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Abstract

Storm surges are the most severe type of marine disaster affecting the Guangdong—-Hong
Kong—Macao Greater Bay Area (GBA), and storm surge forecasting under the background
of typhoons remains challenging. In this paper, we propose an operational coupling model
(including the global-regional assimilation and prediction system [GRAPES] atmospheric
model and the finite volume coastal ocean model [FVCOM)]) to predict typhoon-induced
storm surges in the GBA, namely, the Greater Bay Area Storm Surge Prediction Sys-
tem (GBASSP), and verified its performance. The highest horizontal resolution of the
GBASSP is 80 m, and it has the following advantages. (i) It can provide early warning
and forecasting for storm surge at least 2 days before typhoon landfall. (ii) For the next
24-hour forecast of a single typhoon, the maximum storm surge error is only 5 cm, while
the mean absolute error of the maximum storm surge of the GBASSP is 19.7 cm. The dif-
ference in the occurrence time of the maximum storm surge between observations and the
GBASSP is within 1 h. (iii) Comprehensively compared to other storm surge prediction
models, the GBASSP performs well and has the best forecasting skills. The relative and
root mean square errors of the GBASSP are 5.9% and 21 cm, respectively, the smallest
of all the comparative models used in this study. In addition, the average absolute error is
between those of the other models.
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1 Introduction

Storm surge refers to the phenomenon of abnormal sea level rise caused by strong atmo-
spheric disturbances, such as tropical cyclones (TCs) and extratropical cyclones (Need-
ham et al. 2015; Salmun and Molod 2015; Muis et al. 2016; Kohno et al. 2018; Tadesse
et al. 2020), but storm surges are also modulated by the coastal bathymetry (Pore 1964;
Cochran et al. 2019). Storm surge disasters rank first among marine disasters, and most
of the extreme coastal disasters caused by typhoons around the world are caused by storm
surges (Petzelberger 2000; Von Storch and Woth 2008; Needham et al. 2015; Kohno et al.
2018). Needham et al. (2015) pointed out that storm surges are among the most deadly and
costly global catastrophes. The most severe surge events have killed hundreds of thousands
of people and caused extraordinary economic losses across the globe, including Hurricane
Katrina in 2005, Hurricane Sandy in 2012 in the United States, and Cyclone Nargis in 2008
in Myanmar. According to the Bulletin of China Marine Disaster (2020-2021), storm surge
disasters are the most serious of all types of marine disasters regarding economic losses,
accounting for 97% of the total direct economic losses (Guo et al. 2022).

Storm surge forecasting remains challenging (Needham et al. 2015; Kohno et al. 2018;
Cochran et al. 2019). Research on storm surge forecasting has been conducted for a long
time. Research has developed rapidly from the early probabilistic statistical method to the
current numerical prediction method. Currently, two main storm surge prediction methods
exist: empirical statistical and numerical prediction. Currently, the primary technique of
storm surge forecasting is based on a numerical prediction model. This type of model was
developed many years ago (Jelesnianski 1972; Banks 1974; Greenberg 1977; Henry 1982;
Gray et al. 1984), and there has been slight recent improvement in the physical processes
(Kohno et al. 2018). The improvement has mainly been carried out in dynamic aspects
such as the grid resolution or coordinates (Sasaki and lizuka 2007; Kohno et al. 2018;
Bloemendaal et al. 2019). Physical understanding of storm surges and prediction models
has matured in this sense. The latest improvements focus on the dynamic framework of the
model, e.g., unstructured methods. For example, the finite element method (FEM) or finite
volume method (FVM), advanced circulation (ADCIRC) model (Luettich and Westerink
2004), semi-implicit Eulerian-Lagrangian finite element (SELFE) model (Zhang and Bap-
tista 2008), and Delft3D (Deltares 2014) are becoming popular (Kohno et al. 2018).

The unstructured grid, employed to perform coastal numerical models with a high reso-
lution, is a new trend for improving the accuracy of storm surge simulations. More and
more FVM models are being developed to predict coastal storm surges around the world
(Chen et al. 2003; Fringer et al. 2006; Zhang et al. 2016, 2021; Kohno et al. 2018; Andro-
sov et al. 2019). For example, concerning the coastal areas across the entirety of China,
a high-resolution typhoon storm surge model (based on the ADCIRC model) developed
by Liu et al. (2014) has a maximum horizontal resolution of 300 m and has an adequate
calculation accuracy and efficiency for future operational running. Feng et al. (2016) used
the ADCIRC model and simulating waves nearshore (SWAN) wave model to establish a
refined storm surge model for southeastern China with a maximum horizontal resolution of
100 m in Fujian Province. Based on their test, they found that the model runs fast enough
to meet operational requirements when more computational cores are used. By coupling the
National Center for Environmental Prediction-climate forecast system reanalysis (NCEP-
CFSR) model and the finite volume coastal ocean model (FVCOM), Chu et al. (2019)
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developed a storm surge model with a resolution of 0.5-20 km for the East China Sea. Their
study found that the best forcing and drag coefficient combination can generally improve
storm surge models’ performance. Zhang et al. (2021) established a storm surge model for
the coastal city of Ningbo by coupling the Holland wind model and the ADCIRC model. Its
highest resolution is 5-10 m, and the storm surge and total tide level are well simulated. It
should be noted that while the results of the simulations of these models are accurate, the
systems they build are either inadequate in resolution (=300 m) or experimental (it is not an
operational prediction system).

The Guangdong—Hong Kong—Macao Greater Bay Area (GBA) is an urban agglomera-
tion of nine cities (Guangzhou, Shenzhen, Zhuhai, Foshan, Dongguan, Zhongshan, Jiang-
men, Huizhou, and Zhaoqing) and China’s special administrative regions of Hong Kong
and Macao (Fig. 1). It is the most developed area in Guangdong Province, and the aver-
age direct economic losses caused by storm surges in the past ten years are approximately
$2.6 billion RMB (Bulletin of China Marine Disaster, 2022). This area has experienced
rapid population and economic growth since the 1980s. With a growth rate of 4.5% per year,
by 2010, the GBA megacity surpassed Tokyo as the world’s largest urban area in both size
and population (World Bank et al., 2015), and the total number of inhabitants is currently
greater than 80 million. The GBA’s gross domestic product (GDP) exceeds US $1 trillion,
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Fig. 1 Cites in the Guangdong—Hong Kong—Macao Greater Bay Area (GBA), including Zhao Qing (ZQ),
Guang Zhou (GZ), Hui Zhou (HZ), Fo Shan (FS), Dong Guan (DG), Jiang Men (JM), Zhong Shan (ZS),
Shen Zhen (SZ), Zhu Hai (ZH), Macau (MC), and Hong Kong (HK). The red star indicates the location
of the observed water level station, Quarry Bay, and the red triangle indicates the location of the Zhapo
observed water level station. Number 1 is the location of Zhenhai Bay, 2 is the location of Guanghai Bay,
3 is the location of the Huangmao Sea, and 4 is the location of Daya Bay
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placing it among the top 20 national economies worldwide (International Monetary Fund
2018). However, it is a low-lying flood-prone coastal area and is affected by sea level rise
and the extreme water levels caused by storms (He et al. 2014; Huang et al. 2004; Li et al.
2018; Qu et al. 2018; Yang et al. 2015; De Dominicis et al. 2020). Hallegatte et al. (2013)
predicted that estimated flood losses for Guangzhou would exceed U.S. $13 billion by 2050
under the scenario of a relative sea level rise of 0.6 m and with adaptation to maintain the
present flood probability.

Storm surges induced by TCs cause significant damage in bay areas (Takagi et al. 2014;
Needham et al. 2015; Oey 2016; Choy et al. 2020; Shi et al. 2020). Severe disasters caused
by storm surges still occur worldwide (Table 1). Considering the number of cases, it is clear
that significant storm surge disasters arise infrequently, but their impact can be severe when
they occur. For example, Super Typhoon Mangkhut (1822) made landfall on the coast of
Jiangmen City in China. It swept across Guangdong, killed five people, impacted over three

Table 1 Major storm surge disasters in recent years and the coupled model forecasting technology*

TC Year Maxi-  Affected  Eco- Fatalities Typi- Coupled model forecasting
mum area nomic cal technology**
intensity losses storm
(billion) surge
Katrina 2007 902 hPa Gulf of $108 1,833 4-7m Atmosphere: Typhoon
Mexico parameter

Ocean: polar grid, two-dimen-
sional (Jelesnianski et al. 1984)

Sidr 2007 944 hPa Bay of $1.7 ~15,000 3-6m Not Found
Bengal

Nargis 2008 962 hPa Bay of $12.9 138,366 3-5m Not Found
Bengal

Sandy 2012 940 hPa East Coast $68 233 ~4m  Atmosphere: Typhoon
of USA parameter

Ocean: polar grid, two-dimen-
sional (Jelesnianski et al. 1984)

Haiyan 2013 895 hPa Beibu $2.86 7,403 5-7m Atmosphere: Typhoon

Gulf parameter

Ocean: two-dimensional
(Kohno et al. 2018)

Winston 2016 884 hPa Fiji $1.4 44 ~3m  Atmosphere: Typhoon
parameter
Ocean: two-dimensional
(Kohno et al. 2018)

Irma 2017 914hPa Caribbean >$64.76 146 3- Atmosphere: Typhoon

Islands 4.5m parameter

Ocean: polar grid, two-dimen-
sional (Jelesnianski et al. 1984)

Hato 2017 935hPa GBA $6.82 24 34 m Atmosphere: Numerical fore-
cast wind
Ocean: unstructured grid,
three-dimensional ***

Mangkhut 2018 910 hPa GBA $1.95 5 3-4m Atmosphere: Numerical fore-
cast wind
Ocean: unstructured grid,
three-dimensional ***

*All data on economic losses and fatalities are from Kohno et al. (2018), except for those on the economic
losses and fatalities of Typhon Mangkhut, which come from Choy et al. (2020). ** All of the coupled
models presented here are unidirectional. ***The forecasting technology used in this paper
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million people, forced the evacuation of 1,600,000 people, and caused economic losses of
approximately 14.5 billion RMB in China (Choy et al. 2020). During Typhoon Mangkhut,
the storm surge increased significantly, the submergence lasted long, and the increased water
carried a large amount of sediment ashore. Typhoon Mangkhut caused the most significant
storm surge of 183—-339 cm at the water level stations in the Pearl River Estuary (PRE). The
extensive damage caused by Super Typhoon Mangkhut prompted this study.

Previous researchers have been working hard to develop storm surge forecasting tech-
nology based on an air-sea coupling model. Since the 1980s, the Sea Lake and Overland
Surges from Hurricanes (SLOSH) model (Jelesnianski et al. 1984) has been predominantly
employed for forecasting storm surges (such as during hurricanes Katrina, Sandy, and Irma)
in North America. This model is a polar grid, two-dimensional storm surge model forced
with a typhoon parameter hurricane wind model (e.g., the Holland model (Holland 1980).
This model has rapid computation times because it does not require output from atmospheric
model computations. For typhoons Haiyan and Winston, the storm surge information is
available from the World Meteorological Organization (WMO) Storm Surge Watch Scheme
provided by different Regional Specialized Meteorological Centers (RSMCs). Moreover,
in the North Indian Ocean, RSMC-Delhi began issuing storm surge graphical advisories
in 2009, while RSMC-Nadi (Fiji Meteorological Service, FMS) plans to issue real-time
storm surge guidance in the South Pacific region in the near future (Kohno et al. 2018).
Herein, we propose an operational coupling model to forecast storm surges in the GBA.
The atmospheric model in our coupled model is now a more popular and precise numerical
forecasting model, and the oceanic model has an unstructured grid that better represents the
complex topography in a coastal region.

To forecast storm surges in the GBA, we coupled an unstructured grid, three-dimensional
hydrodynamic model (the FVCOM model) developed by Chen et al. (2003) with the global-
regional assimilation prediction system (GRAPES) atmospheric model.

In this study, we focused on establishing a real-time storm surge prediction model for the
GBA, namely, the Greater Bay Area storm surge prediction system (GBASSP), and we vali-
dated the results of our model for recent TCs. Many studies have shown that there are strong
interactions between typhoons and the ocean at various spatiotemporal scales (Emanuel et
al., 1986; Sriver and Huber 2007; Jin et al. 2014; Huang et al. 2015; Zhou et al. 2019). Using
the GBASSP model we established, we predicted and validated the storm surges caused by
strong typhoons and those caused by weak typhoons in recent years. Our results showed that
the maximum storm surge and prediction error for weak typhoons were smaller than those
for strong typhoons. However, to best represent the typhoons that affected the GBA and
to compare our predictions with other models, only the results of strong typhoons are dis-
cussed in this paper. The remainder of this paper is organized as follows: Sect. 2 describes
the data and methods used in this study. Section 3 presents the prediction performance of
the GBASSP. Section 4 presents the warning capability of the model. Section 5 presents the
discussion and main conclusions.
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2 Model, data, and methods
2.1 Model

This section describes the composition and configuration of the GBASSP. Figure 2 pres-
ents a flowchart of the processing steps of the newly developed GBASSP model. The
GBASSP consists of an oceanic model (FVCOM) and an atmospheric model (hereafter
GRAPES-3 km), and it is unidirectionally coupled, with the atmospheric model transmitting
10-m wind and sea-level pressure data to the ocean model every hour. It runs twice daily
(00:00 UTC and 12:00 UTC; all of the times in this paper are UTC if not specified) and pro-
vides hour-by-hour forecasts for the next 3 days. When it starts, the first step is preprocess-
ing. In this step, the FVCOM (1) prepares a dry/wet grid, terrain, and bathymetric data file;
(2) uses the data from step (1) to process the model grid and interpolate the bathymetry, and
(3) generates the input files, e.g., a grid file and open boundary tidal file. The GRAPES-3 km
model (1) prepares the initial field, (2) sets the model grid and interpolates the wind and air
pressure to the model grid, and (3) generates the driving files for the FVCOM. The second
step of the GBASSP is running the FVCOM main program, and the third step is post-
processing. In the third step, the model produces information about the storm surge, such
as the water level at each forecast time and the times series of the forecast storm surge at
Zhapo/Quarry Bay station. The last step is to issue early warning information according to
the post-processing results.

Pre-processing

Atmospheric model: GRAPES-3km Ocean model: FVCOM

Prepare dry/wet grid, terrain and bathymetric
data file

| |

| |
Prepare the initial field : :
| |
| b |
| |
| |
| |
| |
| |
| |

| I
| |
| |
| |

|
| ¥ |
| |
| T
| |
| |
| |
| |

Pre-processing I: model grid processing and
water depth interpolation

Pre-processing I: wind, air pressure
interpolation and model grid setting

Pre-processing II: input files generation (e. g.
grid file and open boundary tidal file)

| FVCOM main |

program
]

Post-processing

Pre-processing II: driving files generation

Issue early warning
information

End

Fig. 2 Flowchart of the Guangdong—Hong Kong—Macao Greater Bay Area storm surge prediction model
(GBASSP)
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Currently, the time from the start of the system to the end of the main program of the
model is ~70 min when 480 computational cores are used. Through the post-processing,
the results are shown on the website after another 30 min. The model is fast enough to meet
operational requirements. The system can run faster when more computational cores are
used. We tested the model and determined that when 960 computational cores are used, the
time is reduced to 45 min. In the near future, the runtime of the GBASSP is expected to be
reduced to half of what it is today. The forecast results can be seen at http://10.148.8.18/
ywwhome/vision/home.jsp. Because the system is currently only used on a small scale
(such as by government departments and meteorological bureaus), the website can only be
accessed through specific IP addresses.

2.1.1 Oceanic model (FVCOM)

As shown in Fig. 2, the ocean model of the GBASSP is FVCOM. It is an unstructured grid,
finite-volume, three-dimensional primitive equation coastal ocean model jointly developed
by the University of Massachusetts-Dartmouth and the Woods Hole Oceanographic Institute
(Chen et al. 2003). It provides a better representation of the mass, momentum, and heat
conservation laws in a coastal region with complex geometry, as well as a better simula-
tion of tidal elevations and residual currents, especially around islands, barriers, and inlets
with complex topography (Chen et al. 2003). It is cast in a generalized terrain-following
coordinate system in the vertical direction and the control volumes of unstructured triangu-
lar meshes in the horizontal direction. The spatial fluxes of the momentum are discretized
using a second-order accurate finite-volume method (Kobayashi et al. 1999). The diffusion
and mixing parameterizations used in the FVCOM are the Smagorinsky scheme (Smagorin-
sky 1963) in the horizontal direction and the General Ocean Turbulence Model (Burchard
2002) in the vertical direction, and the 2.5-level Mellor-Yamada (Mellor and Yamada 1982)
turbulence model is used as the default. Although FVCOM has a river module, we do not
consider the effect of river discharge on water level due to a lack of river discharge data.
The bottom friction stress is calculated using the following equation:

(7T b T by) = Oy, (U, 0) vV up? + 032 (D

Where (uy, v,) represents the  and ¥ components of the bottom current velocity, and the
bottom drag coefficient (', is determined by matching a logarithmic bottom layer to the
model at a height Z,, above the bottom, which can be mathematically expressed as:

k2
Cp = max | ———, 0.0025 2

Z,
In( Zab
Zy

Where k = (.4 is the von Karman constant and Zj, is the bottom roughness parameter.
Wind stress is computed using the conventional formulation with respect to the wind
speed, as follows:
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= Cap. | Vel Vi 3)

where P4, Cy, and ‘7; are the air density, wind drag coefficient, and wind velocity at 10 m
above the sea surface, respectively. The calculation of the default wind drag coefficient in
the FVCOM is based on the formula proposed by Large and Pond (1981):

1.2 V2| < 110
= —
Cyx 10° = 0.49 4 0.065 |V, 11.0 < |V,,| < 25.0 4)
_)
0.49 + 0.065 x 25 V| > 25.0

The FVCOM'’s ability to accurately solve scalar conservation equations and the topologi-
cal flexibility provided by the unstructured meshes make it perfectly suited for the GBA.
The user manual, which is available on the FVCOM website (http:/fvcom.smast.umassd.
edu/wp-content/uploads/2013/11/MITSG_12-25.pdf), provides a detailed description of the
FVCOM.

The high-resolution GBASSP was developed by configuring the updated code of the
FVCOM for the GBA, including the wet/dry treatment for the intertidal zones. The compu-
tational domain of this model ranges from 110.8°E to 118.5°E and from 19.0°N to 24.0°N.
It covers the GBA, the east coast of Guangdong Province, and the coasts of the cities of
Yangjiang and Maoming, and it is bounded by an open boundary in the South China Sea
(Fig. 3). The model extends from a coarse grid in the open boundary ocean where tides and
sea level changes are introduced to an appropriate high resolution (80—-100 m) in the Pearl
River Delta (PRD) Estuary. The horizontal resolution (measured by the shortest line of a
triangle) varies from 0.08 to 0.6 km inside the PRD to 1.0-3.0 km on both sides of the PRD
coastal region and to 18.0 km in the area of the South China Sea (SCS) closest to the open
boundary. There are a total of 115,642 vertices and 225,336 triangular elements.

The water depth of the model is shown in Fig. 4. 10 uniform sigma layers determine the
vertical resolution and are ~0.1 m or less in the intertidal zone and ~2.0 m on the continental
shelf. The tidal elevation drives the GBASSP at the open boundary through the Ohio State
University TOPEX/Poseidon Global Inverse Solution (OSU TPXO) Tide Models (Egbert
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Fig. 3 The grid setup of the Guangdong—Hong Kong—Macao Greater Bay Area storm surge prediction

model (GBASSP). It is an unstructured triangular grid, and the resolution gradually transitions from
18 km at the open boundary in the ocean to 0.08-0.6 km in the GBA
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Fig. 4 Bathymetric chart of the Guangdong—Hong Kong—Macao Greater Bay Area storm surge predic-
tion model (GBASSP). The shading denotes the bathymetry; the contours are 200 m, 800 m, and 1200 m

and Erofeeva 2002), which include thirteen major tidal constituents. The external and inter-
nal mode time steps are 2.0 and 10.0 s. The wind and air pressure drives of the GBASSP are
from the operational GRAPES-3 km model.

2.1.2 Atmospheric model (GRAPES-3 km)

The atmospheric model of the GBASSP is the GRAPES. The numerical prediction system
was independently developed by the China Meteorological Administration (CMA). It has
fully compressible equations, height-based terrain-following coordinates, and non-hydro-
static equations (details are provided at https://www.cma.gov.cn/en/NewsReleases/MetIn-
struments/201403/t20140327 241784 .html). It performs well regarding both the TC track
and TC intensity (Zhang 2018; Zhong et al. 2020; Tan et al. 2022). The latest generation of
the GRAPES model includes several improvements, including a new model algorithm, a
cloud-based mass flux in the cumulus parameterization, and a new orographic drag param-
eterization scheme (Zhong and Chen 2015; Chen et al. 2016). GRAPES has been incorpo-
rated into three systems in the Guangdong Provincial Key Laboratory of Regional Numerical
Weather Prediction. One such system is called GRAPES-MARS, a mesoscale atmospheric
regional model system. It is a stand-alone model with a 0.03° horizontal resolution and 56
vertical levels. We used the GRAPES-MARS model (from now on, GRAPES-3 km) as our
operational storm surge prediction model’s atmospheric model.

2.2 Data

The grid bathymetric data were obtained from the General Bathymetric Chart of the Oceans
(GEBCO) database. This global terrain model for oceans and land provides elevation data in
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meters on a 15 arc-second interval grid (Mumaw et al. 2023). The data can be downloaded
at https://www.gebco.net/data_and_products/gridded_bathymetry data/.

The lateral boundary conditions are the specified elevations calculated using the har-
monic tidal constituents extracted from the OSU TOPEX/Poseidon Global Inverse Solution
(TPXO) (Egbert and Erofeeva 2002). It is a current version of a global model of ocean tides,
which best fits the Laplace Tidal Equations and along-track averaged data in a least-squares
sense. The tides are provided as complex amplitudes of the earth-relative sea-surface eleva-
tion for eight primary (M2, S2, N2, K2, K1, O1, P1, and Q1), two long period (Mf and Mm),
and three non-linear (M4, MS4, and MN4) harmonic constituents. It can be downloaded at
http://g.hyyb.org/archive/Tide/TPXO/TPXO_WEB/global.html.

The observed water level data were obtained from the Intergovernmental Oceanographic
Commission (IOC) of the United Nations Educational, Scientific, and Cultural Organiza-
tion (UNESCO). It can be downloaded at http://www.ioc-sealevelmonitoring.org/list.php.
The objectives of this service are (i) to provide information about the operational status of
global and regional networks of real-time sea level stations and (ii) to provide a display ser-
vice for quick inspection of the raw data stream from individual stations (Flanders Marine
Institute and 10C, 2023). In this study, we used the station of the data for Quarry Bay and
Zhapo (Fig. 1) to verify our results because no data are usually available for the other sta-
tions around the GBA.

The TC track data were obtained from the CMA best-track data (Lu et al. 2021). Since
the most representative typhoons that have affected the GBA in recent years are Typhoon
Hato (1723) (Li et al., 2018), Typhoon Mangkhut (1822) (Choy et al., 2020), and Typhoon
Higos (2007) (Li et al., 2023), we chose them for the model performance research.

2.3 Methods

To test the GBASSP’s ability to physically simulate an entire storm surge event, we exam-
ined several storm surges induced by different typhoons in recent years.

According to technical directives for assessment and zoning of marine disaster (Ministry
of Natural Resources of the People’s Republic of China, 2019), we divided the storm surges
into five levels: normal (V, 0.5—1 m storm surges), moderate (IV, 1-1.5 m), fairly strong (III,
1.5-2 m), strong (II, 2-2.5 m), and extra strong (I, >2.5 m).

We studied the results for different start times to further evaluate the model’s perfor-
mance. In this study, we focused on the early warning capability of the GBASSP, so the
research period was mainly concentrated at least 24 h before the typhoon’s landfall. Fct24,
Fct36, Fct48, Fct60, and Fct72 denote the results for start times of 24, 36, 48, 60, and 72 h
before typhoon landfall time, respectively. To verify the system’s ability, we calculated the
maximum error (ME), absolute error (AE), relative error (RE), and root mean square error
(RMSE) between the forecasted and observed water levels using Egs. (5)—(8):

ME = max (F}) — max (O;), (5)
AE = abs (F;, — 0;), (6)
RE = 27 100%, ™
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1 2
y n 1 . 8
RMSE = \/—n > r(F -0, ®)

where n is the number of forecasted and observed values, O; is the observed water level,
and Fj is the forecasted water level.

3 Performance of GBASSP
3.1 Overview of typhoons Mangkhut, Hato, and Higos

We conducted independent case studies for typhoons Hato (1713), Mangkhut (1822),
and Higos (2007). These typhoons were chosen because they are the most representative
typhoons that affected the GBA in recent years.

Among the selected typhoons (Fig. 5), Super Typhoon Mangkhut was the strongest to
approach and make landfall in the PRD in recent years; thus, we use it as an example.
Typhoon Mangkhut formed over the western North Pacific east of Guam on September 7,
2018. It reached its peak intensity before landfall over Luzon, with a maximum sustained
wind speed of 65 m s~ ! near the center. Mangkhut weakened after crossing the northern part
of Luzon and continued to travel northwestward across the north part of the SCS toward the
GBA. Mangkhut weakened to a severe typhoon and finally made landfall in Jiangmen in the
GBA at 09:00 UTC on September 16, 2018. It then moved into the western part of Guang-
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Fig.5 Comparison of the tracks (a) and intensities (b)—(d) of the three TCs. The interval between two ad-
jacent points on the same line is 6 h. FCT indicates the track and intensity forecast from GRAPES-3 km,
while SLP and MWS in (b)—(d) represent the sea level pressure and maximum wind speed around the TC
center, respectively
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dong and degenerated into a low-pressure system over Guangxi Province the next day. It
forced Hong Kong to issue the highest tropical cyclone warning signal, the No. 10 Hurricane
Signal. Mangkhut caused the most severe and widespread destruction in recent decades. The
maximum sea level (the sum of the astronomical tide and storm surge) in Quarry Bay rose to
3.88 m, which was only 0.08 m lower than Wanda’s record high of 3.96 m induced in 1962.
As a result, many coastal areas in the GBA suffered severe inundation.

Super Typhoon Hato was the strongest typhoon that landed in China in 2017, and it
formed a tropical depression over the eastern part of Luzon at 18:00 UTC on August 19,
2017. The next day, it developed into the 13th named storm in 2017 and moved west-north-
west. On August 22, it passed over the northern portion of the SCS and reached typhoon
intensity. It intensified and became a strong typhoon with a maximum wind speed of 52 m
s~! and a central pressure of 935 hPa at 03:00 UTC on August 23. Typhoon Hato went
through a 27-hour intensification period, with a deepening rate of 27 m s~! (50 hPa) from
00:00 UTC on August 22 to 03:00 UTC on August 23. Approximately 2 h later, at 04:50
UTC on August 23, it made landfall in Zhuhai, Guangdong Province, with a maximum wind
speed of 45 m s~ ! and a central pressure of 950 hPa. It weakened over land and dissipated on
August 24 in Yunnan Province, China. Hato caused violent winds and a severe storm surge
on the coast of the Pearl River Estuary, especially in Macao and Zhuhai. Extensive areas of
Macao, including some underground carparks, suffered from severe flooding and damages,
resulting in at least ten deaths and more than 240 injuries (Li et al. 2018).

Typhoon Higos was the weakest typhoon among the three cases, but it also reached
typhoon level (with a maximum wind speed of 35 m s™!). It formed east of the Philippines
on August 16, 2020, and moved northwest. It continued to intensify and was named in the
northern part of the SCS on August 18. At 22:00 UTC on August 18, it made landfall in
Zhuhai, Guangdong Province, and nearly reached its peak intensity (with an observed wind
speed of 35 m s~ ). After it made landfall, Higos continued to move northwest, and it gradu-
ally weakened to a tropical depression at 12:00 UTC on August 19 in Guangxi Province.
A fast movement speed and rapid offshore intensification characterized it. Typhoon Higos
underwent a very intense and short intensification period, with a deepening rate of 5 hPa/h
from 08:00 UTC to 12:00 UTC on August 18. The storm surge by Higos resulted in an
estimated $49 million RMB in direct economic damage, not including indirect losses from
suspending economic activity such as port closures and flight cancellations.

The forecast error for Typhoon Mangkhut was minimal regarding track and intensity,
with the difference in maximum wind speed (MWS) at landfall being only 5 m s~!. Although
the model predicted that typhoons Hato and Higos would increase in intensity near the
coast, the magnitude of the predicted increase was significantly smaller than the observa-
tion. However, compared to typhoon Hato, the error in the predicted track of typhoon Higos
was smaller before it made landfall. Thus, regarding storm surge forecasting, Typhoon
Hato exhibited more evident deviation between the predicted and observed results (refer to
Sect. 3.2 for detailed information).

3.2 Case verification

We examined the storm surges induced by the above three typhoons to test the GBASSP’s
ability to physically simulate an entire storm surge event.
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3.2.1 Typhoon Mangkhut

During Super Typhoon Mangkhut, the storm surge along the coast of the GBA was promi-
nent (Fig. 6b). The significant storm surge area was located along the coast, from Huangmao
Sea to Daya Bay, and the maximum water increase occurred in the PRE, with a maximum
value of greater than 3 m at 13:00:00 on 2018-09-16. The storm surge was more significant
in the eastern part of the PRE than in the part of the west. At this time, the typhoon made
landfall, and the center was located~60 km from the coastline (Fig. 5). The strong south/
southeast wind on the southeast side of the typhoon caused high winds from the Huangmao
Sea to the PRE (Fig. 6a), which induced a significant storm surge in this area (Fig. 6b). The
most significant storm surge within the PRE was related to the trumpet-shaped topography,
i.e., the land was closer and the channel was narrower.

We also compared the water level series at the different stations. It can be seen that the
predicted water levels are in good agreement with the observations for both stations (Fig. 7).
First, the periodic oscillation of the water level is well simulated, except that there is a slight
difference in the extreme values (peaks and troughs) between the observations (Obs) and
the forecasted values (Fct). Second, the maximum storm surge, the critical variable we are
most interested in, is also well reproduced. The discrepancy with the observations is around
5 cm (the maximum difference during the grey-shaded period in Fig. 7). The results are bet-
ter closer to the landfall time (the red line (Fct24) is closer to the observations than both the
green (Fct72) and blue (Fct48) lines). Third, the results for Quarry Bay are better than those
for Zhapo station. For the Quarry Bay station, the model can predict the storm surge about
three days in advance, while for Zhapo station, it can predict the storm surge about two days
in advance. It should be noted that for Zhapo station, the results are not good from 04:00:00
on 2018-09-16 to 12:00:00 on 2018-09-16.

To verify the warning capability of the GBASSP model, we produced Fig. 8. As can be
seen from Fig. 8, the model forecasted a strong storm surge in the GBA since 00:00 UTC
on September 14, 2018, which was at least 2 days in advance of when Typhoon Mangkhut
made landfall (Mangkhut made landfall at 09:00 UTC on September 16, 2018). The most
severe storm surges occurred in the PRE and on the east bank of the estuary, reaching more
than 2.5 m. The results are consistent with the data from the Quarry Bay observation station.

(a) 10m wind —— (b) Maximum storm surge for the next 72 hours
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Fig. 6 The distributions of (a) the wind speed at 10 m and (b) the storm surge when the maximum storm
surge occurred (13:00:00 on 2018-09-16) during Typhoon Mangkhut from the results of Fct24. Fct24
denotes the results from the start time of the model, which is at least 24 h before Mangkhut made landfall.
The time 2018-09-16 13:00:00 is when the increase in the water level in the model domain reached the
maximum value during Typhoon Mangkhut
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Fig.7 Series of forecasted and observed water levels during Typhoon Mangkhut at (a) Quarry Bay station
and (b) Zhapo station. OBS denotes the observations. Fct72 indicates that the model’s forecast results are
from the start time of the model, which is at least 72 h in advance of Typhoon Mangkhut’s landfall time,
and Fct48 and Fct24 indicate 48 and 24 h in advance, respectively. The gray shading denotes the period
(10 h before and after the maximum storm surge occurred at each site). The red shading represents the

difference between the observations and Fct24
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Fig. 8 Storm surge warning for the next 72 h for Typhoon Mangkhut obtained from the GBASSP model.
The number in the title is a date in the YYYYMMDDHH format, where YYYY is the year, MM is the
month, DD is the day, and HH is the hour. For example, 2,018,091,400 denotes 00:00 UTC on September
14,2018
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3.2.2 Typhoon Hato

For Typhoon Hato, the predicted storm surge was not as strong as that caused by Mang-
khut, but it was still significant along the coast of the GBA (Fig. 9b). The most significant
area of the storm surge was located in the PRE and Daya Bay, with a maximum value of
greater than 2 m at 04:00:00 on 2017-08-23. The storm surge on the east side of the PRE
was also more significant than that on the west side of the PRE. The typhoon had not yet
made landfall, and the center was located ~40 km from the coastline in the model (Fig. 9a).
The strong southeast/north wind on the northeast/northwest side of the typhoon caused high
winds from Daya Bay to the PRE (Fig. 9a), which induced a significant storm surge in this
area (Fig. 9b). It should be noted that the forecast obtained from the GBASSP’s atmospheric
model (GRAPES-3 km) was not good at this time. According to the observations, Hato went
through a 27-hour intensification period when it was 100 km offshore before landfall, with
a deepening rate of 27 m s~ ! (50 hPa) from 00:00 UTC 22 to 03:00 UTC on August 23, and
the maximum wind speed reached 52 m s~!, while the maximum wind speed forecasted
by the model was 40 m s™!, which led to the forecasted storm surge being weaker than the
observations.

As was previously mentioned, the forecast of the intensity of Typhoon Hato in the
GRAPES-3 km is not as good as that for Mangkhut, and the predicted water levels have a
more significant error than that for Mangkhut (Fig. 10). However, the periodic oscillation
of the water level is also well simulated (correlation coefficients of greater than 0.96), and
the water level forecast at Zhapo station is consistent with the observations. The maximum
error of the storm surge at Zhapo station is almost zero, while the anomaly of Quarry Bay is
approximately — 1 m. Similarly, as the forecast start time increased, the error became smaller
(the red line (Fct24) is closer to the observations than both the green (Fct72) and blue
(Fct48) lines). Unfortunately, the results for Quarry Bay are only slightly improved due to
the poor forecasting of the wind field of GRAPES-3 km. Although, in this case, the anomaly
of the maximum storm surge in Quarry Bay is large, the model can forecast the storm surge
three days in advance at both stations.

The GRAPES-3 km model exhibited a weak performance in forecasting the rapid inten-
sification of Typhoon Hato, with the predicted surge area at 12:00 UTC on August 20, 2017,
being very small, as shown in Fig. 11(a). The resolution around the GBA was very high,

_(b) Maximum storm surge for the next 72 hours
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Fig. 9 Same as in Fig. 6, but for Typhoon Hato. The distributions of (a) the wind speed at 10 m and (b)

the storm surge. The maximum storm surge occurred at 04:00:00 on 2017-08-23 during Typhoon Hato
based on the results of Fct24
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Fig. 10 Same as in Fig. 7, but for Typhoon Hato. Series of the forecasted and observed water levels during
Typhoon Hato. (a) Quarry Bay station, and (b) Zhapo station
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Fig. 11 Same as in Fig. 8, but for Typhoon Hato. The number in the title is a date in the YYYYMMDDHH
format, where YYYY is the year, MM is the month, DD is the day, and HH is the hour. For example, the
number 2,017,082,012 denotes 12:00 UTC on August 20, 2017

and by enlarging Fig. 11(a), it becomes apparent that there were several blue dots outside
the southwest side of the Pearl River Delta (at about 113.5°E and 22°N), indicating that
the surge in this region was about 0.5—1 m. In summary, the model forecasted strong storm
surges in the PRE and on the east bank of the estuary at least 2 days before landfall (Hato
made landfall at 04:50 UTC on August 23, 2017). The most severe storm surge (>2 m)
occurred in the PRE and on the east bank of the estuary. Due to the weaker forecast wind,
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the storm surge was weaker in the model compared to the observations (e.g., the observed
storm surge in Quarry Bay was 1.18 m and the model forecast was (.78 m).

3.2.3 Typhoon Higos

During Typhoon Higos, the storm surge was only evident around the landing area (Zhuhai)
(Fig. 12b). A significant storm surge occurred along the coasts of Guanghai Bay and Zhuhai,
with a maximum value of ~3 m. The typhoon center moved northwest to Yangjiang after
landing in Zhuhai (Fig. 5), so the storm surge was more significant in the PRE’s western part
than in the PRE’s eastern part. The strong south wind on the east side of the typhoon caused
high winds along Zhenhai Bay and Guanghai Bay, which induced a significant storm surge
in this region (Fig. 12a). The storm surge within the PRE was much smaller due to the lower
wind speed in this area.

It is clear that in general, the water level forecast obtained from the GBASSP is accurate
for Higos, and both the amplitude and period are consistent with the observations (Fig. 13).
In addition, the forecast for Typhoon Higos is better than that for Super Typhoon Mangkhut.
Moreover, compared with the error at Zhapo Station, the error at the Quarry Bay Station is
larger, since Quarry Bay is located between several islands in Hongkong. The error of the
water depth data in the model is greater than that in Zhapo (because the water depth is inter-
polated from the GEBCO, the grid in Quarry Bay has a higher resolution), so the forecast
results are slightly worse than those for Zhapo. In this case, the model can forecast the storm
surge three days in advance at both stations.

For the weaker Typhoon Higos (Fig. 14), the model can forecast the storm surge around
the landfall area approximately 2 days in advance (Higos made landfall at 22:00 UTC on
August 18, 2020). The most server storm surge occurred on the western coast of the PRE,
which is located in the typhoon landfall region. As can be seen from Figs. 8 and 11 and, 14,
the model basically provides storm surge early warning for the public 2 days in advance and
as times goes on, the warning results become increasingly more accurate.

(a) 10m Wind (b) Maximum storm surge for the next 72 hours
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Fig. 12 Same as in Fig. 6, but for Typhoon Higos. The distributions of (a) the wind speed at 10 m and (b)
the increase in the water level when the maximum storm surge occurred (00:00:00 on 2020-08-19) during
Typhoon Higos from results for Fct24
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Fig. 13 Same as in Fig. 7, but for Typhoon Higos. Series of forecast and observed water levels during
Typhoon Higos. (a) Quarry Bay station, and (b) Zhapo station
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Fig. 14 Same as in Fig. 8, but for Typhoon Higos. The number in the title is a date in the YYYYM-
MDDHH format, where YYYY is the year, MM is the month, DD is the date, and HH is the hour. For
example, the number 2,020,081,612 denotes 12:00 UTC on August 16, 2020

4 Evaluation of key indicators
Based on previous studies (Needham et al. 2015; Feng et al. 2016; Chu et al. 2019), we
chose the maximum storm surge error, error of the occurrence time of the maximum storm

surge, RMSE, absolute error, and relative error as key indicators to evaluate the perfor-
mance of the model.
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4,1 Maximum storm surge verification

To assess the accuracy of the model in predicting storm surges, we analyzed the maximum
storm surges caused by the selected typhoons. We compared the observed and forecasted
water levels, as well as their corresponding occurrence times at both the Quarry Bay sta-
tion and Zhapo station (Table 2). First, we considered the maximum storm surge. Except
for at Quarry Bay station, during Typhoon Hato, the forecasted values are consistent with
the observed levels at both Quarry Bay station and Zhapo station. The difference between
the forecasted and observed values ranged from 0.02 to —1.17 m, with a particularly low
deviation of less than 25 cm for the Fct24 results, except for Typhoon Hato. As was pre-
viously mentioned, because the GRAPES-3 km is not accurate enough in predicting the
rapid intensification of Hato, the maximum error (—117 c¢cm) occurs for the Fct72 results
for Strong Typhoon Hato. Although the model error is large at this time, it is significantly
lower for other forecast start times. On average, the model error gradually decreases as the
forecast time progresses. It decreases from 42.5 cm for Fct72 to 19.7 cm for Fct24. This
trend may be due to the improved accuracy of the prediction results of the driving field as
the landing time progresses. Additionally, it should be noted that the time resolution of the
model is 1 h, and the error of the occurrence time of the maximum storm surge between the
observations and model results is within 1 h (except for two Fct72 results from a total of
18 results). Therefore, the occurrence time of the maximum storm surge obtained from the
model is close to the observed time.

Table 2 Comparison of the maximum water level for the observations (Obs) and GBASSP forecast results
for the different typhoons

Typhoon Obs (m) & oc- Fct24*/anomaly (m) Fct48*/ anomaly Fct72*/ anomaly Sta-

currence Time & occurrence Time ~ (m) & occurrence  (m) & occurrence  tion
Time Time

Hato 3.57 2.71/-0.86 2.69/-0.88 2.40/-1.17 Quar-
2017-08-23 2017-08-23 02:00:00 2017-08-23 2017-08-23 ry
02:27:00 03:00:00 02:00:00 Bay
3.94 3.85/-0.09 3.90/-0.04 3.89/-0.05 Zhapo
2017-08-23 2017-08-23 03:00:00 2017-08-23 2017-08-23
02:44:00 03:00:00 02:00:00

Mangkhut  3.88 3.92/0.04 3.68/-0.2 3.46/-0.42 Quar-
2018-09-16 2018-09-16 06:00:00 2018-09-16 2018-09-16 ry
06:42:00 06:00:00 07:00:00 Bay
4.05 4.00/-0.05 3.60/-0.45 3.44/-0.61 Zhapo
2018-09-16 2018-09-16 18:00:00 2018-09-16 2018-09-13
18:18:00 18:00:00 16:00:00

Higos 2.76 2.52/-0.24 2.53/-0.23 2.55/-0.21 Quar-
2020-08-18 2020-08-18 23:00:00 2020-08-19 2020-08-19 ry
23:22:00 00:00:00 00:00:00 Bay
3.99 4.01/0.02 4.10/0.11 3.90/-0.09 Zhapo
2020-08-19 2020-08-19 02:00:00 2020-08-19 2020-08-18
01:55:00 02:00:00 01:00:00

Mean abso- - --/0.197 --/0.282 --/0.425 -

lute error

* Fct24, Fct48, and Fct72 denote the results when the start-time of the GBASSP is at least 24, 48, and 72 h
before the typhoon landfall time, respectively
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Fig. 15 Root mean square error (RMSE) and maximum error (Max) of the GBASSP results at Quarry Bay
station and Zhapo station during typhoons Hato (a—b), Mangkhut (¢—d), Higos (e—f), and the mean values
of the three typhoons of two stations (g). Fct24, Fct36, Fct48, Fct60, and Fct72 denote the results of the
GBASSP for start times of at least 24, 36, 48, 60, and 72 h before typhoon landfall time, respectively
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4.2 RMSE and ME verification

In addition, to evaluate the model performance in detail, the root mean square error and
the maximum storm surge error of the GBASSP were calculated for the two sites during
the selected TCs (Fig. 15). On average, the RMSE of the GBASSP was relatively stable,
ranging from 15 to 35 cm (Fig. 15g). The error of the maximum water level, the most criti-
cal variable we are interested in, has a good performance, and all of the errors are less than
27 cm. In particular, for 12 of the 15 results, the error is less than 10 cm for any forecast
start time (i.e., 0—24 h, 25-48 h, and 49-72 h). With the advancement of the start time of the
model, the RMSE and ME do not exhibit significant decreasing trends; that is, sometimes
they decrease (e.g., the RMSE for 0-24 h decreases from 0.18 m for Fct48 to 0.16 m for
Fct36) and sometimes they increase (e.g., the RMSE for 0-24 h increases from 0.16 m for
Fct36 to 0.21 m for Fct24). However, as the effective forecast time increases, the RMSE
gradually increases, i.e., the forecast for 0—24 h is better than that for 4972 h. In detail, the
forecast for Quarry Bay station seems to be poorer than that for Zhapo station. On average,
the RMSE for Quarry Bay varies between 10 and 48 cm, with almost the same average value
as that for Zhapo station (~20 cm). The ME is slightly higher than that for Zhapo station,
especially during Typhoon Mangkhut. The RMSE and ME of the forecasts for 0—24 h and
25-48 h are only slightly different, indicating that the prediction skills of the model are
similar for these two forecast periods.

4.3 Comparison with other models

Third, we also compared the GBASSP with other prediction models (Table 3). It can be seen
that the average RE and RMSE of the GBASSP are 5.9% and 21 cm, respectively, which are
the smallest of all of the models. In addition, the average AE is between those of the other
models. It should be noted that the resolutions of the GBASSP, Chu’s, Han’s, Zhang’s, and
Xiong’s models are 80—100 m, 500 m, 100 m, 5-10 m, and 5 km, respectively. Our model
has more minor errors than the model including the GBA (Xiong et al. 2022). The storm
surge results are sensitive to the grid resolution (Sasaki and lizuka 2007; Kohno et al. 2018);
thus, the error of Xiong’s model is the largest. Hurricane winds are the primary driver of
storm surges. The wind fields of Han’s model and Zhang’s model are extracted from the
Holland model (Holland 1980), while the wind fields of the GBASSP and Chu’s model
are extracted from more actual forecast wind fields, such as the GRAPES and the fifth
generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis of the global climate (ERAS). Therefore, the results of the GBASSP and Chu’s
model are better than those of the other two. Due to its higher resolution, the GBASSP has
better forecasting skills than Chu’s model.

Table 3 Comparison of forecast GBASSP Chuws Han’s Zhang’s Xiong’s
maximum storm surge for the model model model  model
next 24 h (2019) (2019) (2021)  (2022)
RMSE (cm) 21 33 - - -
Average absolute  19.7 -- 18.1 18.0 355
error (cm)
Average relative 5.9 7.0 12.9 7.5 18.9
error (%)
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5 Conclusions and discussion

The GBA is the largest urban agglomeration in the world. Still, it is located in a low-lying,
flood-prone coastal area exposed to sea level rise and extreme water levels generated by
typhoon-induced storm surges. In this study, we developed a coupling model to forecast
the typhoon-induced storm surges in the GBA. First, based on an ocean model (FVCOM)
and atmospheric model (GRAPES-3 km), we constructed a real-time storm surge prediction
system for the GBA, namely, the GBASSP. Second, we analyzed the model’s performance
for typhoons Mangkhut, Hato, and Higos. Finally, we evaluated the early warning capability
of the GBASSP. The main conclusions are as follows.

(1) The high-resolution GBASSP was developed by configuring the updated code of an
unstructured grid model (FVCOM) for the GBA and coupling the wind and pressure fields
of the GRAPES-3 km. It is a new attempt to establish a GBASSP with a maximum horizon-
tal resolution of 80 m for storm surge warnings in the GBA.

(2) The GBASSP can provide early warning and forecasting, and it can give storm surge
early warning at least 2 days before typhoon landfall. For Typhoon Mangkhut, it forecasts
a maximum storm surge of ~4 m, with an error of less than 5 cm at both Zhapo station and
Quarry Bay station. For Typhoon Higos, the error is ~20 cm at Quarry Bay station and 2 cm
at Zhapo station. For Typhoon Hato, the error of the maximum storm surge at Quarry Bay
station is ~80 cm (results of Fct24), while the error at Zhapo station is less than 10 cm. This
increase in error is mainly due to the weak forecast wind field of the GRAPES.

(3) The key performance indicators of the model indicate that it performs well. The
RMSE of the GBASSP is relatively stable on average, ranging from 15 to 35 cm, with an
average RMSE of 21 cm. The mean absolute error of the maximum storm surge is 19.7 cm
in the next 24 h, and it gradually increases as the effective forecast time increases. In addi-
tion, the maximum storm surge occurrence time difference between the observations and the
results of the GBASSP is mostly within 1 h. It should be noted that the prediction skills of
the model are similar for the 0—24 h and 25-48 h forecast periods at the two stations. Our
model has the best forecasting skill compared to other storm surge prediction models. The
relative error and root mean square error of the GBASSP are 5.9% and 21 cm, respectively,
the smallest of all of the models, while the average absolute error is between those of the
other models.

The GBASSP has several advantages. First, it can more accurately simulate tidal eleva-
tions, residual currents, and water levels than other models by using an unstructured trian-
gular mesh to better represent the complex distribution of sea and land terrain features in the
GBA (Chen et al. 2003; Passeri et al. 2015). Second, the time from the initiation of the sys-
tem to the end of the model’s runtime is ~ 100 min. This is fast enough to meet operational
requirements, and in the near future, the runtime of the GBASSP is expected to be reduced
to half of what it currently is through more computational cores. Third, compared to other
forecast systems (Table 3), the GBASSP performs well and has the best forecasting ability.
The relative and root mean square errors of the GBASSP are 5.9% and 21 cm, respectively,
the smallest of all the comparative models used in this study.

We found that the model still has some areas for improvement. First, the GRAPES are
not good under the rapid intensification of Typhoon Hato, and thus, the error for Typhoon
Hato is more significant than those for the other cases. Wind stress is the dominant factor
that affects storm surges (Akbar et al., 2015; Arns et al. 2017; Shen et al. 2019; De Domini-
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cis et al. 2020). To improve this issue, many studies have reported that assimilating obser-
vational data can improve typhoon track and intensity forecasting (Liu and Li 2010; Weng
and Zhang 2016; Velden et al. 2017; Liu et al. 2018). Therefore, further GRAPES can be
improved by assimilating the latest observation data, such as FengYun —4 satellite data, to
improve the model. Second, due to the imprecise topography and land use/land cover, the
warning along the coast of Guanghai Bay is not continuous for Typhoon Higos (Fig. 14c,
d). This result demonstrates the significant influence of changes in the landscape, consistent
with previous research results (Bilskie et al. 2014; Passeri et al. 2015). Hence, the following
improvement step, i.e., including high resolution topographic data such as chart data, will
be addressed and tested in a future study. Third, in this study, the bottom friction and wind
drag coefficient were acquiescent (see formulas (2) and (4) in Sect. 2.1.1); however, storm
surges are sensitive to them (Bunya et al. 2010; Peng and Li 2015; Akbar et al. 2017). In
future work, we will test many different parameters to determine the most appropriate com-
bination of parameters for forecasting storm surges in the GBA. Finally, more observational
comparison is needed to better demonstrate the model’s prediction performance.
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