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Abstract
The Pearl River Delta (PRD) region is highly vulnerable to tropical cyclone (TC)-caused 
coastal hazards due to its long and meandering shoreline and well-developed economy. 
With global warming expected to continue or worsen in the rest of the twenty-first cen-
tury, this study examines the TC impact on the PRD coastal regions by reproducing three 
intense landfalling TCs, namely Vicente (2012), Hato (2017), Mangkhut (2018), using a 
sophisticated air-wave-ocean coupled model of high spatial resolution (1-km atmosphere 
and 500-m wave and ocean). The simulations are conducted using present-day reanalysis 
data and the same TCs occurring in a pseudo-global warming scenario projected for the 
2090s. Results indicate that the coupled model accurately reproduces the air-wave-ocean 
status during the TC episodes. The 2090s thermodynamic status effectively increases 
the intensity of intense TCs, leading to more severe coastal hazards including gale, rain-
storm, and storm surges and waves. On average, the maximum surface wind speed within 
50–200 km to the right of the TC center can increase by 4.3 m/s (+22%). The 99th and 
the 99.9th percentile of accumulated rainfall will increase from 405 to 475 mm (+17.3%), 
and from 619 to 735 mm (+18.6%), respectively. The maximum significant wave height 
at the ocean is lifted by an average of 57 cm (+13.8%), and the coastline typically faces 
a 40–80 cm increase. The maximum storm surges are lifted by 30–80 cm over the open 
sea but aggravate much higher along the coastline, especially for narrowing estuaries. For 
Typhoon Vicente (2012), there is more than a 200 cm wave height increase observed both 
at open sea and along the coastline. In the 2090s context, a combination of mean sea level 
rise, storm surge, and wave height can reach more than 300 cm increase in total water level 
at certain hot-spot coastlines, without considering the superposition of spring tides.
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1 Introduction

Landfalling tropical cyclones (TCs) are intense weather systems that can cause a range of 
coastal hazards, including storm surges and waves, coastal erosion, wind induced damage, 
rainstorms, and secondary hazards like landslides and inland flooding (Tran et al. 2022; Wu 
et al. 2022). The impact of landfalling TCs can vary depending on the severity and location 
of the storm, as well as the vulnerability of the affected communities (Wang et al. 2008; 
Knutson et al. 2010, 2019; Chu et al. 2020). The Pearl River Delta (PRD) region, with its 
long and meandering coastline and well-developed economy, is highly vulnerable to TC-
caused coastal disasters (Chan 2008; Chen et al. 2020). Recent TCs, such as Typhoon Hato 
(2017) and Mangkhut (2018), have demonstrated the devastating impact these storms can 
have, causing widespread damage and losses (Liu and Chan 2020). The estimated direct 
economic loss due to Mangkhut (2018) and Hato (2017) in Hong Kong is about HK$4.60 
billion (~ US$ 590 million) and HK$1.21 billion (~ US$ 155 million), respectively (Choy 
et al. 2020). Meanwhile, the impacts of climate change on TCs have the potential to signifi-
cantly alter their influence on future coastal residents (Knutson et al. 2010; Tsuboki et al. 
2015; Tran et al. 2022). The global warming trend is expected to continue or even worsen 
in the rest of the twenty-first century (Knutson et al. 2010). A recent comprehensive assess-
ment by Knutson et al (2020) shows that a 2 °C anthropogenic global warming is projected 
to impact TC activity as follows: 1) Medium-to-high confidence in the increased precipita-
tion rates by around +14%, or close to the rate of tropical water vapor increase with warm-
ing; 2) Medium-to-high confidence in the  +5% stronger lifetime maximum surface wind 
speeds; 3) Medium-to-high confidence in a  +13% increase of the proportion of TCs that 
reach very intense (category 4–5) levels; and 4) The most confident TC-related projection 
is that sea level rise accompanying the warming will lead to higher storm inundation levels, 
assuming all other factors are unchanged (Knutson et  al. 2020). However, research con-
clusions are more mixed, and confidence levels are lower for the basin-scale or regional 
projections (Knutson et al. 2020; Bloemendaal et al. 2022). Due to the limitation in spatial 
resolution, Global Climate Model (GCM) studies also introduce large biases when repro-
ducing TC activities on a regional scale (Bloemendaal et al. 2022). These factors fall far 
short of satisfying the demand to guide regional climate change adaptation and resilience.

On a regional scale, air-sea interaction plays a crucial role in the development of TCs. 
As noted by Emanuel (1986), the ocean surface enthalpy fluxes transferred to the atmos-
phere are the main energy sources of TCs. The Coupled Model Intercomparison Project 
Phase 6 (CMIP6) model results indicate that in the future, there will be a warmer and 
fresher surface ocean. This implies an increased thermal stratification in a warming cli-
mate, which in turn will feedback on the TC development (Huang et al. 2015; Balaguru 
et al. 2016). Additionally, studies have shown that at extremely high surface wind speeds 
(30 m/s or higher), the roughness length, determined by the sea state, tends to plateau. This 
can maintain or even enhance the inner-core intensity of the TC (Moon et al. 2004; Chen 
et al. 2013). Numerical studies incorporating such effects can construct more realistic TC 
structures than atmosphere-only or even atmosphere–ocean coupled models (Davis et al. 
2008, Chen et  al. 2013; Wu et  al. 2019a). Consequently, operational centers such as the 
European Centre for Medium Range Weather Forecasts (ECMWF) are now using atmos-
phere-wave-ocean (AWO) coupled models to generate routine global products for better 
performance in TC forecasts (Mogensen et al. 2017; Magnusson et al. 2019). Incorporat-
ing a dynamically evolving 3-dimensional ocean model and a wave model at convection-
permitting scales (i.e., 4  km or finer; see Zhang et  al. 2011) is crucial to better capture 
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the TC-related coastal disasters on a regional scale. By generating crucial products related 
to coastal hazards across the atmosphere (wind and rainfall), sea wave (significant wave 
height), and ocean (storm surge level) from the synergistic framework, valuable support-
ing evidence can be provided to guide regional adaptation and resilience against TCs in a 
changing climate.

The objective of this study is to investigate the impact of future TC-related coastal dis-
asters on the PRD region in a changing climate, using a sophisticated AWO coupled model. 
The PRD region is home to numerous large populations and is a pivot of manufacturing, 
finance, and marine industries such as shipping and aquaculture in China. To achieve this 
objective, we examine three intense landfalling TCs since 2010, namely Vicente (2012), 
Hato (2017), Mangkhut (2018), in “parallel digital worlds”: a present-day world and a 
warming future world. Specifically, we conduct simulations using (a) present-day reanaly-
sis data and (b) the same TCs occurring in a pseudo-global warming (PGW) scenario pro-
jected for the end of the twenty-first century. We selected these cases not only because the 
Hong Kong Observatory hoisted the highest Typhoon Signal Number 10, but also because 
they made landfalls on the western flank of the PRD region. As a result, high winds pre-
vail to the right (dangerous semicircle) of the moving TC, covering the entire PRD. Sea 
water also piles up and creates severe storm surges on the right side of the TCs. This poses 
a greater danger to the PRD region compared to typhoons making landfall on the east-
ern flank. Conventional PGW experiments have been extensively used in atmospheric-only 
regional models such as the WRF (Chen et al. 2020, Jyoteeshkumar et al. 2021, Tran et al. 
2022). To our knowledge, this study is the first to implement PGW in an AWO fully cou-
pled system over the PRD region, achieving such high horizontal resolutions (1-km atmos-
phere and 500-m ocean and sea wave). The perturbated warming initial and boundary con-
ditions are derived from both atmosphere and ocean GCMs projected by the CMIP6 and 
enforced in both the atmosphere and the ocean components of the fully coupled system. 
The results of this study will provide valuable insights into the potential impacts of future 
TC-related coastal disasters on the PRD region and guide regional adaptation and resil-
ience against such disasters in the changing climate.

2  Modeling system and experimental design

2.1  The coupled ocean–atmosphere–wave–sediment transport (COAWST) 
modeling system

The COAWST system serves as the fundamental framework for this study. It is an agglom-
eration of open-source modeling components tailored to investigate coupled processes of 
the atmosphere, ocean, and waves in coastal regions. Since its release by the United States 
Geological Survey in 2010, it has been widely used in various studies (Warner et al. 2010). 
COAWST has been applied to examine several Atlantic TCs that caused considerable dam-
age in North America, such as Ivan (2004), Ida (2009), and Sandy (2012) (Olabarrieta 
et al. 2012; Zambon et al. 2014a, 2014b). In this study, we use COAWST v3.6, which com-
prises the following modules: (1) an atmospheric component named Weather Research and 
Forecasting Model (WRF v4.1.2); (2) a Regional Ocean Modeling System (ROMS) v3.7 
as an oceanic component; (3) a SWAN v41.31 as a sea wave component; and (4) a Model 
Coupling Toolkit (MCT) v2.6.0 as a coupler. The message passing of model variables 
between each pair of model components by the MCT is shown in Figure S1.
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In previous work by Li et al (2022), the COAWST has been customized and tuned exten-
sively to suit local weather and climate studies in the PRD region. It was used to investigate 
the impact of sea wave-wind interaction on TC development, including typhoon tracks and 
intensities. The current system builds upon this framework and is organized into a hierar-
chical architecture with two tiers, each tailored to simulate dominant physical processes at 
corresponding spatial scales (see Fig. 1). Tier 1 is designed for open sea scale modeling. 
The WRF model is configured with a horizontal resolution of 9 km × 9 km in its outermost 
domain (WRF D01). The ROMS and SWAN models (ROMS  + SWAN D01) are nested 
within WRF D01, with an ocean eddy-resolving resolution of 2.2 km × 2.2 km. The inter-
mediate domain for WRF (WRF D02) is embedded in ROMS  + SWAN D01 at sea, with a 
convection-permitting resolution of 3 km × 3 km. Tier 2 is designed to provide high spatial 
resolution for modeling the PRD coastal region. The innermost WRF domain (WRF D03) 
has a resolution of 1 km × 1 km and covers the entire PRD region. The innermost ROMS  + 
SWAN domain (ROMS  + SWAN D02) has a resolution of 500 m × 500 m and covers the 
Pearl River estuary and the nearshore sea.

The configurations for each of the three component models follow Li et al. (2022), with 
minor modifications made for computational efficiency. These modifications include a 
smaller mesh size in WRF D01/02 and ROMS  + SWAN D01. In addition, the number of 
vertical layers in the WRF model is reduced to 39 layers, but the number of vertical layers 
within 1,500 m above the surface is increased to 19 for improved accuracy in representing 
physical processes and structures in the planetary boundary layer. For air-wave interaction, 
we implemented Lin and Sheng (2020) scheme, which is embedded in the Mellor-Yamada-
Nakanishi-Niino (MYNN; Nakanishi and Niino 2004) planetary boundary layer scheme 
and associated surface layer schemes. Coupling frequency between each pair of the three 
components has been increased to 900  s considering the fine resolution in Tier 2 of the 
nested domains. Detailed configurations are summarized in Table  S1. Tide information 

(a) Tier I (b) Tier II (WRF)

(c) Tier II (ROMS+SWAN)

Fig. 1  Domain configurations for the COAWST. a Tier 1 consists of the outermost 9-km WRF D01, with 
the intermediate 3-km WRF D02 enclosed in the red box. The blue dashed box represents the 2.2-km 
ROMS/SWAN D01. Tier 2 includes b the innermost WRF 1-km D03 that covers the entire PRD region, and 
c the innermost ROMS/SWAN D02, with a horizontal resolution of 500 m, covering the Pearl River estu-
ary. The terrain height and bathymetry are shown using colored shading
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was obtained from the Oregon State University Tidal Prediction Software (OTPS; Egbert 
and Erofeeva 2002), which provides data on eight primary harmonic constituents (M2, S2, 
N2, K2, K1, O1, P1, Q1).

3  Experimental design

In this study, we selected three intense landfalling TCs  as research objects—Mangkhut 
(2018), Hato (2017), and Vicente (2012)—which caused significant impacts on the PRD 
coastal areas. These selected TCs were then simulated using the COAWST framework. 
Two groups of experiments were conducted: present-day control (CTRL) experiments and 
pseudo-global warming (PGW) experiments. The CTRL experiments aimed to reproduce 
the selected TCs and related coastal disasters with high fidelity, including rainfall, wind, 
storm surges, and storm waves. The PGW experiments aimed to simulate the same storms 
occurring in a global warming scenario projected for the end of the twenty-first century.

We utilized the high-resolution version of the Max Planck Institute Earth System Model 
(MPI-ESM-1–2-HR) from CMIP6 datasets to extract PGW signals (Gutjahr et al. 2019). 
We selected the MPI-ESM1-2-HR model because it provides the highest spatial resolution 
at that stage of all CMIP6 models, and it has reported improved performance in mid-lati-
tude storm track dynamics, atmospheric blocking, and quasi-biennial oscillation (Müller 
et al. 2018). Thermo-variables, including air temperature, humidity, sea water temperature, 
and sea water salinity, were extracted from 2090 to 2099 in the Shared Socioeconomic 
Pathways 5–8.5 (SSP5-8.5) scenario and 2005–2014 in the historical simulation. We chose 
this extreme scenario following the “tail risk stress testing” approach in risk management. 
This approach involves simulating extreme scenarios that have a low probability of occur-
ring but could have significant societal and economic impacts (Bhansali 2008). The cli-
mate differences between the two epochs in July–August-September were then added to 
the initial and boundary conditions of the WRF and ROMS models. We chose the climatic 
difference of the three months during which the selected TCs occurred, and they roughly 
coincide with the TC season in southern China (Lee et al. 2010). Figure S3 and figure S4 
show the changes in July–August-September 2090s for the SSP5-8.5 scenario, including a 
projected 2.4 °C warming of sea surface temperature (SST) in the outermost domain and a 
2.6 °C warming of the 25–50 m subsurface ocean. Specific humidity near the surface level 
is expected to increase by 3.0–4.0 g/kg, and the surface air temperature will increase by 
3.2 °C, with more than 6.0 °C warming in the upper level (near 250 hPa, see figure S4). We 
compared the results with the multi-model ensemble mean and a previous study by Chen 
et al. (2020) based on the CMIP5 output and found similar changes in variable magnitudes 
and large-scale patterns. To our knowledge, this is the first time the PGW method has been 
applied in a regional AWO coupled model to study future TC activities.

4  Results

4.1  Simulation basics and model evaluation

We begin by comparing the tracks and intensities of the selected TCs in both the CTRL 
and PGW experiments (WRF D02). The successful reproduction of TC evolutions in 
the CTRL experiments provides a higher level of confidence for future projections. As 
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depicted in Figs. 2a–c, the COAWST model performed quite well in capturing the tracks 
of all selected TCs, including the stable steering flow caused northwest-southeast tracks 
of Mangkhut (2018) and Hato (2017) from the western Philippine waters to the southern 
China coast. Notably, the model effectively simulated the subtle but essential episode 
of Vicente (2012), where it slowed down, southward deflected, and remained stagnant 
over the northern South China Sea near 111°E, 22°N on July 22, 2012, as the subtropi-
cal ridge northeast of the storm suddenly weakened (Chen et al. 2017). This southward 
track deflection is a typical behavior regarding the terrain effect over the western Guang-
dong Province, similar effect in Taiwan has been well archived by Wu et al. (2015).

Figures 2d–f and g–i display the TC central minimum sea level pressures (SLPs) and 
maximum 10-m wind speeds, respectively. It is noteworthy that the COAWST under-
estimates the central SLPs in all cases, which is a known bias of the WRF model, even 
in cloud-resolving resolution without vortex initialization (Wu et al. 2006; Tong et al. 
2018; Chang et al. 2020; Chen et al. 2020). To address this issue, we tested the insertion 
of the Rankine vortex to the initial condition based on the real TC intensity and location 
through the WRF TC “bogus” scheme in Hato (2017). However, this technique resulted 
in a remarkable overestimation of surface wind and unreasonably high storm surge lev-
els when compared with in-situ observations (discussed later). Compared with sea level 
pressure, wind speed is more crucial for assessing the impact of storm surges and waves 
(Wu et al. 2019b; Rautenbach et al. 2020), As a trade-off, experiments were conducted 

Fig. 2  a Tracks of Mangkhut (2018) represented by the black solid curve for CMA best Track data, the blue 
dashed curve for the CTRL experiment, and the red dashed curve for the PGW experiment. d same as a but 
for the TC’s minimum sea level pressure (hPa) evolution. g is same as d but for the maximum surface wind 
speed (m/s). b and c, e and f, and h and i show the same for Hato (2017) and Vicente (2012), respectively. 
All data are extracted from WRF D02
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without “bogus” TC to better simulate more direct coastal disaster indicators, despite 
the underestimation of central SLPs.

We compared the changes in tracks and intensities between the PGW and CTRL experi-
ments. To ensure the consistency of ensuing analysis, we used large-scale spectral nudging 
of steering wind with appropriate relaxation coefficients, and all TCs in the PGW experi-
ments kept similar tracks to those in CTRL. Additionally, since spectral nudging tends to 
suppress the TC intensity (Moon et al. 2018), we conducted experiments without nudging, 
and the results indicated that the tracks could deflect by hundreds of kilometers, although 
the minimum SLP deepened by around 5 hPa (Figure S5).

For intensity comparison between the PGW and CTRL, both Mangkhut (2018) and 
Hato (2017) exhibited a slight drop in the minimum SLP by 3–7 hPa, which is similar to 
recent studies on TCs impacting Southeast Asia (Chen et  al. 2020, Jyoteeshkumar et  al. 
2021, Tran et al. 2022). However, for Vicente (2012), we found a sharp drop in the cen-
tral SLP in the PGW experiment, which was 15 hPa lower than that in CTRL. The unu-
sual stationary track over the northern South China Sea allowed Vicente (2012) to absorb 
excess energy from the warmer and stabler ocean in a warming future. In the CTRL simu-
lation, the mean SST beneath the stationary location of Vicente (2012) in ROMS  + SWAN 
D01 dropped from around 29.3 °C to 27.5 °C, whereas in PGW, it dropped from around 
32.1 °C to 30.0 °C. Even after strong upper-ocean mixing by Vicente (2012), the SST is 
still warmer than the initial SST over that location in CTRL (Figure not shown). Regard-
ing the maximum surface wind speed in WRF D02, the time series show similar evolution, 
but intense peak wind strengthening can be found in the PGW. Mangkhut (2018) and Hato 
(2017) exhibited a peak surface wind speed that was approximately 4 m/s (~ 10%) higher, 
which is consistent with the results from Chen et al. (2020) study on three different TCs 
affecting the PRD in the far future (2075–2099). Particularly, Vicente (2012) even attained 
nearly 10 m/s (~ 30%) increase in maximum 10-m wind speed due to further intensification.

In addition to evaluating performance in tracks and intensities, evaluating the perfor-
mance of the COAWST using in-situ station-based observations are also important, as 
major coastal disasters caused by TCs are fierce wind, torrential rainstorms, and formidable 
storm surges and waves. Consequently, 10-m wind speed and accumulated rainfall are com-
pared with 2739 surface automatic weather stations in Guangdong province (Figure S4a). 
Quality control is implemented, and stations with accumulated rainfall less than 50 mm 
in each TC exposure are eliminated in rainfall evaluation. Table 1 shows that the model 
overestimates the wind speed by 1.2  m/s (+7.4%) with 5.7  m/s root mean square error 
(RMSE) during the TC exposure. For accumulated rainfall, the COAWST underestimated 
accumulated rainfall by 4.8 mm (-2.8%) across all qualified stations. While the RMSE is 
70.6 mm, relatively small mean bias and large RMSE indicate the model performs okay 
in reproducing the mean rainfall amount but poorly captures the fine-scale spatial distribu-
tion. We then compared storm surge levels using the Hong Kong Observatory tide gauges 
in Hong Kong (Fig. S4b). Tide-induced water level fluctuations relative to the Chart Datum 

Table 1  Station observations 
in comparison with model 
simulations

Mean bias Relative bias Root mean 
square error

10-m wind speed (m/s)  +1.2  +7.4% 5.7
Accumulated rainfall (mm)  − 4.8  − 2.8% 70.6
Storm surge level (m)  +0.13  +5.5% 0.35
Significant wave height (m)  − 0.56  − 9.3% 1.12
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were linearly combined with the pure storm surge level produced by COAWST to represent 
the total surge. Results indicate that the simulated surge level is overestimated by 0.13 m 
(+5.5%) with RMSE 0.35 m. The two metrics show that the model can reproduce the surge 
variability for the three cases with reasonable accuracy (order of 10  cm) in this region, 
similar to the magnitude compared with previous studies using various models (Wang 
et al. 2008; Yin et al. 2020; Chen et al. 2020). Following Li et al. (2022), significant wave 
height is compared with in-situ wave observations at four buoys (QF303, QF304, QF306, 
and QF307) located in the continental shelf sea in the northern South China Sea (see Fig-
ure S5c), within 100-km distances to the nearest coast. Due to limited data availability, 
the significant wave height is only evaluated for Mangkhut (2018), with −0.56 m (−9.3%) 
underestimation in mean bias and RMSE 1.12  m. Still, it shows the ability of the wave 
model to produce reliable wave height, given that the wind can be reasonably simulated by 
the atmospheric model.

5  Changes in wind and precipitation

Severe wind can cause dramatic damage in coastal regions, especially for metropolises 
such as Shenzhen and Hong Kong in the PRD region. During Mangkhut (2018), the col-
lapse of trees caused extensive road blockage, paralyzing land transportation. Broken win-
dows and falling debris due to building damages seriously threaten the safety of residents 
(Choy et al. 2020). Figure 3 estimates the grid-wise maximum 10-m wind speed change in 
WRF D02 using the PGW experiment minus the CTRL. Negative values are masked out 
for clarity.

All three cases result in an increase in the 10-m maximum wind speed in the PGW 
experiments for the areas exposed by the TC circulation, especially for the coastal area 
where it is exposed to the TC right-of-track. Please note that the difference in 10-m wind 
are probably coming from the variation (drift) of TC’s center in the two experiments rather 
than the change in intensity. To eliminate this effect, quantitative analysis based on the dis-
tance to TC’s center has been implemented. For example, the maximum 10-m wind speed 
within 50–200-km right to the TC center increases by 4.3 m/s (22%). Tran et al. (2022) 
attributed the increase in the TC right-of-track surface maximum wind speed to the faster 
transition speed of the TCs. While our study’s three cases cannot definitively conclude that 

Mangkhut (2018) Hato (2017) Vicente (2012)

Fig. 3  a Grid-wise maximum 10-m wind speed difference (in m/s) during the simulation period between 
PGW and CTRL simulations for Mangkhut (2018) in WRF D02. Negative values are masked out for clarity. 
b–c Same as a, but for Hato (2017) and Vicente (2012), respectively. The simulation period is defined as 
the period that the TC center is located within WRF D02
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TCs are moving faster, the stronger intensity of these storms will certainly contribute to 
higher wind speed exposure for vulnerable coastal regions. In the case of Vicente (2012), 
which experienced the largest intensity increment in the PGW experiment, large areas of 
increased wind speed were found within the coverage of the TC’s circulation. On average, 
the maximum 10-m wind speed within 50–200 km to the right of the TC center increased 
by 6.9 m/s (39%). In a warming future, special attention should be paid to TCs with sta-
tionary tracks, like Vicente (2012), as they are likely to experience abrupt and acute rapid 
intensification near the shore, resulting in much greater wind impacts on coastal areas 
(Fig. 3c).

TCs often bring torrential rainfall, which can cause severe flooding and landslides, 
adding to the list of coastal disasters associated with these storms. The resulting dam-
age to infrastructure, property, and loss of life can be catastrophic, particularly in low-
lying or densely populated areas. Figure 4 shows the grid-wise histogram of accumu-
lated rainfall (mm) and hourly rain rate within a radius of 500  km of the TC center 
over the lifetime (WRF D02). The blue solid curve represents the CTRL experiment, 
and the red dashed curve represents the PGW experiment. A robust accumulated rain-
fall increase was observed in all three cases, with an average of 96.9 mm in CTRL and 
107.9 mm in PGW, representing an 11.7% increase. Previous studies have shown that 
the global TC precipitation increases by slightly more than 7% per 1  °C of tropical 
SST warming (the Clausius–Clapeyron relation) in multiple climate model projections 
(Knutson et  al. 2020). Given that the domain-averaged additional SST perturbation 
is about 2.4  °C, an 11.7% increase in accumulated rainfall is slightly lower than the 
Clausius–Clapeyron relation. However, the extreme tails exhibit a slightly super-Clau-
sius–Clapeyron relation, suggesting that special attention should be paid to extreme 
rainfall events. As shown in Fig.  4a–c, the PGW experiment significantly increased 
the percentage of accumulated rainfall by more than 200 mm in the three cases, from 
11.0% to 13.9% (+26.4%). The 99th and the 99.9th percentile of accumulated rain-
fall threshold increased, from 405 to 475  mm (+17.3%), and from 619 to 735  mm 

Fig. 4  Histograms of grid-wise accumulated rainfall (in mm) larger than 50 mm within a radius of 500 km 
from the TC center in WRF D02. The blue curve represents the CTRL experiment, while the red curve 
represents the PGW experiment. a Mangkhut (2018), b Hato (2017), and c Vicente (2012) for accumu-
lated rainfall. d Mangkhut (2018), e Hato (2017), and (f) Vicente (2012) for hourly precipitation larger than 
5 mm/hr. All data are derived from WRF D02
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(+18.6%), respectively. For the hourly rain rate (≥0.1 mm/h), the 99th and the 99.9th 
percentile of hourly rain rate increased from 40.9 mm/h to 45.3 mm/h (+10.6%), and 
from 82.2 mm/h to 85.9 mm/h (+4.5%), respectively (Fig. 4 d–f). Of note is that signif-
icant increase in the high tail of the accumulated rainfall is not necessarily coinciding 
with the change in the high-tail hourly rainfall, because they may not occur at the same 
locations (grids). For the domain-wide (WRF D02) average rainfall duration of the 
three cases, if defined by the duration of hourly rainfall ≥0.1 mm, it increases slightly 
(+2.1%).

6  Sea waves and storm surges

TCs can cause devastating storm surges, which can be further exacerbated by spring tides, 
leading to catastrophic consequences such as flooding in low-lying areas, infrastructure 
damage, and loss of life, particularly in areas with poor drainage or inadequate flood pro-
tection. Local coastline geometry can also enhance flooding (Lowe and Gregory 2005, 
Wang et al. 2008; Wu et al. 2019a; Lin et al. 2019). Wave-surge and wave-current inter-
actions are important processes during storm surges and can be resolved by coupling a 
3-dimensional ocean model and a spectral sea wave model, such as COAWST (Olabarrieta 
et al. 2011; Benetazzo et al. 2013). Grid-level maximum significant wave height and storm 
surge height difference using PGW minus CTRL in ROMS  + SWAN D02 are shown in 
Fig.  5. The changes in maximum significant wave height exhibit a complex pattern due 
to sensitivity to TC tracks (Fig.  5a/c/e). We found that, by masking out the ocean grid 
approximating the shoreline (see Figure S6), the maximum significant wave height at the 
ocean is lifted by 57 cm (+13.8%) on average. Notably, there is a large difference between 
Hato (2017) and Vicente (2012). In the PGW experiment, the surface wind speed on the 
left-hand side of the TC does not increase for Hato (2017), limiting wave generation. More 
importantly, the track of Hato (2017) in the PGW experiment shifts eastward about 80-km 
before making landfall. Accordingly, high waves shift eastward and exceed the extent of 
ROMS  + SWAN D02. In contrast, more than a 200 cm wave height increase is observed at 
the open sea near the TC eyewall and along the coastline for Vicente (2012). Storm surge 
exhibits a relatively uniform increment pattern (Fig. 5b/d/f). On average, maximum pure 
surge levels are lifted by 30–80 cm over the open sea but increase much higher along the 
coastline, especially for narrowing estuaries where the maximum surge level can be lifted 
by up to 200 cm.

To better illustrate the effect on coastal regions, averaged changes for three cases on 
the oceanic coastal grids (see Figure S6) are shown in Fig. 5 g–h. More than a 200 cm 
increase in significant wave height is observed over the offshore islands facing the open 
ocean, while the mainland coastline typically faced a 40–80  cm increase. The lee side 
of islands generally did not face significant wave height increases more than 60 cm, and 
for most inner riverbanks, only a lower than 20  cm wave height increase can be found. 
Conversely, storm surge level is sensitive to coastline geometry (Fig. 5h), with the inner 
riverbanks facing more than a 60 cm increase in surge level. Most coastlines would face 
a 40–60 cm increase in storm surge, while only the sheltered Hong Kong central waters 
evaded the large surge level changes, with only a 20–40  cm additional water elevation. 
According to multi-model mean results from CMIP6, compared to the present-day clima-
tology (1995–2014), global mean sea level rise will be 0.65 m at the end of the twenty-first 
century (2081–2100) in SSP5-8.5 (Hermans et  al. 2021). In the context of the 2090s, a 
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combination of mean sea level rise, storm surge, and wave height can reach more than a 
300 cm increase in total water level at certain hot-spot coastlines, without considering the 
superposition of spring tides.

Fig. 5  a Grid-level maximum significant wave height difference (cm) and b storm surge level difference 
(cm) using PGW minus CTRL for Mangkhut (2018) in ROMS  + SWAN d02, c–d and e–f, same as a–b but 
for Hato (2017) and Vicente (2012), respectively. g and h, three-case averaged coastal grid maximum sig-
nificant wave height difference (cm) and storm surge level difference (cm). All data are derived from ROMS  
+ SWAN D02
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7  Conclusions and discussion

The PGW experiments, carried out by a novel AWO coupled model, mimic the thermody-
namic conditions expected in the 2090s. The results suggest that changes in intense tropical 
cyclones (TCs) could have a significant impact on the PRD region, home to large popu-
lations, and the pivot of manufacturing, finance, and marine industries in China. Several 
coastal disaster indicators, including surface maximum wind speed, accumulated rainfall, 
hourly rain rate, storm surge height, and storm wave height, become more severe in the 
PGW experiments as the intensity of the selected TC cases increases. Our study highlights 
the particular concern of typhoons like Vicente (2012), which have stationary tracks and 
remain in warm waters for a long time. In a warming future, the warmer and stabler surface 
ocean, even after a long TC-induced "cold wake", which has an important negative feed-
back on TC intensity (Bender and Ginis 2000; Knutson et al. 2001), cannot weaken these 
types of TCs. They tend to experience abrupt and acute rapid intensification nearshore, 
resulting in a much shorter response time and greater impacts on coastal areas.

Our analysis focused on the extreme values in the wind speed distribution, and we 
found that the maximum 10-m wind speed within 50–200 km to the right of the TC center 
increased by 4.3 m/s (or 22%). For Vicente (2012), the increase was even greater at 6.9 m/s 
(or 39%). The increase in the TC right-of-track surface maximum wind speed may be 
attributed to the faster transition speed of the TCs, while the stronger intensity of these 
TCs tends to bring wind impacts further inland (Tran et al. 2022). Regarding the rainfall 
impact, we observed an average 11.7% increase in accumulated rainfall, corresponding to 
a slightly less than 7% per 1 °C increase relative to tropical SST warming (the Clausius-
Clapeyron relation). It is noteworthy that the percentage of accumulated rainfall by more 
than 200 mm will increase by 26.4%, and the 99th and 99.9th percentile of accumulated 
rainfall threshold will increase by  +17.3% and  +18.6%, respectively. The greater than 7% 
per 1 °C increase of the right tail of the rainfall distribution indicates much more severe 
extreme precipitation caused by TCs, significantly increasing the risks of coastal landslides 
and flooding in a warming future.

Previous studies have shown that, assuming all other factors are unchanged, the most 
confident TC-related projection is that sea level rise accompanying the warming will lead 
to higher storm inundation levels (Knutson et  al. 2020). In this study, we went beyond 
previous research by considering the surface wave component and its coupling with the 
3-dimensional ocean and atmosphere. Simulation results show that even without consider-
ing the mean sea level rise and spring tides, stronger TC intensity in a warming climate can 
already push more than 100 cm of additional water level to most PRD coastlines by com-
bining surge level and wave height changes. Given the significant uncertainties in mean 
sea level rise, especially for the mass loss in Greenland and Antarctic ice sheets (Hermans 
et  al. 2021), from a risk management perspective, we suggest a stress test considering a 
total water level increase of more than 300 cm in the PRD region due to storm surge in 
the context of the 2090s, even without considering the overlap with spring tides. Such an 
approach would help to ensure that the PRD coastal areas and their populations are better 
prepared for future climate risks and can adapt to the potential impacts of TCs on coastal 
flooding.

It is important to note that our current study has several limitations. We have only 
examined three intense landfalling TCs since 2010s. The small sampling size would cause 
potential bias in future projections. Exclusively selecting the MPI-ESM-1–2-HR model for 
future climate scenarios may restrict the intensity of these TC cases simulated by the PGW 
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method, because study has shown a cold bias of the MPI-ESM-1–2-HR model compared 
with multi-model ensemble mean (Xu et al. 2021). Further studies, especially with a much 
larger sample size and multi-model ensemble climate change signals, are needed to con-
firm the current findings and explore other potential impacts of future changes in intense 
TCs on the PRD coastal regions. Meanwhile, it is important to acknowledge the limitations 
of our approach in studying the storm surge impact, as we did not use an inundation model 
to estimate the extent and depth of coastal flooding during storm surge events. This limita-
tion may have restricted our ability to fully quantify the potential impacts of climate change 
on storm surges in the PRD region. Many other important parameters, e.g. the potential 
shift of the TC tracks in the warming climate and potential rapid intensification or rapid 
weakening of TCs over the study region are needed to investigated by ensemble simulation 
technique or expand the TC sample size. Ensemble technique also support robust statistical 
analysis based on impact indices such as the power dissipation index (PDI, Emanuel 2005) 
and cyclone damage potential (CDP, Holland et al. 2019), which can be further incorpo-
rated to study the TC changes.
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