), and
model configurations (domain resolution, cumulus, and microphysics
parameterization combination, initial time), including the use of the
PGW method (perturbation variables).

We acknowledge the limitation that using only two GCMs is insuf-
ficient to fully quantify the impacts of climate change on TC charac-
teristics. Ideally, a larger ensemble of GCMs would help to better
represent the full range of structural uncertainty. Due to computational
and data storage constraints, we were not able to conduct PGW exper-
iments using a large ensemble of GCMs. Instead, we adopted an ECS-
based selection strategy, in line with Delfino et al. (2023) and Jones
et al. (2023), to capture a range of warming responses using two
representative GCMs—one with relatively low ECS (LESS_WARM) and
one with high ECS (MORE_WARM). As SST changes are among the
dominant factors affecting TC intensity in PGW studies (e.g., Patricola
and Wehner, 2018; Delfino et al., 2023; Lavender et al., 2018), this se-
lection aims to provide a preliminary understanding of the sensitivity of
TC intensity and precipitation to different warming levels. To enhance
the robustness of our findings, we conducted three additional PGW ex-
periments using CMIP6 GCMs: AWI-CM-1-1-MR, KIOST-ESM, and MPI-
ESM1-2-LR. Across these additional simulations, the projected changes
in TC intensity consistently show an increase, supporting the robustness
of our earlier results and further demonstrating the sensitivity of TC
responses to different GCM forcings. This sensitivity-based approach
highlights the GCMs selection in modulating TC intensity and precipi-
tation projections, and demonstrates the utility of incorporating diverse
GCMs to assess the structural uncertainties inherent in PGW
frameworks.

As for domain selection, a horizontal resolution of ~5 km is
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commonly used in WRF TC simulations. For example, Lackmann (2015)
conducted sensitivity experiments of Hurricane Ivan (2004) with grid
spacings between 12 and 2 km and found partial convergence of TC
structure and intensity at 8-4 km, with intensity differences of only ~10
hPa. Similarly, Sun et al. (2013) simulated Typhoon Shanshan (2006) at
grey-zone resolutions (7.5-1 km) and reported relatively small intensity
changes between 5 and 3 km, but a marked increase when the resolution
was further refined to 1 km. Delfino et al. (2022) and Gutmann et al.
(2018) also adopted inner domains of 5 km and 4.5 km, respectively. In
general, convection must be parameterized at resolutions coarser than
~10-5 km, whereas convection-permitting resolutions (~4-5 km) allow
explicit representation. Additional simulations at 4.5 km resolution
showed no significant difference in TC intensity compared with coarser
setups (Delfino et al., 2022). Based on these findings, we employed a 5
km horizontal resolution in this study, striking a balance between
computational efficiency and realistic representation of TC structure.

Notably, at 5 km, deep convection begins to be partially resolved by
model dynamics, and retaining cumulus parameterization may intro-
duce issues such as double counting of convective processes. Nonethe-
less, the application of cumulus schemes at kilometer-scale resolutions
remains debated within the TC modeling community, as this scale lies
within the so-called “grey zone,” where both resolved and subgrid
processes influence turbulence. In this study, we still use the KF scheme
at 5 km resolution, supported by several considerations: (1) Previous
studies (e.g., Delfino et al., 2022) have demonstrated that applying the
KF scheme at 5 km resolution yields stronger TC intensi-
ties—approximately 15 hPa lower minimum sea level pressure—in
Typhoon Haiyan (2013) over the Western North Pacific. This result
aligns more closely with best-track intensity data compared to simula-
tions using other cumulus parameterizations. Furthermore, comparisons
with 4.5 km convection-permitting simulations showed no significant
differences in TC representation. (2) Our preliminary analyses (Sun
et al., 2024; Figs. 6b, 8d, and 10d) indicate that using the cumulus
parameterization scheme at 5 km resolution does not substantially affect
the simulated peak intensity, landfall wind, or precipitation of Super
Typhoon Usagi (2013). (3) Recent studies (e.g., Wang et al., 2025) have
investigated the impact of scale-aware cumulus schemes—including
Grell-Freitas (GF), Grell-3 (G3), and simulations without any cumulus
scheme—on kilometer-scale WRF simulations of typhoons such as
Mujigae (2015), Hato (2017), and the Category 5 Mangkhut (2018).
These studies found that cumulus scheme selection had limited influence
on Mangkhut’s precipitation, while relative errors varied for Mujigae
and Hato depending on the scheme. For Mujigae, GF reduced relative
error by 25 % compared to G3 at the 120 mm threshold, whereas for
Hato, G3 performed better. This suggests that scale-aware cumulus
schemes do not universally improve TC precipitation simulations.
Additionally, simulations without cumulus schemes may produce
spurious precipitation relative to those using the G3 scheme.

Despite the overall good performance of the simulations, underesti-
mation of TC intensity remains a notable limitation. TC intensities were
consistently underestimated, especially for Super Typhoons, due to the
initial and boundary conditions provided by reanalysis datasets such as
ERAS5 and NCEP FNL (Lee et al., 2023; Sun et al., 2019), which may be
attributed to their relatively coarse horizontal resolution (approximately
25 km for ERA5 and 100 km for FNL) and the sparse distribution of
observations over the ocean. To mitigate the errors, simulations were
started at an earlier stage when Usagi was still a tropical storm based on
the CMA best-track dataset, which has been shown to reduce biases
relative to observations (Delfino et al., 2023; Sun et al., 2024). Hodges
etal. (2017) noted that improvements in TC representation in reanalysis
datasets are largely associated with higher model resolution, enhanced
data assimilation, and better-calibrated observing systems. In the future,
further enhancements, including the integration of additional in situ and
radar observations as well as Al-based downscaling methods (Zhang
et al., 2024; Li et al., 2025), could improve the accuracy of initial and
boundary fields for high-resolution TC simulations.
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There are more constraints of our study.Firstly, we chose to focus on
an in-depth analysis and comparison of a single storm event, using only
two representative GCM perturbation inputs due to computational
resource limitations. This approach was chosen to allow for a more
detailed discussion of one example within a representative range of
plausible future scenarios, as opposed to conducting long-term simula-
tions. Secondly, we did not couple the ocean model to account for SST
dynamic effects, such as cold tides. This limitation is also noted by Mittal
et al. (2019) and Patricola and Wehner (2018) because of the the cold
wake induced by TC winds can lead to a cooling of upper-ocean tem-
peratures, providing a negative feedback on TC intensity. Additionally,
due to our regional modeling nudging setting, this study cannot account
for the remote influence of the large-scale atmospheric circulation pat-
terns or the recurrent modes of climate variability affecting the western
Pacific Ocean, which can impact the steering flow of the TCs. As a result,
the TC track and translation speed show minimal change, which may not
align with findings from global modeling research (Seneviratne et al.,
2021). The simulated future TC frequency, track and translation speed
response to climate change may not be realistic due to the limitation of
the approach. This study rather focused on understanding the dynamic
and thermodynamic influences of global warming on TC characteristics,
including intensity and precipitation by controlling TC tracks as
observed.

5. Conclusions

This study uses the high-resolution Weather Research and Fore-
casting (WRF) model with a 5 km horizontal resolution in the inner
domain, driven by two representative GCMs from CMIP6 selected by
ECS. The PGW method is employed to investigate how global warming
impacts the intensity, precipitation, thermodynamic, and dynamic
structure of strong landfalling Typhoon Usagi (2013) associated with
compound-flood event. The main conclusions are as follows:

1. In a warming climate scenario compared to the historical run, the
future simulations show an increase in intensity range from 5 hPa
(Less.WARM) to 10 hPa (MORE_WARM).

2. The time-averaged increase in hourly precipitation rates ranges from
6.5 % (LESS_WARM) to 26.4 % (MORE_WARM), indicating sub-
stantial inter-GCM uncertainties that exceed the temperature-
induced CC scaling (4.2 %-20.3 %).

3. From a thermodynamic perspective, the latent heat flux increases
30-90 W m 2 under different warmer (0.6-2.9 K SST) and wetter
(1.5-4.0 g kg~! water vapor mixing ratio) climate conditions,
thereby providing more energy and enhancing the TC intensity.
Warming may also alter the dynamic structure of TC, enhance ver-
tical velocity (2-4 Pa s’l), and tangential wind speed (5-10 m s’l),
and expand inflow and outflow regions.

4. The increase in precipitation exceeding the CC rate is driven by both
thermodynamic and dynamic factors. In the MORE_WARM (LESS -
WARM) scenario, the contributions from dynamic, thermodynamic,
and nonlinear processes were 8.7 % (21.5 %), 86.4 % (61.1 %), and
4.9 % (17.4 %), respectively, indicating a dominant thermodynamic
influence with a notable dynamic contribution.

Overall, these mechanisms are generally consistent across the GCMs
used, but the magnitude of the changes varies. The high-ECS model
shows stronger warming and moisture increase, leading to larger TC
intensity changes, while the low-ECS model exhibits weaker responses.
This highlights the uncertainty introduced by different GCMs, particu-
larly due to their varying climate sensitivities, and underscores the
importance of accounting for this variability when interpreting pro-
jected TC responses under climate change.

Future work will aim to incorporate multi-model ensembles and
explore different downscaling methods (eg., Adachi and Tomita, 2020)
to comprehensively address these uncertainties. Expanding the analysis
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with more case studies and conducting long-term simulations of TC
occurrences, coupled with ocean models, could further enhance under-
standing of ocean-atmosphere feedbacks. The findings such as increase
TC intensity and precipitation rate, could also be utilized in hydrological
and hydrodynamic models to improve future flood studies. Such inten-
sification of TC winds and precipitation under climate warming poses
heightened risks of compound flooding and greater challenges to
disaster management.

Data and code availability

The fifth-generation global reanalysis of the European Centre for
Medium-Range Weather Forecasts (ERA5) used for driving WRF exper-
iments were downloaded from the ECMWF Climate DataStore (Hersbach
et al., 2020). The monthly atmospheric temperature, relative humidity,
geopotential height, and horizontal winds as well as skin temperature,
sea surface temperature, and pressure data in the Coupled Model
Intercomparison Project Phase6 (CMIP6) used for extracting the
warming signal is available at WCRP-ESGF websites (Eyring et al.,
2016). The best track data is from China Meteorological Administration
(CMA)(https://tcdata.typhoon.org.cn/). The other data used in this
study can be accessed by contacting the first author.
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