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Abstract. Tropical cyclones (TC) in the western North Pacific, known as typhoons, cause significant socioeconomic damage
in East and Southeast Asian countries. The city of Shanghai in China is highly vulnerable to TC damages. For example,
Typhoons Bebinca and Pulasan recently (September 2024) struck the city, resulting in widespread flooding, power outages, and
the evacuation of more than half a million residents, while also breaking local rainfall records. Despite these threats, there is
limited knowledge about the variability and mechanisms of TC activities in this region under climate change and urbanization.
Here, we use the Weather Research and Forecasting (WRF) convection-permitting model to simulate five TC events that made
landfall along the southeastern coast of China and severely impacted Shanghai between 2018 and 2022. Different scenarios are
conducted, including considering a future expansion of Shanghai’s urban area and increases in sea surface temperature (SST)
by 1, 2, and 3 °C. The results indicate that while SST warming significantly shifts TC tracks away from the city, the local
risk continues to increase due to substantial enhancement of rainfall intensity and wind velocity. Warmer SST increases air
temperature and decreases sea level pressure, thereby facilitating the formation and development of TC sizes and intensities.
Furthermore, we find a consistent southward shift of the TC tracks that can be linked to the Fujiwhara effect, a phenomenon
that occurs when two typhoons interact, causing a mutual counterclockwise rotation. Compared to SST changes, urbanization
has a limited influence on TC tracks and structures. The increase in surface roughness due to urban expansion reduces wind
velocity but enhances the rainfall intensity within Shanghai, further exacerbating local risk. These findings could improve our
understanding of typhoon variability under the combined effects of urbanization and climate change, as well as the risks they

pose to Shanghai and other megacities in TC-prone regions.

Tropical cyclones (TC) are accompanied by heavy precipitation, strong winds, and storm surge. They are one of the most
devastating natural disasters in the world, which can result in widespread pluvial, fluvial, and coastal flooding (Peduzzi et al.,
2012; Rappaport, 2000; Qin et al., 2024; Geiger et al., 2024). China is highly vulnerable to TC hazards, also known as typhoons;
in fact, the western North Pacific (WNP) region accounts for almost one-third of the world’s annual TC (Huang et al., 2022)
and is characterized by the highest occurrences of TC landfall in the world (Fudeyasu and Wang, 2011). From 1979 to 2018, a
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total of 303 typhoons were generated in WNP and made landfall in China (Li et al., 2022). On average, China is affected by 7-8
TCs per year (Li et al., 2022), with about USD 9.1 billion of direct economic losses annually (Qin et al., 2024). Typhoons in
China predominantly occur between June and October, peaking from July to September, aligning with the East Asian monsoon
season, when elevated sea surface temperatures in the Western Pacific Ocean drive TC development (Chang et al., 2012; Zhao
et al., 2024). Over recent decades, the population of China has been rapidly moving to coastal cities compounded by fast urban
expansion, and this trend is predicted to continue (Qin et al., 2024). Hence, the escalating risk in these coastal cities from
typhoon-induced hazards demands urgent attention.

Shanghai is the largest city on the southeast coast of China, with a population exceeding 24 million. On average, Shanghai
experiences about two to three typhoons per year (Shi and Cui, 2012). Although it is relatively uncommon for TC to pass
directly over the city (Fogarty et al., 2006), Shanghai still encounters substantial costs when TC directly strikes or indirectly
threatens. For example, typhoon Chan-Hom in 2015 made landfall in Shanghai with wind speeds exceeding 160 km h~1,
causing the evacuation of over 850,000 people as a precaution, with damage costs estimated at around USD 1.5 billion (Liang
et al., 2016). Recently, in September 2024, Shanghai was directly impacted by two typhoons within 4 days. These typhoons,
Bebinca and Pulasan, with the former being the strongest landfall typhoon in Shanghai since 1949, caused severe flooding,
extensive power outages, and the evacuation of over 500,000 residents (Hall and Woo, 2024; Channel News Asia, 2024).
Notably, typhoon Pulasan broke local rainfall records, with some meteorological stations in Shanghai receiving up to 300 mm
of rain within 6 h (Xinhua News, 2024). Shanghai has experienced rapid growth in both urban areas and population over the
last 30 years, nearly doubling its population since the 1990s and expanding its urban footprint significantly due to extensive
economic development and urbanization (from 11 to 25 million during 1978-2022, Shanghai Statistics Bureau, 2022). As the
city is expected to expand further, the risk of exposure to TC damages is likely to increase.

Although there is not much evidence that supports an increasing trend in global TC occurrences in recent decades (Knutson
et al., 2021), there are some indications that climate warming is contributing to TC intensification, with a greater likelihood in
severe (i.e., category 3-5) TC events (Kossin et al., 2020). Guzman and Jiang (2022) reported a 21% increased TC rainfall in
the Northern Hemisphere from 1998 to 2016, and Pérez-Alarcén et al. (2023) projected a further increase of 9.5%-17% in TC
rainfall by 2071-2100 following the future Shared Socioeconomic Pathways (SSPs) SSP2-4.5 and SSP5-8.5 climate scenarios.
Moreover, Tran et al. (2024) stressed an amplified rainfall increase in the TC inner core under the SSP2-4.5 and SSP3-7.0
scenarios.

Sea surface temperature (SST) is one of the most important predictors that affect TC activities in response to global climate
change (Knutson et al., 2013; Stansfield and Reed, 2023). A high SST of 26°C is considered the global threshold for TC
formation (Defforge and Merlis, 2017). SST has been reported to correlate strongly with TC intensification: Holland (1997)
showed that large sensible and latent heat fluxes caused by high SST contribute to the generation and intensification of TC;
Tao and Zhang (2014) found that higher SST and moisture allow TC to form faster and resist stronger shear; Kanada et al.
(2017) revealed that high SST facilitates deep and intense updrafts inside the radius of maximum wind speed, leading to storm
intensification; and Lin et al. (2015) showed that TC rainfall area is controlled by its environmental SST relative to the tropical

mean SST (so-called relative SST), while rainfall rate increases with absolute SST. SST in most oceans and seas is experiencing
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pronounced changes due to global warming (Tang et al., 2020). According to the IPCC Sixth Assessment Report (IPCC, 2023),
global mean SST increased by 0.88from 1850-1900 to 2011-2020, with 0® of this increase occurring between 1980 and

2020. The SST in the East China Sea has increased rapidly since the 1970s, rising at ve times the global mean SST during the
warming acceleration period (Tan et al., 2016). Understanding how continued warming SST impacts TC is essential for future
hazard projections.

Urban expansion is another key fact that has had a signi cant in uence on rainfall patterns (Torell6-Sentelles et al., 2024, 2025;
Zhuang et al., 2024a). Based on a meta-analysis of 85 studies, Liu and Niyogi (2019) summarized that cities act to increase
rainfall amounts by 11%-22% in comparison with their surroundings. The mechanisms through which urban areas impact
rainfall include: (i) the urban heat island (UHI) effect, which increases moisture convergence and convection (Shem and
Shepherd, 2009; Shepherd et al., 2010); (ii) urban surface roughness, which facilitates atmospheric convergence (Niu et al.
2011); and (iii) aerosol concentrations that operate as cloud condensation nuclei (Van den Heever and Cotton, 2007). However
most of these mechanisms have been studied based on non-TC rainfall. Focusing on TC rainfall, Wu et al. (2024) found that the
urbanization process enhances rainfall rates after the TC landfall, while Ao et al. (2022) reported that urban-enhanced dynamics
are not enough to intensify the TC rainfall. These contradicting ndings point out that our understanding of urbanization's
impacts on TC activities is still limited.

To address the above-mentioned gaps in projecting future typhoon patterns, we use a convection-permitting model to
investigate how TC events change under different SST warming scenarios over the southeast coast of China and urbanizatiol
scenarios in Shanghai. Here we are not questioning how the frequency of TC will change in this region but rather how future
increases in SST and further expansion of the city will affect typhoon strength (i.e., rainfall intensity and near-surface wind
velocities) and trajectories, and how this will impact the risk exposure in Shanghai. Furthermore, we will also discuss the
contribution and underlying mechanisms of urban expansion, the effects of SST on TCs, and the implications for coastal cities
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2 Study area, typhoon events, and data

As mentioned above, Shanghai is the largest metropolis on the southeastern coast of China and is highly exposed to typhoo!
risks (Wang et al., 2018; Yin et al., 2021). With the compounding effects of rapid urbanization and ongoing climate change,
there is a considerable increase in Shanghai's risk of exposure to typhoon-related hazards. Here we only consider the main cit
area of Shanghai as the study area (marked in Figure 1), excluding Chongming Island and other small islands nearby.

Among the TCs affecting Shanghai, particularly those that make landfall in the city in recent years, ve were selected
for in-depth analysis, summarized in Table 1. These typhoons are chosen based on the following criteria: (i) their landfalls
directly impact Shanghai or have a noticeable effect on the city; (ii) their occurrences are during the main TC season (July to
September); and (iii) their tracks generally move northwestward, which is the prevailing trajectory for TCs that make landfall
in southeastern China (Shan and Yu, 2021). Since 1990, only seven typhoons (including Fung-Wong in 2014, Bebinca in 2024,
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and Co-may in 2025, in addition to those listed in Table 1) have made landfall in Shanghai. After applying the above selection
criteria, the cases selected here provide an effective representation of all major typhoon landfalls affecting the city.

Observed TC data provided at 3 h intervals, including the TC center location, minimum sea level pressyig (BER)]),
and maximum 10-m wind speed (&' [m s! ]), are obtained from the China Meteorological Administration Tropical
Cyclone Database (Ying et al., 2014; Lu et al., 2021). In the following section, we describe the data that is required for
the model setting.

Table 1. Summary of the simulated TC events.

) Number of
) Economic loss .
Event Typhoon Date Duration [h] people affected  Landfall region
[billion USD] .
[million]
. Zhejiang, Shanghai,
1 Muifa ~ 13/09/2022 42 0.28 1.17
Shandong, Liaoning
2 In-fa 24/07/2021 66 0.48 271 Zhejiang
3 Rumbia  16/08/2018 48 5.23 14.94 Shanghai
4 Jongdari  02/08/2018 42 0.05 0.33 Shanghai
5 Ampil  21/07/2018 36 0.23 1.44 Shanghai
3 Methods

3.1 Model set up and experimental design

We use the convection-permitting Weather Research and Forecasting model (WRF, Skamarock et al., 2021) to simulate TCs a
3 km and 1 h resolutions. The model initial and boundary conditions are provided by the National Centers for Global Forecast
System product (GFS, NCEP, 2015), with a horizontal and temporal resolution of@n@% h, respectively. The Moderate
Resolution Imaging Spectroradiometer (MODIS) land cover product at 15 s spatial resolution (Broxton et al., 2014) de nes
the land use and cover. Daily SST data are obtained from the Group for High Resolution Sea Surface Temperature (GHRSST)
global Level 4 dataset, with a resolution of 0.ZBIASA/JPL, 2020) and are updated during the WRF simulations.

Two domains of WRF (one-way nesting) are shown in Figure 1: DO1 with a spatial resolution of 9 km (430 x 362 horizontal
grids) and DO2 with 3 km (526 x 535). The inner domain covers southern and southeastern China and part of the WNP region
(East- and South China Sea). Vertically, the domains stretch up to 50 hPa, comprising 45 layers and using hybrid (sigma-
pressure) grids. The WRF Single-Moment 6-Class (WSM®6) graupel scheme (Hong and Lim, 2006), Yonsei University (YSU)
scheme (Hong et al., 2004), and Old Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) scheme (Grell et al., 1994)

are used to account for radiation, microphysics, planetary boundary layer, and surface layer processes, respectively. The Kain






