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ORIGINAL RESEARCH PAPER

Uncertainty of storm surge forecast using integrated atmospheric and storm 
surge model: a case study on Typhoon Haishen 2020
Masaya Toyoda a, Nobuki Fukuib, Takuya Miyashitaa, Tomoya Shimuraa and Nobuhito Mori a,c

aDisaster Prevention Research Institute, Kyoto University, Kyoto, Japan; bGraduate School of Engineering, Kyoto University, Kyoto, Japan; 
cSwansea University, Bay Campus, Swansea, UK

ABSTRACT
Hindcast experiments and pseudo-forecast experiments considering Typhoon Haishen (2020) 
were conducted using an atmospheric (WRF)-storm surge (GeoClaw) coupled model and 
a storm surge model with a parametric typhoon model. A series of simulations of the coupled 
model were used to quantify the error sources of the typhoon track and intensity in the forecast 
errors of storm surges. The results revealed that the typhoon track forecast had a larger error 
source for the storm surge forecast for the maximum surge height than the typhoon intensity. 
Furthermore, the parametric Holland typhoon model used in practice has an overestimation 
trend compared to the coupled model, and the parametric Holland typhoon model using WRF 
output was able to forecast the storm surge height near the typhoon (western Kyushu area) 
and its peak occurrence time accurately. However, the forecast accuracy tended to decrease as 
the distance from the typhoon to the target location increased. The pseudo-ensemble simula
tion of the storm surge forecast using forecast error information was conducted considering 
the uncertainty of the typhoon track forecast. The 20 ensemble forecast simulations revealed 
that the perturbed typhoon track simulation can increase the possibility of capturing the peak 
time of the storm surge.
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1. Introduction

In recent years, the frequency of natural disasters 
caused by extreme weather events, such as tropical 
cyclones (TCs), has increased worldwide (WMO; World 
Meteorological Organization , JMA; Japan 
Meteorological Agency 2019). The WMO reported 
that the global activity of TCs in 2019 was slightly 
higher than average, and 27 cyclones occurred in the 
Southern Hemisphere, which is the highest number 
recorded since the 2008–09 season. Typhoons have 
caused disasters not only in the southern hemisphere, 
but also in the northern hemisphere. Two typhoons, 
Faxai (2019) and Hagibis (2019), struck the same region 
in Japan within a month, causing significant damage 
(Shimozono et al. ; Suzuki et al.). In the case of Faxai, 
a record storm disaster occurred mainly in Chiba 
Prefecture, causing a large-scale power outage (JMA, 
2019). Furthermore, inundation damage by waves and 
storm surges occurred in the coastal area of Kanagawa 
Prefecture. In the case of Hagibis, the highest historical 
total precipitation was observed at 613 locations in 
northern and eastern Japan (JMA 2019). Storm surges 
and waves inundated coastal areas and caused roads 
to sink in Shizuoka Prefecture.

The JMA publishes a 5-day forecast of each typhoon 
intensity and track that is likely to approach Japan and 
calls for preparation. Although the JMA typhoon fore
cast has achieved a significant improvement every year 

since 2000, the forecast error of typhoon tracks is still 
large. In a 1-day typhoon forecast, the possible errors 
in the intensity and track forecasts are approximately 
10 hPa and 80 km, respectively (JMA 2020). These 
errors can translate into forecast errors for heavy rain, 
storms, and coastal disasters. The pre-event estimation 
of hazard is significantly sensitive to the track forecast 
error because regional damage highly depends on the 
typhoon track and distance from the typhoon center to 
the target area.

Typhoons Trami (2018) and Haishen (2020) signifi
cantly deviated from the JMA forecast. In the case of 
Typhoon Trami, the JMA warned that a high storm 
surge could occur (maximum sea level anomaly 
3.45 m), and it could break the previous record for 
the highest storm surge, which occurred during 
Typhoon Vera (1959), the worst storm surge in Japan 
(e.g. Japan Weather Association 2018; Weathernews 
Inc). However, the generated maximum sea level 
anomaly was 1.44 m at Nagoya port. As a result, the 
forecast overestimated the storm surge by more than 
2 m (Japan Meteorological Agency 2018). In the case of 
Typhoon Haishen, the forecasted storm surge 
exceeded the historical maximum (maximum sea 
level anomaly of 3.0 m or more) in the coastal areas 
of Kyushu and Shikoku. The storm surge forecast was 
inaccurate, and the highest recorded storm surge did 
not occur in this event (Japan Meteorological Agency 
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2020d). Indeed, because the forecasts were overesti
mated, possible significant damage from storm surges 
was prevented. However, if such forecast errors con
tinue to occur in the future, the residents of these areas 
will experience normalcy bias, which may cause eva
cuation delays when evacuation is essential.

To reduce the forecast errors of storm surges asso
ciated with typhoons, it is necessary to estimate the 
storm surge using a highly accurate typhoon meteor
ological field. Mattocks and Forbes (2008) performed 
real-time storm surge forecasts in North Carolina, 
where the meteorological field was estimated using 
the parametric Holland typhoon model (Holland 
1980). Although the model can easily calculate the 
meteorological field and forecast storm surges with 
a certain degree of accuracy, it is quite sensitive to 
wind speed and radius parameters. Iwamoto et al. 
(2014) developed a meteorological-storm surge-tide 
coupled model and conducted a hindcast experiment 
on the storm surge by Typhoon Roke (2011) in Tokyo 
Bay, Japan. The overall behavior of the storm surge was 
reproduced with high accuracy using the coupled 
model, but the peak intensity of the storm surge 
tended to be underestimated. Many studies have 
shown the validity of numerical storm surge simula
tions (e.g. Feng et al. 2018). In recent years, the number 
of studies on storm surge forecasting using the atmo
sphere-ocean coupled model, which can consider 
a more realistic meteorological condition, has 
increased because of an increase in computing power 
(e.g. Zhang et al.). However, many of these studies are 
aimed at reproducing and analyzing phenomena (eva
luation of the mechanism of occurrence, etc.), and 
studies focusing on forecast errors are limited.

In this context, recent studies have reported storm 
surge forecasting associated with hurricanes in North 
America (e.g. Kowaleski et al. 2020; Vijayan et al.), and 
several studies are underway. Kowaleski et al. (2020) 
used the Weather Research and Forecasting (WRF) 
model and the Advanced Circulation (ADCIRC) model 
(Westerlink et al.), which consists of an unstructured 
grid, to perform storm surge forecasting experiments 
for a large number of tracks of Hurricane Irma. The 
results revealed that ensemble experiments with the 
coupled calculations are effective for investigating the 
uncertainty of storm surge disaster forecasts. However, 
the coupled model that was used is computationally 
expensive and needs to be improved for practical use. 
In addition, Vijayan et al.focused on the accuracy of 
parametric models used to calculate meteorological 
fields and studied Hurricane Michael by comparing 
Holland (1980) with Holland (1980). The results revealed 
that both models exhibit good accuracy for the max
imum storm surge near the hurricane, but Holland (1980) 
exhibited insufficient accuracy for the wind field in areas 
far from the hurricane. Thus, research has been con
ducted on improving storm surge forecasting associated 

with hurricanes using meteorological and parametric 
models. Fewer studies have been conducted on the 
forecast error factors of storm surges caused by 
typhoons in the northwestern Pacific Ocean than on 
those caused by hurricanes (Mori et al. ; Toyoda, 
Yoshino, and Kobayashi). Mori et al. evaluated the fore
cast errors of typhoons and storm surges for the case of 
Typhoon Jebi (2018) with a pseudo-forecast experiment 
using an atmosphere-ocean coupled model. The results 
revealed that quantitatively reliable storm surge fore
casts could be obtained two days before the storm 
surges. In addition, the authors reported that the accu
racy of the typhoon track forecast was more significant 
than that of the typhoon intensity forecast. Furthermore, 
Toyoda, Yoshino, and Kobayashi conducted a track 
ensemble experiment using a high-resolution typhoon- 
storm surge coupled model that consists of a high- 
resolution typhoon model and a nonlinear long-wave 
equation model to analyze the storm surge forecast 
error factors of Typhoon Trami (2018). The authors clar
ified that the radius of the maximum wind speed (RMW) 
at the time of landfall was underestimated in the JMA 
forecast, which was likely to cause a storm surge forecast 
error. The common understanding of storm surge fore
casting by hurricanes and typhoons is that the error 
source is greater in the track forecast than in the inten
sity forecast of tropical cyclones. On the other hand, 
coupled and parametric models have been used for 
different cases in previous studies, and they have not 
been confirmed for the same case. Therefore, it is neces
sary to compare the results of the coupled model and 
the parametric model for the same typhoon case to 
understand the characteristics of each model. In addi
tion, the practical application of high-precision coupled 
models is limited by the computational cost of simulat
ing a complex coastal topography, such as that of Japan. 
On the other hand, parametric models have some accu
racy issues, such as their inability to represent changes in 
typhoon shape and intensity in time series. Therefore, it 
is necessary to propose a computational method that is 
reasonable in terms of both accuracy and computational 
cost.

As revealed above, studies on factors contribut
ing to storm surge forecast error are still limited. In 
addition, the storm surge forecast associated with 
Typhoon Haishen (2020) revealed that the storm 
surge forecast error was large. The storm surge 
forecast error for Typhoon Trami (2018) was ana
lyzed, and the JMA forecast model was improved 
(Japan Meteorological Agency 2019). However, the 
forecast error of storm surges associated with 
typhoons is still large. Therefore, it is important 
to analyze the storm surge forecast error for the 
latest event, as improved forecasting can lead to 
better preparedness, which takes into account the 
range of forecast uncertainty and may reduce 
human damage.
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This study aimed to quantitatively evaluate the 
characteristics of storm surge forecast error by compar
ing the results of hindcast and forecast experiments. To 
achieve this goal, hindcast and pseudo-forecast experi
ments for Typhoon Haishen (2020) were conducted 
using an atmosphere-storm surge coupled model and 
storm surge model with a parametric typhoon model. 
We also discuss typhoon forecast factors that have the 
most significant effect on storm surge forecasts. 
Furthermore, a simple ensemble storm surge forecast 
using the parametric Holland typhoon model (Holland 
1980), which is widely used as a meteorological field 
estimation method, was conducted to clarify the char
acteristics of the method in practice and the limits of 
storm surge forecasting. Although the Holland model 
(Holland 1980) has undergone various improvements 
since it was proposed, practitioners in Japan still base 
their storm surge inundation assumptions on the ori
ginal axisymmetric model. Therefore, the purpose and 
unique point of this study is to compare two different 
storm surge forecast results of the coupling model and 
the parametric model for Typhoon Haishen, and to 
clarify the characteristics and limitations of the two 
models.

This paper is outlined as follows: Section 2 pre
sents the atmosphere-storm surge coupled model 
used in this study; Section 3 presents the results of 
the hindcast and forecast experiments using the 
atmosphere-storm surge coupled model, and the 
forecast errors and their factors are discussed; 
Section 4 presents an ensemble storm surge fore
cast for many typhoon tracks, and the characteris
tics and limits of the storm surge forecast are 
discussed based on the obtained results; and 
Section 5 concludes this study and discusses future 
work.

2. Computational methods and configuration

A coupled atmospheric-storm surge model was estab
lished by coupling the mesoscale meteorological 
model (WRF) and the storm surge model (GeoClaw). 
The coupled model was used to accurately simulate 
Typhoon Haishen and storm surges (Figure 1). Note 
that D2 (1 km) is a computational domain for confirm
ing the reproducibility of the western Kyushu area. In 
addition, because the D2 area was too small to be used 
for storm surge simulations, D1 (5 km) was used.

2.1. Computational configuration for typhoons

The WRF model was used to simulate the meteorolo
gical field of typhoon (Table 1). It is a non-hydrostatic 
mesoscale model developed by the National Center for 
Atmospheric Research (NCAR; Skamarock et al.) and is 
used for a wide range of analyses of tropical cyclones 
(e.g. Ninomiya et al.). In this study, Typhoon Haishen 
was simulated with analysis and forecast data using 
the WRF model. We focused on quantitatively evaluat
ing the forecast error of the storm surge caused by 
Typhoon Haishen and clarifying the characteristics of 
the forecast error by simulating the typhoon meteor
ological field with high accuracy during a storm surge.

Two nesting domains (D1 and D2) were used as the 
WRF computational domain (Figure 2a, red and blue 
frames). D1 (5 km grid) is a domain that covers a wide 
area from the Kyushu region to western Japan and the 
surrounding sea area. D2 (1 km grid) was set up inside 
D1 and used to calculate the meteorological fields of 
storms in the Kyushu region with a higher resolution.

In this study, a hindcast experiment on Typhoon 
Haishen and the storm surge was conducted first 
as a control run (hereafter, referred to as CNTL). 

Initial and boundary conditions 
NCEP GFS data 

4DB (2,Sep., 2020), 3DB (3,Sep., 2020),
2DB (4,Sep., 2020), 1DB (5,Sep., 2020)

Initial and boundary conditions 
NCEP FNL data + HIMSST data

WRF (5km)

GeoClaw

Assessment the forecast error of storm surge

ForecastHindcast

Figure 1. Computational flow of hindcast experiment and forecast experiments.
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Subsequently, forecast experiments were con
ducted under four conditions with different start
ing times: four days before (4 DB), three days 
before (3 DB), two days before (2 DB), and 
one day before (1 DB). The reference date and 
time was 12:00 UTC on September 6 2020, which 
is the time when Typhoon Haishen was closest to 
the Kyushu region. The simulated period of CNTL 
was from 12:00 UTC on September 2 2020, to 12:00 
UTC on September 7 2020. The initial and bound
ary conditions were the final analysis data (FNL) of 

the National Centers for Environmental Prediction 
(NCEP) on a 0.25-degree grid. High-resolution 
merged satellite and in-situ data Global Daily Sea 
Surface Temperature (HIMSST) was used as the sea 
surface temperature (SST) data, which is interpo
lated every 6 h (original temporal interval is daily, 
and horizontal resolution is 0.1°). Although it is 
possible to use the SST from NCEP FNL, the accu
racy of the simulations was higher with the HIMSST 
than with the FNL SST based on a preliminary 
analysis. Therefore, the NCEP FNL data were used 

Table 1. Computational settings for WRF.
Domain (D1) Domain (D2)

TC Case Typhoon Haishen (2020)
Period 12:00, September 2 2020–12:00, September 8 2020
Horizontal resolution 5 km 1 km
Horizontal grids 300 x 400 401 x 551
Time step 30 s 6 s
Vertical resolution 33 layers (1000–50 hPa)
Initialization NCEP FNL (0.25°x 0.25°) 

NCEP GFS (0.25°x 0.25°)
Nudging On (every 6 hours) Spectral nudging Off
Cumulus convection scheme Kain-Fritsch scheme (Kain 2004) Off
Cloud microphysics scheme WSM 6-class graupel scheme (Hong and Lim 2006)
PBL scheme YSU scheme (Hong and Lim 2006)
Radiation scheme (long/short) RRTMG scheme (Iacono et al. 2008)
Land-surface 5-layer Thermal diffusion scheme (Dudhia 1996)
Ocean physics 1d mixed layer model (Pollard and Thompson)

Figure 2. Simulation fields of WRF and GeoClaw. (a) Green line indicates the GeoClaw simulation area, red line indicates the WRF 
domain 1 simulation area, and blue line indicates the WRF domain 2 simulation area. (b) Blue points indicate storm surge 
observation sites. 1:Reihoku, 2:Kuchinotsu, 3:Fukue, 4:Oura, 5:Kagoshima, 6:Makurazaki, 7: Aburatsu, 8:Tosa-Shimizu, 9: 
Uwajima,10: Matsuyama. (c) This is topography data with 270 m resolution of GeoClaw. Red points are corresponding to 
No. 1–4 in (b).

138 M. TOYODA ET AL.



as the atmospheric field, and the HIMSST was used 
as the SST in this study. For the forecast experi
ments, the NCEP Global Forecast System (GFS) data 
were used, and the start times were set to the 
specified number of days before the reference 
date and time (i.e. 12:00 UTC on September 2, 3, 
4, and 5, 2020). The simulation end times were set 
to 12:00 UTC on September 7 2020, for 4 DB and 
1 DB, and 00:00 UTC on September 8 2020, for 
3 DB and 2 DB. This difference in the end time is 
due to the difference in the peak occurrence time 
caused by the moving speed of the typhoon at the 
time of each forecast. The forecast typhoon moved 
relatively slowly in the 3 DB and 2 DB simulations. 
Other details of the simulation settings are listed in 
Table 1. Here, the NCEP FNL and HIMSST are the 
reanalysis values. Thus, they cannot be used for 
real-time forecasting. On the other hand, the 
NCEP GFS is forecast data and can be used for real- 
time forecasting.

2.2. Computational configuration for the storm 
surge

2.2.1. Storm surge model
The storm surge model used in this study was GeoClaw, 
which was developed by Mandli and Dawson (2014). 
GeoClaw employs adaptive mesh refinement (AMR) 
algorithms that allow for the resolution of disparate 
spatial and temporal scales. GeoClaw solves the follow
ing nonlinear long-wave equations using the finite 
volume method based on the Riemann solver (details 
are provided in LeVeque 2002): 

Cw ¼ min 2� 10� 3; 0:75þ 0:067 Wj j � 10� 3� �� �
(1) 

In these equations, Cw was empirically obtained from 
experiments, and Garratt’s drag formula (Garratt 1977), 
which was obtained by linear regression analysis using 
a wind speed at a 10 m altitude, as shown in Eq. (1) was 
used in this study. The value of the upper limit is not 
specified. The value of the friction coefficient Cf was 
determined using the hybrid Chezy–Manning n-type fric
tion law: 

Cf ¼
gn2

h
4
3

1 �
hbreak

h

� �θf
" #γf =θf

; (2) 

where n denotes the Manning’s n coefficient [m�
1
3s� 1] 

and hbreak ¼ 2, θf ¼ 10, and γf¼ 4=3 control the form 
of the friction law.

The patch-based AMR approach used in GeoClaw 
employs a set of overlapping logically rectangular 
grids that correspond to one of many levels of refine
ment that are enumerated starting at l = 1. The first of 
these levels contains grids that cover the entire domain 

at the coarsest resolution. The subsequent levels, i.e. 
l � 2, represent progressively finer resolutions by a set 
of prescribed ratios rl in time and space such that 

Δxlþ1 ¼ Δxl=rl
x ;

Δylþ1 ¼ Δyl=rl
y;

Δtlþ1 ¼ Δtl=rl
t

(3) 

The refinement criteria for the storm surge simulation 
include the wind speed and RMW based on the input 
meteorological field, in addition to the water level and 
flow velocity calculated at every time step.

2.2.2. Numerical setup
Storm surge simulations were performed for the north
western Pacific Ocean and the coast of Japan (see the 
green frame in Figure 2). Table 2 presents an outline of 
the simulation settings. The simulation period was from 
the forecast start time (September 2, 3, 4, or 5 12:00 UTC) 
to September 7 2012:00 UTC (4 DB and 1 DB), and 
September 8 2000:00 UTC (3 DB and 2 DB). The storm 
surge simulation was validated at ten sites in Kyushu and 
western Shikoku (Figure 2b). The points where the max
imum storm surge observed by the JMA exceeded 0.4 m 
were selected.

The 15 arc-second resolutions provided by the 
General Bathymetric Chart of the Oceans (GEBCO) 
were used for the topographic data (GEBCO 2020). 
On the coast of Japan, topographical data (resolutions: 
2430 m, 810 m, 270 m; Figure 2c) published by the 
Central Disaster Prevention Council were used. 
GeoClaw can solve up to run-up. However, this model 
has problems such as not being able to include levees 
and not being able to handle the 0 m zone. In addition, 
the run-up was not included in the calculations in this 
study. The hydrostatic surface was 0 m, and tides were 
not considered. According to Mandli and Dawson 
(2014), Manning’s coefficient changes with water 
depth (Table 2). The refinement layers were levels 1 
to 4 (maximum), and the refinement criteria are pre
sented in Table 3. In GeoClaw, the computational time 
interval can be changed spatiotemporally according to 
the CFL condition. In this study, the computational 
time interval was changed such that the CFL was 
equal to or less than 0.5.

Table 2. Computational settings for GeoClaw, outline of the 
simulation settings.

Period
12:00UTC, 2 – September 4 2020–12:00UTC, 

September 8 2020

Refinement level [1,2,3,4]
Refinement ratio [6,2,2]
Resolution [deg] [1/10, 1/60, 1/120, 1/240]
Time step Adaptive (CFL ≤0.5)
Wind drag 

coefficient
Garatt, 1977

Manning’s 
coefficient

Mandli and Dawson 2014
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Storm surge simulations were performed with two 
different meteorological field models: the WRF model 
and the Holland model. Note that the storm translation 
speed is added to take into account the relative motion 
of the storm and atmosphere in the case of Holland 
model, and wind field is asymmetric. In Section 3, we 
compare forecast simulations in which the meteorolo
gical field of the WRF model is directly input to 
GeoClaw (coupled) and forecast simulations in which 
the initial values of the Holland model are input to the 
JMA forecast with no temporal change condition (PTC). 
In Section 4, the key parameters of typhoons are refer
enced to the WRF output, and the meteorological field 
is determined based on the parametric Holland 
typhoon model (Section 4). The simulation method is 
described in the next section.

2.3. Computational method of the Simple 
Ensemble Experiment for Storm Surge Forecast 
(SEES)

To evaluate the impact of different tracks on storm 
surge forecasts, the results of simple ensemble 
experiments for storm surge forecasting (SEES) 
assuming multiple typhoon tracks based on dynamic 
TC forecasts are discussed using the parametric 
Holland typhoon model to increase the number of 
TC tracks. In addition, the characteristics and limits of 
storm surge forecasts were determined. First, the 

simulation method of SEES is described. In this 
study, the Holland (1980) model, a parametric TC 
model for pressure and wind, was used to set up 
the meteorological field. The parametric typhoon 
model assumes an axis-symmetric pressure field 
given a minimum central pressure and RMW, and it 
has the advantage of arbitrary typhoon track transla
tion and a very low computational cost. Therefore, 
the TC track ensemble can be easily considered 
using the parametric Holland typhoon model. This 
method is widely used by many municipalities in 
Japan for storm surge inundation assumptions 
(Ministry of Land, Infrastructure, Transport and 
Tourism 2020). However, it has a significant disad
vantage: the dynamical and local characteristics of 
the typhoon, and the intensity and temporal changes 
in the RMW cannot be considered. In this study, the 
temporal changes in the typhoon intensity and RMW 
were considered using the hourly simulation result of 
the GFS obtained with the WRF model as the 
typhoon information for input into the parametric 
Holland typhoon model (Figure 3). Atmospheric pres
sure and wind speed, according to Holland (1980) in 
GeoClaw (Mandli and Dawson 2014) were used.

The parametric Holland typhoon model requires 
information on the typhoon position (latitude and 
longitude), central pressure, maximum wind speed, 
and RMW. In this study, the results of forecast experi
ments (4 DB, 3 DB, 2 DB, and 1 DB) performed with the 
WRF model were used as the input conditions for the 
parametric Holland typhoon model. Furthermore, the 
output of the WRF model was used to obtain the 
values of the central pressure, maximum wind speed, 
and RMW (every hour). The SEES combines highly 
accurate meteorological model values with a low com
putational cost parametric model. Therefore, it is 
a realistic method in terms of both accuracy and com
putational cost.

Holland model

Track ensemble experiments

Position (5 cases)
Central pressure

Maximum wind speed
Radius of maximum wind speed

Typhoon meteorological field

Original, 1 deg East, 1 deg West, 
1 deg South, and 1 deg North 

GeoClaw

Initial and boundary conditions 
NCEP GFS data

Fields of storm surge
E.g. Sea-level anomaly

Fields in a Haishen (2020)
E.g. Central pressure, wind speed

WRF

GeoClaw

Fields of storm surge
E.g. Sea-level anomaly

Typhoon results Change of typhoon position

Figure 3. Computational flow of simple ensemble experiments for storm surge (SEES) .

Table 3. Refinement criteria for the sea surface height Twave, 
water speed Tspeed, and wind speed Twind. The lists of toler
ances correspond to level criteria, i.e. the first entry is the 
tolerance for moving from levels 1 to 2.

Criteria

Twave [m] 0.2
Tspeed [m/s] 1
Twind [m/s] [20.0, 30.0, 40.0]

140 M. TOYODA ET AL.



Regarding the SEES, the perturbation of the track 
was set to 1°. Five types of typhoon track perturbations 
were considered: original track, 1-degree east, 
1-degree west, 1-degree south, and 1-degree north. 
Therefore, storm surge forecasts were obtained for 
each day (4 DB, 3 DB, 2 DB, and 1 DB) using the five 
typhoon tracks and the same intensity and RMW (a 
total of 20 forecasts). The perturbation was chosen as 
1° because the averaged error of JMA’s prior 24 h 
forecast of the typhoon track was estimated to be 
approximately 100 km (JMA 2020b, 2019). It should 
be noted that the typhoon track is shifted by 1° from 
start to end.

3. Pseudo-deterministic experiments based 
on the integrated atmosphere–storm surge 
coupled model

In this section, the results of the hindcast and pseudo- 
forecast experiments using the integrated atmospheric– 
storm surge model presented in Section 2 are discussed 
in Section 3.1 and Section 3.2, respectively.

3.1. Hindcast experiment for the storm surge

First, the intensity and track of Typhoon Haishen 
obtained with the WRF model utilizing the atmo
spheric analysis data were validated starting 00:00 
UTC on September 6, as shown by the results of the 
CNTL in Figures 4 and 5, respectively (the other lines in 
the figure will be discussed in the next section). 

Because the output interval of the WRF is 1 h, the 
plot of each figure uses the same interval. According 
to the JMA best track data (observations; JMA 2020c), 
Typhoon Haishen developed with a minimum central 
pressure of 910 hPa on September 4. However, it 
approached Japan while rapidly weakening and mov
ing northward over the western ocean of Kyushu 
(black line in Figure 4 and black dots in Figure 5). In 
the hindcast experiment (red line in Figure 4), the peak 
intensity of the CNTL was significantly underestimated 
by +20.5 hPa. This error is caused by the inability of the 
utilized model to capture the rapid intensification of 
typhoons in the FNL data as input and boundary con
ditions, and the large error in the parameterization of 
the WRF model at the time of typhoon intensification. 
However, the error decreased to 1.7 hPa when 
Typhoon Haishen approached the Kyushu region. 
Regarding the accuracy of the typhoon track 
(Figure 5), the period near the Nansei Islands was 
temporarily shifted to the west by approximately 
40 km. However, the error was less than 20 km after 
00:00 UTC on September 6, indicating that the accu
racy of the model had improved. The observed moving 
speed when going north to the west of Kyushu was 
34.8 km/h, and the result of the WRF model was 
31.6 km/h. Although the moving speed tended to be 
underestimated, the typhoon movement could be 
expressed accurately. A relatively accurate typhoon 
track can be simulated in the later period of Typhoon 
Haishen because of the spectral nudging applied to 
the CNTL.

Figure 4. Time series of central pressure for Haishen (2020). Black line is JMA best track, the red diamond line is hindcast 
simulation (CNTL), the Orange circle line is 4 days before, the blue X line is 3 days before, the green triangle line is 2 days before, 
and the purple square line is 1 day before. Note that Orange, blue, green, and purple lines are the results of forecast experiments. 
The vertical axis represents the central pressure of the typhoon, and the horizontal axis represents the time; the typhoon 
attenuates from left to right.

COASTAL ENGINEERING JOURNAL 141



Subsequently, the accuracy of the wind speeds in 
the Kyushu region and western Shikoku was validated 
against in situ data, as shown in Figure 6. The observed 

data of 20 sites (12 sites on the west coast of Kyushu, 
eight sites on the east coast of Kyushu, and western 
Shikoku) in the JMA Automated Meteorological Data 
Acquisition System (AMeDAS) were used for validation 
(18:00 UTC on September 6 to 06:00 UTC on 
September 7). The bias and root mean square errors 
(RMSE) were 1.74 m/s and 4.14 m/s, respectively, both 
of which are small. The correlation coefficient was 0.70, 
and there were no significant differences in the corre
lation between the eastern and western parts of 
Kyushu. Strong winds exceeding 20 m/s could be simu
lated along the west coast of Kyushu near the side of 
the typhoon track (red dots in Figure 6), and slower 
winds below 10 m/s at the sites on the east coast of 
Kyushu and western Shikoku (blue dots in Figure 6), 
which are far from the typhoon, could also be 
reproduced.

Finally, the accuracy of the storm surge height was 
validated using the tidal gauges shown in Figure 7. 
Figure 7 shows the time series of the storm surge 
height for the observed data (black dashed line) and 
the CNTL (red line) at the Port of Oura in Saga 
Prefecture. Two types of tide observation data can be 
obtained from JMA: a 3-min mean value and an hourly 
mean value. However, the 3-min mean value was not 
published, except for the peak time. Therefore, the 
hourly observation value, including the data before 
and after the genesis of the storm surge, were used 

12:00UTC
9/6

12:00UTC
9/5

12:00UTC
9/4

12:00UTC
9/3

12:00UTC
9/2

Oura

Figure 5. Typhoon tracks simulated by WRF. Each line color 
follows Figure 4. The symbols plotted in every hour constantly. 
Blue point indicates the port of Oura. The daily typhoon 
positions by JMA best track are also shown.

Figure 6. Scatter plot of wind speeds observed in Kyushu and western Shikoku and wind speeds by WRF. The red dots represent 
the values in western Kyushu near the typhoon, and the blue dots represent the values in eastern Kyushu and western Shikoku. 
BIAS represents the bias error, RMSE represents the root mean square error, and CORR represents the correlation coefficient. The 
black line represents y = x and the green line represents the regression line.
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for the validation. The storm surge discussed in this 
manuscript is the sea level anomaly, and the tide was 
removed from the storm surge values. The observed 
and simulated maximum storm surge heights at the 
Port of Oura were 0.93 m and 1.07 m, respectively. 
Thus, the maximum storm surge height could be 
reproduced at this location. Although the time series 
of the observed and simulated sea surface elevations 
were similar, their peak times lagged by approximately 
1 h. The reason for the time lag is the accuracy of the 
typhoon translation speed and the trend of the CTNL 
being slower than the observed trend.

The accuracy of the TC characteristics and related 
storm surges were analyzed. This is the best perfor
mance of the hindcast experiments using the inte
grated atmosphere-storm surge model. The accuracy 
of the storm surge forecast will be discussed in the 
following sections.

3.2. Pseudo forecast experiments for the storm 
surge

The results of the forecast experiments performed 
with the coupled model using the NCEP GFS data as 
the initial and boundary values were compared with 
the CNTL run and observed data, as shown in 
Figures 4 and 5, respectively. In this study, four 
types of forecast experiments using WRF-GeoClaw 
(Coupled) were conducted with different starting 
times for the computation: four days before (4 DB; 
orange), three days before (3 DB; blue), two days 
before (2 DB; green), and one day before (1 DB; 
purple) the typhoon event. It was observed that 
the typhoon intensity in the forecast simulations 
showed a tendency to be stronger than that in 
the CNTL. Additionally, the peak times of the 

forecast simulations were 24 h later than the 
observed peak times. The result of the 4 DB forecast 
was the closest to the CNTL in terms of typhoon 
intensity, although the peak time appeared later. 
On September 6, when the typhoon faded and 
approached Japan, the average typhoon intensity 
was stronger – 10.9 hPa than that obtained in the 
CNTL (00:00 UTC on September 6). Regarding the 
typhoon track, the 4 DB and 3 DB forecasts have 
almost the same track as the CNTL, whereas the 
2 DB has a track that is approximately 20 km east
ward, and the 1 DB has a track that is approxi
mately 30 km westward (average value from 18:00 
UTC on September 6 to 06:00 UTC on September 7). 
Additionally, there was a significant difference in 
3 DB and 2 DB forecast case at the time of the 
typhoon approaching Japan. The approach times 
for the 4 DB and 1 DB forecasts were almost the 
same as that of the CNTL, whereas the approach 
times for the 3 DB and 2 DB were 3–4 h behind 
than observed the approach time of the typhoon to 
Japan. Although almost no difference in the moving 
speed of the typhoons after September 6 was 
observed, there was a significant difference before 
the typhoon approached Japan. This is because the 
typhoon’s northward speed was approximately 
10 km/h slower than the actual speed in the south
ern area of 25°N in the GFS used as the initial value 
in 2 DB and 3 DB forecasts. This error was presumed 
to cause a time error in the maximum storm surge. 
As a result, the 4 DB forecast had the smallest error 
with respect to the typhoon intensity and tracks. 
Thus, the 1 DB forecast was not the most accurate 
forecast for typhoon intensity and track. Even the 
most recent 24 h advance track forecast by the 
general circulation model contains a forecast error 

Figure 7. Time series of storm surges at the Port of Oura. The vertical axis represents the height of the storm surge, and the 
horizontal axis represents time. The color solid lines indicate the results of WRF-GeoClaw coupled model, and the color dashed 
lines indicate the results of PTC model. Each line color follows .Figure 4
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of approximately 80 km (Japan Meteorological 
Agency 2020e). Therefore, the deviation of the 
track in the 1 DB and 4 DB forecasts is within the 
range of the JMA’s 24 h advance error. As a result, 
the 4 DB forecast was the most accurate, and the 
1 DB forecast was the second most accurate. The 
track forecast error can be considered by perform
ing an ensemble simulation by slightly changing 
both the initial and boundary conditions, as in 
Toyoda, Yoshino, and Kobayashi .

Next, the results of the storm surge forecast simula
tions are discussed based on Figure 7 and Table 4. In all 
three forecast results, except the 1 DB forecast, the 
maximum storm surge in Oura was overestimated 
compared to the CNTL (ratio): + 0.38 m (+ 36%), + 
0.46 m (+ 43%), and + 0.37 m (+ 35%) in the 4 DB, 
3 DB, and 2 DB forecasts, respectively. The 1 DB is the 
only forecast that was underestimated by – 0.18 m (– 
16%) and exhibited the smallest error relative to the 
CNTL. The accuracy of the peak times decreased in the 
order of 1 DB, 4 DB, 2 DB, and 3 DB. In the 1 DB forecast, 
the peak time was delayed by 2 h, and in the 3 DB, 
there was a delay of 6 h. Based on the absolute error of 
the peak storm surge, the 1 DB can express a realistic 
storm surge, although it appears that the typhoon 
track is off to the west.

We now discuss the results of the comparisons 
between the forecast experiments based on the results 
of the 1 DB forecast, which had the highest accuracy in 
forecasting the storm surge. The 1 DB forecast (0.89 m) 
had the same scale as the observed storm surge 
(0.93 m), but the other three cases were overestimated 
by approximately 0.60 m. Furthermore, there was 
almost no difference in the typhoon intensity, moving 
speed, and the peak time of storm surge between the 
1 DB and 4 DB forecasts. However, the 4 DB forecast 
was close to the observed track, and the 1 DB had 
a track of approximately 30 km westward. Based on 
the difference between the 1 DB and 4 DB forecasts, 
the contribution of typhoon track errors to the scale of 
storm surge was estimated as 0.60 m. It is coincidental 
that the scale of the storm surge was properly forecast 
in the 1 DB forecast. If the typhoon track of 1 DB was 
forecasted as observed, the storm surge forecast was 
also overestimated, as in 4 DB. The storm surge fore
casts were overestimated in the 4 DB, 3 DB, and 2 DB 

forecasts because the typhoon intensities when the 
typhoons were closest to Japan were overestimated 
in all cases. Comparing the 4 DB forecast and the CNTL, 
the error source of the typhoon intensity in the peak 
storm surge forecast was estimated as about 0.40 m 
because the two forecasts had similar values except for 
the typhoon intensity. However, although the intensity 
was overestimated in the 1 DB forecasts, it is compar
able to that of the storm surge forecast because of the 
westward shift of the typhoon’s track. According to the 
maximum flow velocity distribution during the com
putational period centered on the Ariake Sea 
(Figure 8), a large and similar amount of seawater 
was moved from the south to the north in the Ariake 
Sea and Oura in the 4 DB, 3 DB, and 2 DB forecasts. 
However, the current was slower in the 1 DB forecast, 
where the typhoon track was shifted by approximately 
30 km west, causing a reduction in the regional scale of 
the storm surge because of a weakening of the winds 
over the Ariake Sea. As a result, the 1 DB forecast had 
the same scale as the observed storm surge. From 
these results, the error source of the typhoon track 
on storm surge was approximately 0.60 m (the differ
ence between 1 DB and 4 DB), and the error source of 
the typhoon intensity on storm surge was approxi
mately 0.40 m (the difference between CNTL and 
4 DB). Therefore, the impact of the typhoon track was 
1.5 times larger than the impact of the typhoon inten
sity. This result is consistent with the results of 
a previous study (Mori et al.) that the forecast error of 
the storm surge by the typhoon track is larger than 
that of the typhoon intensity. However, these results 
are valid only for Typhoon Haishen, and it is necessary 
to perform the same validation in different cases to 
obtain more robust values.

Next, we compare the results of the forecast simula
tions using the Holland model (PTC, Figure 7; dashed 
lines), which is used in practice, with those using the 
coupled model (Figure 7; solid lines). The forecast values 
by JMA (3 DB, 2 DB, and 1 DB) were used for the input 
condition of PTC location and intensity. The RMW value 
was set to 70 km based on the satellite estimation value 
by NOAA. The results of both methods revealed that the 
accuracy of the storm surge scale generally tends to 
improve as the forecast period becomes shorter. 
Comparing the results for the same date, the coupled 
simulation has a higher accuracy in the storm surge 
scale. The PTC overestimates the storm surge by about 
0.30 m (30%, even with a one-day advance forecast), 
while the coupled model forecasts a storm surge of 
a reasonable value based on the observed value. This 
is because the PTC does not take into account the 
attenuation of the typhoon, which shows the limitation 
of this method. On the other hand, the peak time 
forecast tends to be different from the scale forecast, 
and the PTC is closer to the 3 DB and 2 DB forecasts. 
This is due to the error caused by the delay in the 

Table 4. Summary of results of storm surge forecast simulation 
by atmosphere-storm surge coupled model. CNTL is the hind
cast simulation result. Based on September 6 2020, it is 
defined as 4 days before, 3 days before, 2 days before, and 
1 day before.

Peak time (UTC) Maximum storm surge (m)

CNTL 9/6 21:00 1.07
4 days before 9/6 23:00 1.45
3 days before 9/7 3:00 1.53
2 days before 9/7 0:00 1.45
1 day before 9/6 23:00 0.89
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approach time of the typhoon in the initial and bound
ary values input to the WRF in the coupled model. 
Therefore, it is necessary to prepare a large number of 
tracks to account for uncertainty in the forecast error. In 
this case, the typhoon track was a straight line from 
south to north, and PTC was able to calculate it with 
high accuracy (especially the peak time of storm surge). 
However, the error is likely to be larger when the track is 
more complicated, such as when it is a curved line.

4. Results and discussion of SEES

In the previous section, we described the WRF- 
GeoClaw coupled calculations and parametric model 
simulations that were performed. Although the 
coupled simulation has a high computational cost, it 
can represent a realistic storm surge. However, the PTC 
tends to overestimate the storm surge, and this model 
has poor accuracy. In this section, we propose 
a method that can be used by practitioners to reduce 
computational cost while ensuring accuracy by apply
ing the WRF output to the parametric model. We eval
uate the practicality and limitations of this method 
using simple ensemble experiments for storm surge 
forecasting (SEES).

First, as in the previous section, we confirmed the 
time series of the storm surge height in Oura (Figure 9). 
In any simulation of the 4 DB-1 DB, the peak time is the 
earliest in the case of 1-degree north. The case of 

1-degree north shows the largest maximum storm 
surge height in all three cases except the 1 DB forecast. 
The initial position shift of the typhoon to the north 
caused an approach to western Kyushu before the 
typhoon intensity weakened. The largest peak storm 
surge height in the 1 DB forecast was in the case of 
1-degree east. The typhoon track was shifted to the 
west by approximately 30 km in the WRF simulation 
results for the 1 DB. Hence, the shift of the track to the 
east caused the Ariake Sea to become located near the 
RMW of the typhoon. Therefore, a stronger wind flow 
to the Ariake Sea led to significant increases in storm 
surge heights. The peak times and maximum storm 
surge fluctuated in the range of 5 h and 1.0 m, respec
tively, for the five typhoon tracks in Oura.

Storm surges were forecasted in western and east
ern Kyushu, and parts of the Chugoku-Shikoku 
region, which is far away from the typhoons. There 
were ten tidal gauges affected by Typhoon Haishen 
in the Kyushu and Chugoku-Shikoku regions 
(Figure 2). The maximum storm surge heights and 
peak occurrence times were compared between the 
SEES and gauge data, as shown in Figure 10. Note 
that the observed values in this discussion are the 
average values for the 3-min observations published 
by JMA, which are different from the 1-hour observed 
values used in the time series analysis. The vertical 
axis in Figure 10 represents the maximum storm 
surge height at each site. The X, star, and horizontal 

(d)

(a)

(c)

(b)
Ariake 

Sea

Figure 8. Differences in the maximum flow velocity of seawater flowing to the Ariake Sea between (a) 4 DB, (b) 3 DB, (c) 2 DB, and 
(d) 1 DB. Ariake Sea is indicated inside the black line, and yellow point means the Port of Oura. The color bar shows the flow 
velocity, blue is low flow velocity and red is high flow velocity.

COASTAL ENGINEERING JOURNAL 145



axes represent the observed value, ensemble mean 
of SEES, and peak time error relative to the observed 
value, respectively. Note that, for Tosa-Shimizu and 
Uwajima, in some cases, the maximum values were 
recorded more than 1.5 days (2160 min) before 
observed peak. However, the errors were too large 
to be represented on the same axis. Therefore, 
Figure 10 does not show errors of more than 
720 min. Comparing the observed values with the 
ensemble mean in Figure 10, the peak intensity and 
time of the storm surge can be forecast with high 
accuracy in Reihoku and Kuchinotsu because X and 
Star are close to each other (within 20% error). In 
Fukue and Oura, the storm surge height errors are 
0.16 m and 0.37 m, respectively. On the other hand, 
the peak time errors shown in Figure 10 are fore
casted as 221 and 303 min, respectively, which are 
significant delays. Therefore, the tendency of maxi
mum storm surge forecast errors is small at Reihoku 
and Kuchinotsu, which are close to the typhoon cen
ter, and large at other sites (especially Aburatsu, 
Matsuyama, Uwajima, and Tosa-Shimizu, which are 
farther from the typhoon). At all the simulation sites, 
at least one member shows the error of the peak time 
of the storm surge less than a certain minute. 
However, no ensemble member was successful in 
accurately forecasting the maximum storm surge 
height at a site far from the typhoon center.

Next, we focus on the variations in the peak time 
error and maximum storm surge errors at each site 
(Figure 11). Figure 11 shows the absolute average 
error of the WRF-GeoClaw coupled simulation and 
SEES results. The averages were weighted according 
to the forecast time, and the weight was increased 
for the 1 DB forecast. In Reihoku, which has the best 
forecast accuracy, the average time error is 59 min 
and the average storm surge error is 0.18 m. On the 
other hand, in Tosa-Shimizu, which has the worst 
accuracy, the average peak time error is 694 min 
and the storm surge error is 0.75 m. Both the 
coupled model and SEES tend to have smaller errors 
at sites close to the typhoon and larger errors at the 
sites that are far from the typhoon. The large errors 
in the storm surge scales for Makurazaki and Tosa- 
Shimizu are due to the relatively large storm surges 
that occurred and the smaller simulated values. 
Although the mean error of SEES is larger than 
that of the coupled model, the trend of the error 
is similar between the coupled model and SEES, 
indicating that the accuracy of SEES storm surge 
forecasting can be ensured even though it is 
based on a parametric model. The accuracy of the 
storm surge scale by SEES was improved compared 
to using only the parametric typhoon model. As 
shown in Figure 10, all the sites contain at least 
one case out of the 20 cases that exhibits a peak 

Figure 9. Time series of storm surges at the Port of Oura by SEES ((a) 4 DB, (b) 3 DB, (c) 2 DB, and (d) 1 DB). The vertical axis 
represents the height of the storm surge, and the horizontal axis represents time. The red diamond line is original from the WRF 
results, the Orange circle line represents moving the typhoon track east at 1 degree, the blue X line represents moving the 
typhoon track west at 1 degree, the green triangle line represents moving the typhoon track south at 1 degree, and the purple 
square line represents moving the typhoon track north at 1 degree.
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time close to the observed peak time, and it is 
possible to forecast the peak time regardless of 
the distance from the center of the typhoon to 
the target site. In other words, the peak of the 
storm surge can be forecast regardless of the dis
tance from the typhoon in several cases. However, 

in the maximum storm surge forecast, almost all the 
cases were underestimated by 40% or more except 
for the four cites (Reihoku, Kuchinotsu, Fukue, and 
Oura).  Therefore, there a successful forecast (e.g., 
within 10% error) of the maximum storm surge 
were not obtained. Thus, the performance of the 

KuchinotsuReihoku Fukue

Oura MakurazakiKagoshima

Aburatsu Tosa-
shimizu

Uwajima

Matsuyama

Figure 10. Scatter plot of maximum storm surge occurrence time error and storm surge deviation at each site. Orange is the result 
of 4 DB, blue is 3 DB, green is 2 DB, and purple is 1 DB. The shape of the symbol is the same as that in Figure 9. X represents the 
observed value, and the star represents the average value of all cases. Note that the results are not displayed in the figure for 
simulations with a time error of 720 minutes or more.
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SEES is more superior to that of the WRF-GeoClaw 
coupled model in forecasting the peak time of the 
storm surge than in forecasting the maximum storm 
surge height. Furthermore, the usefulness of the 
SEES for translation of the track is effective at sites 
near the typhoon (western Kyushu), and only the 
peak time forecast is effective at sites far from the 
typhoon. In addition, even at sites close to the 
typhoon, the variability of each case tends to be 
greater in the inner bays (e.g. Oura) than in the 
bays facing the open ocean. The impact of typhoon 
tracks on storm surges is greater in inner bays than 
in bays facing the open ocean. In this study, we 
used the results of four WRF simulations to perform 

20 track ensemble forecasts of storm surges. If 
a greater number of WRF simulations can be per
formed, the SEES method may be able to accurately 
forecast the scale of storm surges at sites far from 
the typhoon.

5. Conclusions

In this study, hindcast and pseudo-forecast experi
ments using an atmosphere-storm surge-coupled 
model for Typhoon Haishen (2020) were con
ducted. The results revealed that the impact of 
the forecast error of the typhoon track on the 
storm surge forecast error is approximately 1.5 

Figure 11. The averages of the error by WRF-GeoClaw coupled model and SEES for the 10 sites of the storm surge calculation. Blue 
and red indicate maximum storm surge error and peak time errors, respectively, with the left and right vertical axes corresponding 
to storm surge error and time error.
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times greater than that of the typhoon intensity. 
Note that this result was obtained for Typhoon 
Haishen, and similar studies are needed to accu
mulate cases. In addition, a comparison between 
the parametric Holland (1980) model, which is 
commonly used by practitioners, and the coupled 
model revealed that the Holland model tends to 
overestimate the storm surge. Therefore, it is 
necessary to reduce or include typhoon track fore
cast errors in forecasting models to improve storm 
surge forecasts.

In addition, the parametric Holland typhoon 
model was able to accurately forecast the storm 
surge height near the typhoon and its peak occur
rence time. However, the forecast accuracy tended 
to decrease as the distance from the typhoon to 
the target location increased. We performed 
a simple ensemble storm surge forecast consider
ing the uncertainty of the typhoon track forecast. 
The results of the 20 ensemble forecast simulations 
revealed that the perturbed typhoon track simula
tion can increase the possibility of capturing the 
peak time of the storm surge. In other words, 
although the ensemble track experiment improves 
the forecast for the peak time of the storm surge, 
there is little improvement in the forecast for the 
scale of the storm surge. This problem can be 
solved by conducting ensemble experiments with 
intensities other than the track. In addition, the 
perturbation of the track ensemble was given as 
1°. In future studies, perturbations corresponding 
to the forecast period and typhoon intensities will 
be used to improve the SEES method. Moreover, 
both the maximum storm surge and peak time in 
the track ensemble experiments were more sensi
tive in the inner bay than in the open ocean. In 
this study, we performed 20 track ensemble storm 
surge forecasts using four WRF simulation cases. In 
the future, more robust results could be obtained 
by conducting track ensemble experiments based 
on more WRF simulations and by targeting 
typhoon cases with different characteristics.
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