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Abstract. Tropical Cyclone Vamei, which emerged at 1.5° N on December 27, 2001, challenged the prevailing idea that
near-equatorial areas are safe from storm surges, as it resulted in localised flooding in Singapore and Malaysia, revealing a
rare yet critical regional hazard. Thus, we investigated storm surge risk assessment in Singapore based on numerical
simulations using Delft3D in multiple scenarios. We first validated the accuracy of our simulation results by comparing them
with nine observation points around Singapore Island. We then conducted the simulations as a suite of alternative scenarios
created by moving the known track of Tropical Cyclone Vamei, modelling more intense storms corresponding to a 1-in-
1000-year scenario and considering future sea level rise induced by global warming. When a 1000-year probability of
occurrence was assumed, the maximum storm surge height around Singapore increased to 0.595 m. For a 1000-year cyclone
with its path shifted 0.8° southward, sea level rise scenarios of +0.7 m and +2.0 m resulted in inundation areas of 34.5 km?
and 90.7 km?, respectively. While the calculated storm surge height remained largely unchanged despite future sea level rise,
the inundation area in Singapore expanded significantly. This indicates that sea level rise is a primary contributor to this
expansion, highlighting the importance of considering future sea levels in inundation assessments. Further research is
necessary to assess potential changes in the frequency and intensity of tropical cyclones impacting Singapore under future

climate scenarios.

1 Introduction

Storm surges induced by tropical cyclones have threatened coastal communities worldwide (Dasgupta et al., 2011) and can
induce severe economic losses; for example, Neumann et al. (2015) estimated that asset losses due to storm surges and rising
sea levels in the USA could reach $990 billion by 2100. Therefore, investigating storm surge hazards is a critical issue for
coastal regions. The coasts in Southeast Asia, including Singapore, have the potential risk of severe surge hazards. Indeed,
eight out of the ten most densely populated metropolitan areas around the world are at risk from storm surges in Southeast

Asia (SwissRe, 2017).
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Tropical cyclones are rarely observed within 5 degrees of the equator (e.g., Gray, 1968; Anthes, 1982; McBride, 1995;
Chang et al., 2003) because the Coriolis effect is minimal in these latitudes. This implies that the risk of tropical cyclones
and storm surges near the equator is likely negligible. However, this assumption was challenged by Tropical Cyclone Vamei,
which formed offshore of western Borneo, southeast of Singapore, on December 27, 2001. This event marked the first
recorded tropical cyclone formation within 1.5° of the equator (Chang et al., 2003). The unique formation of tropical cyclone
Vamei has since been the subject of several simulation studies (e.g., Chambers and Li, 2007; Juneng et al., 2010; Yi and
Zhang, 2010). Chang et al. (2003) estimated its return period to be a rare 100-400 years. Given the extreme rarity of such an
event, a thorough understanding of the factors contributing to tropical cyclone formation and the associated storm surge risks
in this equatorial region is critically needed. Despite this, the specific risk of storm surge from a tropical cyclone in this

particular region still needs to be investigated.

Downward counterfactual analysis is an analytical approach that evaluates the potential outcomes of alternative scenarios by
comparing them to a historical event (Woo, 2016; 2019). In storm surge risk analysis, this method allows researchers to
examine scenarios such as varying the intensity or path of a tropical cyclone, modifying protective measures like seawalls or
drainage systems, or even considering land reclamation projects that alter the coastal landscape. Comparing such scenarios to
a historical event makes it possible to assess the relative risk posed by different outcomes. This approach was previously
applied to Tropical Cyclone Vamei by Lin et al. (2020), who investigated the consequences of a downward track shift
resulting in a direct landfall on Singapore. However, their analysis centered on wind-related impacts, leaving the potential

for coastal inundation from storm surge unquantified.

Building upon their work, we investigated the storm surge hazard around Singapore through numerical simulations in

multiple scenarios, focusing on Tropical Cyclone Vamei.

2 Study area

Singapore, located at 1.290270° N latitude, and 103.851959° E longitude, is a low-lying, maritime city-state with
approximately 5.7 million inhabitants (Fig. 1). Land use and land-cover changes in the past century have been transformed
by industrialisation and urbanisation processes (Wang et al., 2015). Especially between the 1970s and the 1990s, the
transformation was most dramatic because of the rapid expansion of built-up areas for residential estates, industrial and
commercial use, and transportation infrastructure in the southeast and southwest of Singapore (Fong et al., 2020). The port
and maritime industry in Singapore is valued at about 20 billion USD (accounting for 7 % of its total gross domestic
product) and has an annual throughput of 140,000 vessels transporting 33.9 million containers (Maritime and Port Authority
of Singapore, 2014). Its landscape consists of one main island, located at the southern tip of the Malay Peninsula, and

approximately 45 smaller offshore islands (Tun, 2012). The Singapore Strait, south of Singapore, is one of the busiest
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shipping routes in the world (Chen et al., 2005; Tkalich et al., 2013). The tidal currents in the Strait are also greatly affected
by the northeast monsoon (Chen et al., 2005). Recent observations have further demonstrated that both tidal forcing and

monsoonal winds strongly influence the nonstationary behaviour of coastal currents offshore Singapore (Puah et al., 2024).
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Figure 1: Location of our study area. (a) D1-D3 shown in the figures indicate the computational domains 1-3. The location of the
observation points of the water level at RL is also shown. The green line is the actual path of Tropical Cyclone Vamei, reported by
JMA, and the dashed black lines are the tropical cyclone paths when the path moves southward from the path of Tropical Cyclone
Vamei with an interval of -0.2 degrees. (b) Numerical computational domain in D3. Locations of observation points of the tide that
are Bukum (BK), Raffles Light house (RL), Ubin (UB), Tanjong Changi (CH), Sultan Shoal (SS), Tanah Merah (TM), Jurong
(LC), Sembawang (SE), and West Coast (WC) are shown. (i) and (ii) are Tekong Island and Pulau Ubin.
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3 Data and Methods

Computational modelling of impact scenarios is crucial in understanding the potential consequences of extreme weather
events (Tadesse et al., 2020). This study applies Delft3D, a modelling framework widely used to simulate storm surges

(Deltares 2011).

Therefore, this section describes the methodology and the data requirements for modelling, the development process using

Delft3D, and the presentation of results to enhance the understanding of storm surge hazards.

3.1 Storm surge simulation during Tropical Cyclone Vamei

Delft3D/SWAN (Deltares, 2011) was used to calculate the wave and current fields using the same schemes as Watanabe et
al. (2017, 2018). We applied Delft3D, with one vertical layer, which implements the shallow water equations to calculate
water elevation and current fields, then passes the numerical result to SWAN (Deltares, 2011). SWAN calculates spectral
parameters of the wave field via the conservation of wave action. Then, SWAN passes the numerical result for radiation

stresses back to Delft3D so that wave setup and current field induced by wave setup are calculated.

We conducted domain decomposition to output our simulation results around Singapore with fine computational grids. The
model resolution was 0.018° for domain D1, 0.0028° for D2, and 0.00048° for D3 (Fig. 1a, and b). Hasan et al. (2016)
revealed that a finer resolution of numerical grid cells is needed to reproduce the current tidal situation around Singapore
because headlands and small islands influence the bathymetry. Therefore, we conducted domain decomposition and adopted
a finer resolution around Singapore in D3. We output simulation results in D3 to reveal storm surge hazards in Singapore.
High-resolution bathymetry and elevation data are required to capture the subtle variations in terrain that affect the precise
representation of flood-prone areas during storm surge events. For the simulation, we set Manning’s roughness coefficients

as 0.025 m-1/3 s over beaches, seafloor, and artificial objects such as paved surfaces, following Kotani et al. (1998).

The track of Tropical Cyclone Vamei was observed by the Japan Meteorological Agency (JMA) and the Joint Typhoon
Warning Center (JTWC) best-track datasets, which are both included in the IBTrACS (International Best-Track Archive for
Climate Stewardship) version 4 dataset (Knapp et al., 2010; Knapp et al., 2018). Observations by JMA showed the
maximum wind speed was 45 kt (10-minute mean wind speed), the minimum central pressure was 1006 hPa, and the
duration of the tropical cyclone was 18 hours. While observations by the JTWC showed that the maximum wind speed was
65 kt (1-minute mean wind speed), the minimum central pressure was 1008 hPa, and the tropical cyclone's duration was 12

hours (Table 1). Although the cyclone was short-lived, its impact was devastating, unleashing significant flooding and
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mudslides in the Johor and Pahang states of Malaysia, which border Singapore to the north, resulting in the evacuation of

over 17,000 people and reports of five deaths (Johnson and Chang, 2007).

The data on the behaviour of Tropical Cyclone Vamei used in this calculation were created following Bricker et al. (2014).
The observed tropical cyclone path and the central pressure of the tropical cyclone were input into the parametric hurricane
model of Holland (1980) to estimate air pressure and wind fields (Fig. 2). To account for these fields' asymmetry due to the
tropical cyclone's forward motion, the method was modified following Fujii and Mitsuda (1986). The radius to maximum
winds was estimated using the empirical relation of Quiring et al. (2011). Tides are included using the Global Tide database
TPXO (TPXO, 2014) as a boundary condition of the first domain in the hydrodynamic model. Before the simulation, we
calibrated the tidal current's input time series to reproduce the water level time series at tide gauge points (see Appendix 1).
Topography and bathymetry were obtained from GEBCO (IOC et al., 2003) and SRTM data (NASA, 2014). Around
Singapore, we used the data from Hydrographic and Nautical Charts (Navionics, 2023), a 10 m Digital Terrain Model
(DTM) model from Singapore Land Authority (SLA), GEBCO (IOC et al., 2003), Malaysia land boundaries (Hijman and
University of California, 2015), Indonesia land boundaries (Humanitarian Data Exchange, undated), Singapore boundaries
(Urban Redevelopment Authority, 2019). The calculation time is three days, from 24 to 27 December 2001. The tide
calculation was spun up for three days from 24 to 27 December. From 0:00 on 27 December, the wind and pressure fields
were added to the input to calculate storm surges and waves. We conducted the two simulations using tropical cyclone

speed, minimum central pressure, and tropical cyclone path observed by JMA and JTWC (Table 1).

When the track observed by JMA was used, we set the simulation from 0:00 to 18:00 in January. When the track observed
by JTWC was used, we set the simulation from 0:00 to 12:00 January. The simulation durations were set to match the
respective observation periods of the tropical cyclone as recorded by the JMA and the JTWC. Tide gauge data are corrected
at nine observational points, including Bukum (BK), Raffles Light house (RL), Ubin (UB), Tanjong Changi (CH), Sultan
Shoal (SS), Tanah Merah (TM), Jurong (LC), Sembawang (SE), and West Coast (WC) (Fig. 1b). We compared the

calculated maximum water level and observed ones by MPA (personal communication) to validate our simulation results.
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JMA
Year. Month. Day. Hour (h) Latitude (Deg) Longtitude (Deg) Central Pressure (hPa) Wind speed (kt)
2001.12.27.00 1.5 105.2 1008 40
2001.12.27.06 1.5 104.4 1006 45
2001.12.27.12 1.6 103.9 1008 35
2001.12.27.18 1.7 103.2 1010 -
JTWC
Year. Month. Day. Hour (h) Latitude (Deg) Longtitude (Deg) Central Pressure (hPa) Wind speed (kt)
2001.12.27.00 1.5 105.1 1008 65
2001.12.27.06 1.5 104.4 1008 65
2001.12.27.12 1.6 103.7 1008 45

Table 2: The paths, central pressures, and wind speeds of the tropical cyclone Vamei reported by JMA and JTWC.

(a) Tropical Cyclone Vamei (b) 1000-year tropical cyclone
50

/w) psads puipn

Figure 2: Distribution of wind fields generated using the Holland (2010) model for 0:00 on 27 December. (a) The wind field
135 assuming the actual parameters of Tropical Cyclone Vamei. (b) The wind field assuming a hypothetical Category 2 tropical
cyclone with a 1000-year return period.

3.2 Defining the design tropical cyclone: Intensity and Size

We also ran scenarios based on an increase in the typhoon's intensity. We achieved this by considering the return period
140 using the generalised Pareto distribution (GPD). The generalised Pareto distribution (GPD) (e.g., Coles 2001; Mclnnes et al.
2016) was employed for the typhoon intensity.
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where ¢ and o are the shape and scale parameters, and  is the threshold.

In this study, we set u as the threshold representing the maximum wind speed and y as the maximum wind speed. The
parameters in Equation (1) were estimated using the L-Moments method proposed by Hosking (1990). For this estimation,
we obtained the observed tropical cyclone data from the Northern Pacific during 2001-2025, published by the JMA. Once
the maximum wind speed for a given return period was estimated, the corresponding minimum central pressure was
determined using an empirical wind-pressure relationship (WPR) that we developed from the regional JMA dataset.
Subsequently, the typhoon's size was defined by calculating the radius of maximum winds (RMW) using the empirical
model proposed by Quiring et al. (2011). Finally, we estimated the maximum storm surge around Singapore for scenarios

with assumed 1000-year return period tropical cyclones.

We assumed the maximum wind speed is 45 knots, which is the maximum observed wind speed of 45 knots by JMA (Table
1). This is because the calculated storm wave heights were consistent with the observation values when the JMA dataset was
used as described in Section 4.1. We collected JMA datasets on the typhoon's date and time, minimum central pressure, and
maximum wind speed when it exceeded 45 knots. We employed observational tropical cyclone data from a geographically
and climatically relevant sub-region of the western North Pacific, specifically defined as 0-15°N latitude and 100-125°E
longitude (southern South China Sea).

This targeted selection is based on several key considerations. First, we excluded data from higher latitudes to mitigate
potential biases, as previous studies indicate that cyclone activity varies significantly between regions above and below 20°N
in the western North Pacific, particularly in terms of seasonality and trends (Wang et al., 2025; Widana et al., 2025). Second,
the chosen domain is close to Singapore and exhibits similar large-scale atmospheric and oceanic conditions that are crucial
for the formation of tropical cyclones capable of impacting equatorial areas. Notably, the tropical cyclone climatology of the
South China Sea is influenced by monsoon-driven variations in large-scale parameters. For instance, cyclones in the northern
South China Sea peak from July to September, while those in the southern region (below 15°N) peak from October to
December. Thus, our chosen sub-region (0-15°N latitude and 100-125°E longitude) effectively captures the climatology of
tropical cyclones that typically occur from October to December, aligning directly with the occurrence of Typhoon Vamei in

December.

We then estimated the cumulative probability of the maximum wind speed of the cyclones using equation (1). From the
estimated cumulative probability, we calculated the annual cumulative probability versus the maximum wind speed of the
typhoon. The estimated return period of Tropical Cyclone Vamei was 100—400 years (Chang et al., 2003), so we assumed

that the return period of Tropical Cyclone Vamei was 250 years. This assumption was used to constrain the model
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parameters. Specifically, the threshold u in equation (1) is 45 knots, calibrating the model to yield a 250-year return period

for the observed intensity of Tropical Cyclone Vamei.

3.3 Simulation cases

The downward counterfactual approach allows researchers to analyse storm surge risks by simulating alternative scenarios
based on historical events (Woo, 2016, 2019; Lin et al., 2020). We applied the downward counterfactual approach to
determine the worst-case scenario of storm surge events around Singapore. This approach aids in understanding the
influence of factors such as storm characteristics, protective measures, and environmental changes on storm surge risks. In
this context, using Delft3D, a versatile modelling framework, holds immense potential for simulating storm surges and
informing risk management strategies. In this case, the downward counterfactual approach simulates alternative storm
scenarios by modifying parameters such as storm intensity, size, translation speed and path within the Delft3D model. By
comparing the results of these simulations with the Vamei event in 2001, we have regionally validated a metric-based
assessment of the relative storm surge risk associated with different scenarios. Our approach also identifies critical factors

contributing to storm surge risks and provides valuable insights for risk management strategies.

We assumed that the end-of-search criteria of the downward counterfactual approach are cases where maximum storm surge
is generated around Singapore. If the tropical cyclone's path moves southward, the strong wind speed of the tropical cyclone
is expected to strike Singapore (Fig. 1a). Tropical Cyclone Vamei is classified as a Category 1 cyclone (Chen et al., 2005).
Thus, this study models a hypothetical intensified scenario in which Vamei reaches 1000-year intensity. According to the
projection by CCRS (undated), the mean sea level rise around Singapore will be 0.23 m to 1.15 m by 2099 and around 2.0 m
by 2150 under the high emissions scenario. Therefore, we assumed the sea level rises by 2099 and 2015 as 0.7 m and 2.0 m,

respectively, and these are also incorporated in our simulation.

In this study, we conducted 20 simulations by changing the intensity and path of the tropical cyclones and future sea level
rises (Table 2). When Tropical Cyclone Vamei occurred, the maximum observed tidal water level was 0.92 m. Therefore, all
simulations for Cases 1-20 were conducted under this high-tide condition. We moved the path of Tropical cyclone Vamei -
0.2°, -0.4°, -0.6°, -0.8°, and -1.0° southward (Cases 2-6). We also conducted the simulation when a 1000-year tropical
cyclone was assumed (Cases 7-12). As we explained in Section 4.4, when the tropical cyclone path was shifted 0.8°
southward, the maximum inundation area in Singapore was maximum when the sizes of the actual tropical cyclone Vamei
and the 1000-year tropical cyclone were assumed (Table 2). To assess the effects of sea level rise on storm surge,
simulations were conducted under two sea level rise scenarios: +0.7 m and +2.0 m (Table 2). For each scenario, four cases
were considered. In the +0.7 m sea level rise condition, Case 13 assumed both the path and intensity of Tropical Cyclone

Vamei; Case 14 assumed the same intensity as Vamei but with the cyclone path shifted 0.8° southward; Case 15 assumed the

8
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same path as Vamei but with the intensity corresponding to a 1000-year tropical cyclone; and Case 16 assumed both a 0.8°
southward-shifted path and the intensity of a 1000-year tropical cyclone. Similarly, under the +2.0 m sea level rise condition,

Cases 17 to 20 were defined with the same respective settings as Cases 13 to 16.

Maximum storm surge height

Cases Typhoon path Typhoon size Sea level rise around Singapore (m) Inundation area (km?)
Case 1 Typhoon Vamei Typhoon Vamei +0m 0.127 8.06
Case 2 0.2° south of actual path Typhoon Vamei +0m 0.172 8.38
Case 3 0.4° south of actual path Typhoon Vamei +0m 0.173 8.53
Case 4 0.6° south of actual path Typhoon Vamei +0m 0.160 8.72
Case 5 0.8° south of actual path Typhoon Vamei +0m 0.173 8.83
Case 6 1.0° south of actual path Typhoon Vamei +0m 0.183 8.62
Case 7 Typhoon Vamei 1000-year probability +0m 0.595 10.1
Case 8 0.2° south of actual path 1000-year probability +0m 1.08 13.1
Case 9 0.4° south of actual path 1000-year probability +0m 1.16 18.1
Case 10 0.6° south of actual path 1000-year probability +0m 1.07 20.9
Case 11 0.8° south of actual path 1000-year probability +0m 1.21 21.2
Case 12 1.0° south of actual path 1000-year probability +0m 1.34 20.7
Case 13 Typhoon Vamei Typhoon Vamei +0.7 m 0.135 18.1
Case 14 0.8° south of actual path Typhoon Vamei +0.7 m 0.167 19.9
Case 15 Typhoon Vamei 1000-year probability +0.7 m 0.578 21.8
Case 16 0.8° south of actual path 1000-year probability +0.7 m 1.24 34.5
Case 17 Typhoon Vamei Typhoon Vamei +2.0 m 0.133 51.2
Case 18 0.8° south of actual path Typhoon Vamei +2.0 m 0.169 54.1
Case 19 Typhoon Vamei 1000-year probability +2.0m 0.503 55.9
Case 20 0.8° south of actual path 1000-year probability +2.0 m 1.20 90.7

Table 2: Studied cases and assumptions. The calculated maximum storm surge heights in Domain 3 (D3) and the calculated
inundation area in Singapore are also shown.

4 Results

4.1 The accuracy of the simulation results

First, we compared the maximum water level during the time that Tropical Cyclone Vamei was sustained (Fig. 3, Table 3).
From both simulation and observation results, we extracted the maximum water level rise from water levels that the tidal
current includes by applying a high-pass filter. In observation and our simulation, the highest and second-highest water level
rises by storm surge were recorded at SE and UB, respectively, and the observed storm surge heights at these points are 0.15
and 0.11 m, respectively (Table 3, Fig. 3). This is because these points are located in northern Singapore, close to the tropical

cyclone's position. Thus, high storm surges were produced by higher wind velocity and lower pressure. When the tropical

9
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cyclone track, maximum wind speed, and minimum central pressure observed by JMA were used for the simulation,
maximum water levels were underestimated (Table 3, Fig. 3). Meanwhile, when the data observed by JTWC were used, the
maximum water levels were overestimated. Thus, the simulation accuracy depended on the accuracy of observation of the
tropical cyclone’s track, minimum central pressure, and maximum wind speed. We compared the calculated time series of
230 water levels and observed ones at tide gauge points (Fig. 4). The calculated water levels are generally consistent with the
observed ones. The inconsistency of the time series of water levels is due to the accuracy of the tide simulation model. This
is because the input water levels of the tide are from TPXO data, which is interpolated from observed tidal data (TPXO,
2014) and was used for this simulation. If we input the observed time series of the tide or calculate the tidal current on a
global scale, the simulation accuracy of the tidal current increases. However, this study focuses on storm surges around
235 Singapore, and the accuracy of storm surge simulation was validated by comparing simulation results with observation

results (Table 3, Fig. 4). Therefore, improving the simulation accuracy of tidal currents is beyond the scope of this study.

Observed Calculated (JMA)  Calculated (JTWC)
RL 0.064 0.050 0.046
BK 0.066 0.050 0.088
CH 0.075 0.039 0.18
LC 0.071 0.049 0.15
SE 0.15 0.093 0.30
SS 0.050 0.057 0.070
™ 0.069 0.042 0.090
uB 0.11 0.072 0.30
wcC 0.084 0.050 0.14

Table 3: Observed and calculated maximum water levels at BK, RL, UB, CH, SS, TM, LC, SE, and WC. The locations of
observation points are indicated in Fig. 1. The two calculation results using tropical cyclone paths, central pressure, and wind
240  speed reported by JMA and JTWC are shown.

10
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Figure 4: The comparison of calculated and observed time series of water level from 0:00 to 18:00 on 27 December 2001. The
results on (a) RL, (b) BK, (¢) CH, (d) LC, (e) SE, (f) SS, (g) TM, (h) UB, and (i) WC are shown. The black dashed line represents
the observed results, while the red and blue lines show the calculated results using the tracks of the tropical cyclone Vamei from

JMA and JTWC.
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4.2 Storm surge induced by the 2001 Tropical Cyclone Vamei

We showed the distribution of maximum wind speed, significant wave height, and water level in computational domains 1
and 3 in case 1 (Fig. 5). The maximum wind speed is 25 m/s in domain 1. The same value was calculated in Domain 1
because the path of Tropical Cyclone Vamei is close to Singapore Island (Fig. 1). The maximum significant wave height is

255 5.86 m in Domain 1, while it was 4.3 m in Domain 3. The maximum significant wave height in domain 1 was calculated in
southern Singapore because waves penetrated from the southeastward of Singapore, which faces the Pacific Ocean. On the
other hand, the maximum water level was calculated in the north of Singapore, where its position is close to the path of
Tropical Cyclone Vamei (Fig. 1). In case 1, the southern part of the tropical cyclone struck Singapore. The direction of the
tropical cyclone’s wind is counterclockwise in the northern hemisphere. Thus, storm surges propagated from west to east in

260 case 1. The calculated inundation area in Singapore in case 1 is 8.06 km?. In case 1, inundation occurred, especially west of
Tekong Island (Fig. 5f).
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Figure 5: Calculated maximum values for the observed Tropical Cyclone Vamei simulation (Case 1).Panels (a), (b), and (c) show
the maximum wind speed, significant wave height, and water levels in the D1 domain, respectively. Panels (d), (e), and (f) show the
265 same results for the D3 domain.
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4.3 Characteristics of the 1000-year design tropical cyclone

The estimated cumulative probability and annual exceedance probability versus the maximum wind speed of the tropical
cyclone are shown in Fig. 6. The typhoon's maximum wind speed of 1000-year probability of occurrence is 84 knots, which

270 can be classified as a category 2 tropical cyclone. Using the collocated JMA dataset, the relationship between maximum
wind speed and minimum central pressure of tropical cyclones in the region of 0-15°N latitude and 100-125°E longitude was
established (Fig. 7). The central pressure of the tropical cyclone corresponds to 949 hPa using the relation shown in Fig. 7.
Based on the relation proposed by Quiring et al. (2011), the radius of maximum winds of Typhoon Vamei was 76.4 km. The
radius of maximum winds of a 1000-year typhoon is 54.7 km.
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Figure 6: (a) Cumulative probability distribution for the maximum wind speed of the cyclone calculated in this study. (b) The
estimated annual exceedance probability versus the maximum wind speed of the cyclone.
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Figure 7: The relationship of minimum central pressure and maximum wind speed of the observed tropical cyclone data in the
280  region of 0-15°N latitude and 100-125°E longitude during 1997-2023.
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4.4 Proposed scenarios

When we shifted the tropical cyclone's path more than 0.8 degrees southward in case 5, the maximum storm surge was
calculated at the northeast of Singapore Island (Fig. 8). In case 5, the northern part of the tropical cyclone strikes Singapore.
The direction of the tropical cyclone’s wind is counterclockwise in the northern hemisphere; thus, storm surges propagate
from east to west. In this scenario, the maximum inundation area is calculated to be 8.83 km?, based on the intensity of

tropical cyclone Vamei, without accounting for sea level rise (Table 2).

When the 1000-year probability of occurrence was assumed, the maximum storm surge height around Singapore increased
from 0.127 m to 0.595 m in Case 7 compared to Case 1 (Table 2). The inundation area increased from 8.06 km? to 10.1 km?
in Case 7 compared to Case 1 (Table 2). When a 1000-year probability of occurrence was assumed, the maximum storm
surge (1.34 m) was calculated when its moving path shifted 1.0° southward in Case 12 (Table 2). At the same time, the
maximum inundation area was calculated when its moving path shifted 0.8° southward in Case 11 (Table 2). When a sea
level rise of 0.7 m was expected, the maximum storm surge height reached 0.135 m for the size of tropical cyclone Vamei
(Case 13) and 0.578 m for Vamei cyclone with a 1000-year return period (Case 15). In these cases, when the tropical cyclone
path was shifted 0.8° southward, the maximum inundation areas were 19.9 km? (Case 14) and 34.5 km? (Case 16),
respectively (Table 2). When the sea level rise of 2.0 m was assumed, the maximum storm surge heights were 0.133 m and
0.503 m when the size of tropical cyclone Vamei (Case 17) and 1000-year tropical cyclone (Case 19) were assumed,
respectively. In these cases, when the path of the tropical cyclone was shifted 0.8° (Cases 18, 20), the maximum inundation

areas were 54.1 km? and 90.7 km?, respectively (Table 2).
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5 Discussion
5.1 Equatorial cyclones

Cyclones, formidable atmospheric disturbances characterised by rotating winds and intense precipitation, owe much of their
existence to the Coriolis force, a fundamental consequence of Earth's rotation (Li et al., 2012; Deng et al., 2018). This force
imparts a deflection to moving objects, diverting them to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere (Person, 2005). Such deflection is integral to the genesis and organisation of cyclones, facilitating the
establishment of their characteristic rotation and aiding in their intensification. However, in proximity to the equator, where
the Coriolis force diminishes significantly, the genesis of cyclones is notably suppressed (Chang et al., 2003; Steenkamp et
al., 2019).

Instead, equatorial regions are more inclined to experience phenomena such as the intertropical convergence zone (ITCZ),
where converging trade winds engender a zone of low pressure and copious precipitation (Liao et al., 2023). Nevertheless,
despite the infrequency of cyclonic events near the equator, exceptional circumstances such as Tropical Cyclone Vamei may
sporadically occur, albeit as rare anomalies (Grey, 1968; Anthes, 1982; McBride, 1995; Chang et al., 2003; Steenkamp et al.,
2019). Such occurrences underscore the multifaceted atmospheric dynamics governing tropical cyclone formation and, given
the backdrop of climate change-induced alterations in global meteorological regimes, suggest a need to elucidate the
ramifications of shifting atmospheric and oceanic conditions on the spatial distribution, frequency, and intensity of cyclones,

including their manifestation near the equatorial latitudes.

5.2 Risk of coastal flooding in Singapore

In our simulations, the maximum storm surge was calculated in eastern Singapore. Its value was 0.127 m when the actual
path and intensity of the 2001 Tropical Cyclone Vamei were assumed in case 1 (Table 2). During the storm surge on 22
December 1999, the maximum water level at tide gauge point SB (Fig. 1b) was 0.8 m (Luu et al., 1999). This storm surge
was generated during king tides, so inundation occurred in Singapore (Tkalich et al., 2013). This positive anomaly of water
level around Singapore is associated with intensified winds during the NE monsoon (Tkalich et al., 2013). Therefore, a sea
level anomaly of the same size as Tropical Cyclone Vamei occurred in Singapore, aside from tropical cyclones. However, in
this study, even when sea level rises were assumed, maximum water levels around Singapore remained the same (Table 2).
This contrasts with studies showing that sea level rise can amplify coastal hazards, such as Li et al. (2018), who found that a
0.5 m sea level rise magnified tsunami flooding in Macau. In the case of our simulation, the intensity of storm surges around
Singapore did not significantly change, so even if sea level rise were generated in the future, the intensity of storm surges
would not significantly increase around Singapore. This means that the increase in the inundation area in Singapore in Cases

13-20 is due to sea level rise.
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Therefore, to predict the inundation of seawater in Singapore, investigating future sea levels around Singapore is still
important, and it remains an active area of research (e.g., Shaw et al., 2023; Ng et al., 2025). In addition, tsunami hazards
driven by air-pressure changes during volcanic eruptions have been examined for the region, showing that the resulting
water-level variations are minimal—around 1 cm in maximum (Verolino et al., 2025a, b). Understanding future sea-level

changes is thus fundamental to evaluating seawater-inundation risks for Singapore.

5.3 Future risk of storm surge hazard near the Equator

Tropical cyclones generated near the equator have been reported at other locations. Indeed, 231 cyclones (or 1.74% of the
total) are listed as forming within 5° of the Equator during 1848-2019 (Kilroy et al., 2020). Therefore, the risk of storm
surge disasters should be investigated in the coastal areas near the equator for future climate change, meaning that the future
risks of tropical cyclone generation should be investigated based on numerical simulation as some studies have been

conducted (e.g., Chambers and Li, 2007; Juneng et al., 2010; Yi and Zhang, 2010; Kilroy et al., 2020).

It has been considered that Tropical cyclone Vamei was created because of a quasi-stationary low-level cyclonic circulation
near Brunei called the Borneo vortex and a persistent cold surge developed rapidly over the South China Sea that happened
during the northern hemisphere winter monsoon (Chang et al., 2003). The Borneo vortex is maintained by the shear vorticity
and convergence that result from the interaction between the northeast monsoon winds and the mountainous Borneo terrain
(Cheang, 1977; Chen et al., 1986; Johnson and Houze, 1987). It has been estimated that the intensity of the Borneo Vortex
will intensify, and its frequency will decrease with future climate change (Liang et al., 2023). Thus, if a tropical cyclone
were created by the Borneo vortex again, the tropical cyclone intensity might be larger than that of the 2001 Tropical
Cyclone Vamei. Therefore, investigating the future size and frequency of Vamei-like tropical cyclones is necessary to reveal

the future risk of storm surge hazards, especially around Singapore.

6 Conclusion

Storm surge hazard around the equator is rarely investigated because it has been considered that the probability of tropical
cyclones is negligible. However, in December 2001, tropical cyclone Vamei developed southeast of Singapore, crossed the
equator, and made landfall in Malaysia northeast of Singapore. This caused a localised storm surge, demonstrating a

potential risk of cyclone-induced storm surges in the region.
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We investigated the storm surge size caused by the 2001 Tropical Cyclone Vamei and explored potential surges had the
tropical cyclone taken slightly different paths or been of a different size. The calculated maximum water levels of the storm
surge caused by Tropical Cyclone Vamei were consistent with the observed maximum water levels from tide gauge data
around Singapore Island. When the path of Vamei is moved southward, the maximum storm surge height around Singapore
increases from 0.127 m to 0.183 m, and inundation increases from 8.06 km? to 8.83 km?. When a 1000-year tropical cyclone
was assumed, the maximum storm surge height increased to 0.595 m. When the sea level rise of +0.7 m and +2.0 m were
assumed, the inundation area in Singapore was 34.5 km?and 90.7 km? when the path of the tropical cyclone was shifted 0.8°
southward, and a 1000-year tropical cyclone was assumed. The intensity of the calculated storm surge height remained
nearly the same when future sea level rise was considered; however, the inundation area in Singapore has increased. Thus,
sea level rise plays an important role in expanding the inundation area, indicating that investigating future sea levels is

essential for predicting seawater inundation in Singapore.

In the future, stronger tropical cyclones than Tropical Cyclone Vamei could occur due to the intensification of the Borneo
vortex by future climate change. Therefore, the likelihood of changes in the frequency and intensity of tropical cyclones that

may strike Singapore under future climate scenarios should be further investigated.

Appendix 1. Model calibration

We compared calculated and observed time series of water levels at the RL tide observation point, located mostly offshore
from Singapore Island (Fig. Al). From 24 December to 25 December, the water level and its phases differed from the
observation results. This is because the tidal current is not still distributed in the numerical domain. From 25 December to 28
December, the calculated phase of water levels is consistent with the observed ones. After that we changed the amplitude of

the input tidal current, the calculated time series of water level was consistent with measured values (Fig. Al).
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Figure A1l: Time series of observed and calculated water levels before and after the calibration of the tide at RL. The location of
RL is shown in Fig. 1.
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