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Abstract

The accuracy of typhoon forecasts plays an important role in the prediction of storm surges. The uncertainty of a
typhoon’s intensity and track means it is necessary to use an ensemble model to predict typhoon storm surges. A
hydrodynamic model, which is operational at the National Marine Environmental Forecasting Center, is applied
to conduct surge simulations for South China coastal areas using the best track data with parametric wind and
pressure models. The results agree well with tidal gauge observations. To improve the calculation efficiency, the
hydrodynamic model is modified using CUDA Fortran. The calculation results are almost the same as those from
the original model, but the calculation time is reduced by more than 99%. A total of 150 typhoon cases are
generated by combining 50 typhoon tracks from the European Centre for Medium-Range Weather Forecasts with
three possible typhoon intensity forecasts. The surge ensembles are computed by the improved hydrodynamic
model. Based on the simulated storm surges for the different typhoon cases, ensemble and probability forecast
products can be provided. The mean ensemble results and probability forecast products are shown to agree well
with the observed storm surge caused by Typhoon Mangkhut. The improved model is highly suitable for
ensemble numerical forecasts, providing better forecast products for decision-making, and can be easily

implemented to run on regular workstations.
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1 Introduction

Storm surges are among the most frequent and devastating of
natural hazards, leading to significant casualties, property losses,
and damage in many coastal areas around the world. China is
located in the northwestern Pacific coastal area, and is at risk of
being seriously hit by storm surges. Accurate forecasting of these
storm surges is therefore critical for protecting coastal cities from
flooding and minimizing the damage from these storms.
However, accurately forecasting the timing and magnitude of
storm surges remains an operational challenge. One reason for
this is the atmospheric field forecast at the sea surface, which can
vary substantially depending on the meteorological situation. To
reduce the errors caused by inaccuracies in the atmospheric for-
cing field, the storm surge ensemble forecast technique was de-
veloped. The Met Office Global and Regional Ensemble Forecast
System, a barotropic storm surge model covering the North At-
lantic and European domain, has a 24 km grid length and
provides 24 different forecasts of meteorological evolution for ex-
tratropical storm surges. The verification results from this model
are encouraging (Flowerdew et al., 2009).

The track and intensity of a typhoon are critical factors in
forecasting the resulting storm surge. The uncertainty of a
typhoon’s track and intensity can lead to significant errors in
typhoon storm surge forecasts. In recent years, the extensive ap-
plication of data assimilation techniques has led to great im-
provements in the accuracy of typhoon forecasting. Currently,
the mean error of typhoon track forecasts is 60-90 km for a 24-h
lead time (Lei et al., 2017)@‘. However, this degree of error is still
unacceptable for storm surge forecasting.

Regarding the uncertainty of typhoon tracks, the concept of a
“probability circle” has been widely adopted for storm surge en-
semble forecasting in Fujian coastal areas (Wang et al., 2010). In
this approach, four perturbed typhoon tracks (right track, left
track, quick track, and slow track) are generated according to the
control typhoon track. The radius of the circle depends on the
typhoon’s track forecast error at different lead times. An en-
semble of fifteen groups of typhoon parameters, formed by com-
bining the five typhoon tracks with the three maximum wind
speeds, is used to drive the storm surge model and generate
storm surge probability forecasts (Ding et al., 2016). The storm
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surge ensemble forecast system is run eight times a day by the Ja-
pan Meteorological Agency to provide a 33-h forecast of storm
surges when a typhoon enters a certain region around Japan
(Higaki et al., 2009). Salighehdar et al. (2017) found that even the
simplest ensemble produces results that are superior to those
from any single forecast. However, while the ensemble forecast
methods mentioned above improve the accuracy of typhoon
storm surge forecasts to some extent, two problems still exist: (1)
Although the uncertainty of typhoon tracks is considered, the real
physical progress of a typhoon’s evolution is not considered; (2)
The number of ensemble members must be large to obtain an ac-
ceptable forecast, resulting in enormously expensive computa-
tion costs for operational use.

A more promising high-performance computing technique
that is accessible even on general workstations involves the use of
Graphics Processing Units (GPUs). GPUs are commonly used in
the video games industry, but have only recently been applied to
scientific computing (Brodtkorb, 2013). The hundreds of pro-
cessing elements on a single GPU provide far more powerful par-
allel computing capability than a conventional Central Pro-
cessing Unit (CPU). The benefit of using GPUs in high-perform-
ance computing is evident. In less than a decade, numerous
GPU-accelerated models have been developed and used in many
areas of scientific computing, e.g., computational fluid dynamics,
magnetohydrodynamics, signal processing, molecular dynamics
simulations, and gas dynamics (Amouzgar et al., 2016; Bard and
Dorelli, 2014; Chauhan et al., 2016; Liang et al., 2016). However,
GPU techniques have not been used in the field of storm surge
ensemble forecasting.

The objective of this study is to investigate storm surge en-
semble forecasts for the Guangdong coastal areas of China using
GPU techniques. A high-resolution storm surge model was ap-
plied to simulate storm surges in the study area, and a GPU tech-
nique was employed to improve the computational efficiency. A
total of 150 typhoon cases were used to drive the storm surge
model. Large-scale computations from storm surge ensemble
forecasting can be realized on a regular workstation. The simu-
lated results can be used as an important reference for disaster
mitigation. The model description is presented in Section 2. Sec-
tion 3 describes the GPU improvement method and its validation
based on the simulation results. The results are discussed in Sec-
tion 4, and our conclusions are presented in Section 5.

2 Data and methodology

2.1 Model Configuration

Hydrodynamic models are widely used for operational storm
surge predictions in China. They provide highly accurate solu-
tions to mathematical formulations of the hydrodynamic situ-
ation in coastal and estuarine regions (Yu and Zhang, 2002; Dong
et al., 2008). In the Spherical coordinate system, the model integ-
rates the continuity equation and the equations of momentum
vertically to give:
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The terms in these equations denote the following: ¢ is time; 6
and ¢ are the spherical coordinates; {'is the elevation of the sea
surface; P, is atmospheric pressure; u, v conponents are the
depth-mean current velocity; F,, G, components are the wind
stress on the sea surface; D is the total water depth; p is the dens-
ity of sea water; R is the radius of earth; gis the acceleration of
gravity; fis the Coriolis parameter. F,, G, components are Bot-
tom friction

A semi-implicit finite difference scheme with Arakawa C
mesh is used to integrated. Implicit finite difference scheme of
the bottom friction is adopted to improve the stability of model.
The initial conditions include that currents and surface elevation
are zero; Lateral boundary conditions are also assumed to be
zero for normal flow to the rigid boundary. the water boundary is
drived by atmospheric pressure.

In this study, the structured grid covers the area from 15°N to
26°N and 105°E to 123°E. The computational domain includes the
coastal areas of Fujian, Taiwan, Guangdong, Hainan, and
Guangxi. The grid resolution of the model is 1’. There are 1 080
grid cells in the x-direction and 660 grid cells in the y-direction.
The coastal water depth data were obtained by field measure-
ments. The other bathymetry was supplemented by the GEBCO
database with a high resolution of (1/120°). The two bathymet-
ries were combined and interpolated into the computational
grid. The bathymetry data used in this study are illustrated in Fig. 1,
where the maximum water depth is set to 100 m for places where
the real water depth is equal to or greater than 100 m. A wide
continental shelf can clearly be observed in the computational
domain. The meteorological data used in this study were ob-
tained from the CMA-STI Best Track Dataset for Tropical Cyc-
lones over the Western North Pacific (www.typhoon.gov.cn). The
data include the typhoon tracks and intensities over the Western
Pacific since 1949.

2.2 Model wind field

The typhoon wind field and atmospheric pressure distribu-
tion play an important role in storm surge simulations. The for-
mulas derived by Fujita and Takahashi are adopted to represent
the atmospheric pressure distributions:
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The wind field has two parts: a rotating wind field that is pro-
portional to the wind gradient and a basic wind field that is de-
pendent on the typhoon’s translation speed. The basic wind field
is assumed to be represented by the Veno Takeo formula:
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Fig. 1. Model domain and bathymetry.
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The specific validations of the rotating wind field formula
were introduced by Wang (1991, 2001).

2.3 CUDA-based heterogeneous computing algorithm in the storm
surge model

The compute unified device architecture (CUDA) is a parallel
computing architecture developed by the NVIDIA Corporation,
providing an interface for developing and running parallel code
on compatible GPUs. CUDA employs Fortran or C as the pro-
gramming language for wider computing developments. With
the development of GPU techniques, Chauhan et al. (2016) accel-
erated a high-arithmetic-intensity storm surge model using
CUDA C.

The Arakawa C-grid is adopted in the hydrodynamic model,
whereby a time integration algorithm is used to simulate the
storm surge. In each time step, the algorithm processes stay the
same, with three subroutines responsible for computing the wind
field, solving the shallow water equations, and smoothing the
results; these are executed sequentially in each iteration. As the
computation of the three subroutines is time-consuming, paral-
lel computing is necessary.

Based on the characteristics of the model and the codes
above, the CUDA-based heterogeneous computing of the model
proceeds as follows. Firstly, the three subroutines are split into
seven algorithm modules in order of their calculation to elimin-
ate data dependencies among modules. Threads and computing
tasks can then be scheduled dynamically and executed in an
asynchronous manner, which greatly enhances the computing
speed of the program. The specific method is to decompose tasks
in the horizontal grid direction, and dynamically allocate local
computing tasks to different threads. At the same time, the entire
algorithm process is split into seven kernel functions. Secondly,
the data required for internal calculation of each kernel function
can be read from the global memory and updated by the thread
itself. No data computing is performed by the external thread,
which means the multiple threads in each kernel function have

no data dependencies. Thirdly, if data dependencies exist
between kernel functions, data communication between threads
is executed through the global memory of CUDA or by synchron-
ization between threads.

The process of the algorithm is as follows: (1) initialized data
are transferred from the CPU to GPUs and threads are allocated
to GPUs to complete computing tasks; (2) specific intensive com-
puting tasks are performed by GPUs; (3) the computation results
are returned to the CPU by the GPUs.

The GPU technique is used to initiate storm surge ensemble
forecasting and reduce the computational load to meet the re-
quirements of operational storm surge forecasts.

3 Results

3.1 Parallel speedup

For the test runs conducted in this study, the GPU-based
model was executed on an NVIDIA Tesla K20 GPGPU card. To il-
lustrate the superiority of the CUDA-based parallel method, and
to compare with serial computing on a CPU, the speedup was
calculated as:

Ts
S= T (M
where T is the time required by the serial model and T, is the
time required by GPU-based model.

Overall, it took 22 min to simulate three days of storm surge
data using a traditional serial model, and only 11.8 s using the
GPU model. Thus, T;= 22 min and T, = 11.8 s, so the speedup ra-
tio S$=1320/11.8 = 112. The GPU model was also implemented
on a mobile PC with 8 GB internal memory and one Nvidia
Quadro M1000M card. Only 24.5 s was required to simulate three
days of storm surge data, a speedup ratio of 54 compared with
the serial model.

3.2 Model validation
In recent years, many super typhoons and their induced
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storm surges have impacted the South China coastal area.
Typhoons Rammasun in 2014 and Hato in 2017 are two repres-
entative cases. The typhoon tracks and tidal station distribution
are shown in Fig. 2. The hydrodynamic model was applied to
simulate the storm surges caused by Rammasun (Fig. 3) and
Hato (Fig. 4). The tidal stations near the typhoon tracks in the
coastal areas are considered in the following discussion.

To test the performance of the model, the relative error (RE)
between the simulated and observed peak values of the storm
surge were calculated as:

RE = Abs (0, — Sp) /Op, (®)
where O,, is the observed peak storm surge and S, is the simu-
lated peak storm surge. Examining the two surge cases, it can be
seen that the numerical results coincide with the measurements
at peak values, with deviations of less than 15%. This error may
be caused by differences between the wind field used for simula-
tion and the real wind field. The accuracy of the coastline and
water depth may also require further improvement, which may
be another source of error. Further work will compare the model
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with observed data from more stations to make the results more
accurate. As the stations that provide data are scattered around
the model domain, the simulation can be considered a fair rep-
resentation of the storm surge in the computational domain.
Figure 5 compares the simulated storm surge given by the ori-
ginal model with that from the GPU model at stations along the
coastal areas. The simulated results from the GPU model are con-
sistent with the output from the serial model, confirming the
credibility of the results simulated using the GPU technique.

3.3 Storm surge ensemble forecast

Data assimilation and other important changes to the weath-
er forecast model (such as more coupled physical elements) have
led to the typhoon forecast product from the European Centre for
Medium-Range Weather Forecasts (ECMWF) being widely ac-
cepted by users. Thus, this product plays a dominant role in the
predictions generated by many forecast agencies. Fifty perturbed
ensemble members are generated by the ECWMF weather fore-
cast model (Sha et al., 2015), but the results generally underes-
timate the intensity. Therefore, the typhoon intensity forecasts
are taken from the China Meteorological Administration (CMA).
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Fig. 2. Typhoon’s track and tidal station distribution.
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Fig. 3. Time series of the measurements (blue) versus simulated storm surge with model results (red) at the Zhanjiang Station (a) and

Nandu Station (b) during Typhoon Rammasun.
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Fig. 4. Time series of the measurements (blue) versus simulated storm surge with model results (red) at the Sanzao Station (a) and

Huizhou Station (b) during Typhoon Hato.

Considering the uncertainty of intensity forecasts, another two
possible intensities are derived on the basis of the CMA forecast
results (+10 hPa). By combining the 50 perturbed typhoon tracks
with the three possible central minimum pressures, an ensemble
of 150 storm surge cases are generated.

Consider the example of Typhoon Mangkhut, which struck
the Luzon Island on September 15, 2018. This was the strongest
typhoon to strike Luzon since Typhoon Megi in 2010, and the
strongest typhoon to make landfall in the Philippines since
Typhoon Haiyan in November 2013. Mangkhut weakened while
traversing the mountains of Luzon, before emerging over the
South China Sea on September 15. The typhoon subsequently
made landfall again on the Taishan coast of Jiangmen, Guang-
dong Province, China, on the afternoon of September 16. Figure 6
shows the typhoon'’s real track (blue line), subjective forecast
track (green line), and the perturbed tracks (red lines).

Figure 7 presents the storm surge at specific stations as simu-
lated by the ensemble forecast members and the subjective fore-
cast from CMA. The ensemble forecast results give a compre-
hensive indication of the possible storm surges. The forecast res-
ults not only cover the main vibration phase of the observed data,
but also cover the peak value of the storm surge and the occur-
rence time. The mean ensemble forecast exhibits the highest
forecast skill, with a peak value error of 11.4%, followed by the
traditional forecast results based on subjective typhoon forecast,
which have a peak error of 16.0% (Fig. 7). However, with the lead
time of more than 30 h, the simulated surge arrives several hours

500

400

300

200

100

GPU model results/cm

0

-100

-200
-200

-100 0 100 200 300 400 500

Orginal model results/cm

earlier or later than the observed surge at some stations.

3.4 Storm surge probability forecast product

As the error in the atmospheric input far exceeds the error in
the model, a probabilistic approach for the input is desirable. The
probabilistic typhoon surge method was developed to calculate
the probability of the storm surge from an ensemble of forecasts.
The specific predicted results provide references for prepared-
ness decisions when faced with storm surges. There are two types
of probabilistic surge products: one gives the probability of storm
surges greater than X meters, whereas the other provides the
height distribution that is exceeded by Y% of the ensemble storm
predictions. The storm surge probability forecast product is
based on 150 equally weighted ensemble storm surge members.
The greater the probability, the more credible the storm surge
distribution. Figures 8-10 present probability distribution maps
of the storm surge height exceeding 1 m, 2 m, and 3 m, respect-
ively. The area with storm surge heights exceeding 1 m is distrib-
uted across a vast area from Shanwei City to Maoming City in
Guangdong Province, and the probability is very high.

Storm surge heights exceeding 2 m are mainly distributed
from Huizhou City to Yangjiang City with high probability.
Heights exceeding 3 m are mainly distributed around the Pearl
(Zhujiang) River estuary and have a high probability. Taking the
example of typical tidal stations in Guangdong Province (Table 1),
the probability that a storm surge will exceed 1 m reaches more
than 98%, that for 2 m reaches more than 88%, and that for 3 m
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Fig. 5. Comparison of simulated results between GPU model and original model. a. Rammasun; b. Hato.
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track, and the green line indicates the subjective forecast track from CMA).
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reaches more than 50% for Zhuhai, Sanzao, and Yantian tidal sta-  abilities of a strong storm surge are mainly concentrated from the
tions. This is very consistent with the measurement results. Pearl River mouth to Yangjiang City. In particular, when the

As the storm surge height increases, the extent of the probab-  storm surge height reaches 2 m, only a small area from the Pearl
ility distribution along coastal areas decreases. The larger prob-  River to Yangjiang City has a relatively high probability of reach-
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ing that value. The results are in good agreement with the actual
situation.

Another category of storm surge probability product shows
the storm surge height distribution that has a certain chance of
being exceeded. Figure 11 shows the maximum storm surge
height distribution among all possible storm surge events. The
maximum envelope of the storm surge provides a worst-case
basin snapshot for the possible storm track and intensity. Figure 12
shows the storm surge height distribution that has a 10% chance
of being exceeded. Compared with the maximum storm surge
field, the elevation of the storm surge has been reduced signific-
antly when there is a 10% chance of being exceeded along the
coast of Guangdong Province. As the probability increases, the
range and intensity of the storm surge shrinks (Figs 11-14). Note
that the probabilities actually indicate the chance that damage
could occur. A relatively small probability may still exist. Small
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probability events cannot be ignored for some vulnerable coastal
areas.

4 Discussion

In this study, a high-resolution and high-efficiency hydro-
dynamic model was built and a new storm surge ensemble fore-
cast method was applied in the Southern China coastal areas.
The major results are summarized below.

As the ensemble storm surge forecast can provide 150 results
almost simultaneously, the forecast products can provide much
more information than traditional forecasts. For instance, the
time series of the ensemble forecast at specific points (Fig. 7)
shows that the uncertainty varies over time at a specific site. In
fact, some of these ensemble forecast products have already been
proposed in previous studies, e.g., the storm surge forecast for
the city of Venice (Mel and Lionello, 2014b). The probability fore-
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Fig.10. Storm surge probabilities: chance of storm surge > 3 m.

Table 1. Probability of storm surge greater than certain values

Tidal ~ Observation P/% (surge> P/% (surge> P/% (surge>
station /cm 100 cm) 200 cm) 300 cm)
Zhuhai 327 100 98 78
Sanzao 339 98 98 88.7
Yantian 343 100 98 52

Huizhou 278 100 88 28.7

cast products provide maps of cumulative storm surge probabil-
ities that indicate the overall chances of the indicated storm
surge occurring at each location on the map during a given peri-
od. We could not determine which member is more possible, so
every storm surge cases has the same weight in the probability
forecast. Similar storm surge forecast products are issued by the
National Hurricane Center (https://www.nhc.noaa.gov/surge/
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psurge.php#overview). An extreme event should not be ignored,
even if the probability of the event occurring at an individual
point is only 1 in 150 (0.667%).

The excellent time-efficiency of the ensemble storm surge
forecasts in the study is the result of three main factors: (1) The
GPU technique, which enhances computational efficiency signi-
ficantly. The overall time cost of a three-day surge forecast is less
than 25 s on a regular workstation. This is a significant saving
compared with many other traditional storm surge forecast mod-
els, such as the models used by Ding et al. (2016) and Suh et al.
(2015). (2) The typhoon tracks from ECWMF, which are gener-
ated under different perturbations and cover nearly all possible
future typhoon tracks. The number of typhoon tracks is large
compared with many other ensemble storm surge forecast mod-
els, such as that of Ding et al. (2016) and Wang et al. (2010). (3)
The typhoon intensity forecasts provided by the CMA, which
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Fig. 11. Storm surge height distribution with 0.667% (1/150) chance of being exceeded.
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Fig. 13. Storm surge height distribution with 50% chance of being exceeded.

compensate for the ECWMF model underestimating the intens-
ity forecast.

Although the storm surge prediction is generated by an en-
semble forecast with 150 members, changes in the typhoon’s
path and intensity can only be considered to a certain extent. In
particular, the simulation results may be poor when there are
rapid changes in intensity near to the shore. The main reason is
that such extreme situations are not included in the typhoon en-
semble.

In future work, studies will be conducted to derive more gen-
eral results. The large degree of uncertainty in the determination
of the radius of the maximum wind speed should be addressed,
and more perturbations in typhoon tracks, intensity, and size
should be considered. Additional probabilistic products will also
be proposed.

5 Conclusions

A high-resolution 2-D hydrodynamic model based on shal-
low water equations was developed to simulate the storm surges
resulting from typhoons off the coast of Guangdong Province,
China. The predicted storm surges were shown to agree with
measurements at specific tide gauge stations. The accuracy of the
model was estimated in terms of the root mean square error.
Comparisons with observed data indicate that the model results
agree well with tidal gauge observations in the Guangdong
coastal areas. To reduce the computation time, a GPU technique
was used to improve the model efficiency. The computation time
was reduced by up to 99% using the GPU-improved model,
which can run on ordinary workstations and portable computers.

Based on the GPU-improved model, large-scale storm surge
ensemble forecasts can be generated on workstations and PCs. A
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Fig. 14. Storm surge height distribution with 80% chance of being exceeded.

total of 150 typhoon events were generated based on 50 per-
turbed paths from ECWMEF and three possible central pressures.
The results provide specific storm surge heights along coastal sta-
tions. Probabilistic forecast products were also examined,
providing the storm surge height field distribution that exceeds a
certain probability and the probability field distribution that ex-
ceeds a certain storm surge height. Ensemble forecast products
can also be used as a reference for storm surge height forecasts
and disaster mitigation.
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