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A Study on the Improvement of Wave and Storm Surge Predictions Using a
Forecasting Model and Parametric Model: a Case Study on Typhoon Chaba
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Abstract : High waves and storm surges due to tropical cyclones cause great damage in coastal areas; therefore,
accurately predicting storm surges and high waves before a typhoon strike is crucial. Meteorological forcing is an
important factor for predicting these catastrophic events. This study presents an improved methodology for
determining accurate meteorological forcing. Typhoon Chaba, which caused serious damage to the south coast of
South Korea in 2016, was selected as a case study. In this study, symmetric and asymmetric parametric vortex
models based on the typhoon track forecasted by the Model for Prediction Across Scales (MPAS) were used to
create meteorological forcing and were compared with those models based on the best track. The meteorological
fields were also created by blending the meteorological field from the symmetric / asymmetric parametric vortex
models based on the MPAS-forecasted typhoon track and the meteorological field generated by the forecasting
model (MPAS). This meteorological forcing data was then used given to two-way coupled tide-surge-wave models:
Advanced CIRCulation (ADCIRC) and Simulating Waves Nearshore (SWAN). The modeled storm surges and
waves correlated well with the observations and were comparable to those predicted using the best track. Based on
our analysis, we propose using the parametric model with the MPAS-forecasted track, the meteorological field from
the same forecasting model, and blending them to improve storm surge and wave prediction.
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1. Introduction

Climate change is believed to increase the number and
intensity of natural disasters such as tropical cyclones,
floods, heavy rains, wind waves, and storm surges, thereby
exacerbating human vulnerability and damage from natural
disasters. Due to the recent increase in seawater tempera-
ture, typhoons are occurring unusually late in the year, even
in October in Korea. For example, Typhoon Chaba in 2016,
Typhoon Kong-rey in 2018, and Typhoon Mitag in 2019
occurred in October, causing serious damage to the south-
ern coast of Korea. Therefore, there is an increasing
demand for a system that can accurately forecast tropical
cyclones and resulting waves and storm surges.

Previous studies have optimized the meteorological
model, the Model for Prediction Across Scales (MPAS)
(Park et al., 2014; Skamarock et al., 2012; Skamarock et al.,
2014), to accurately predict typhoons in the Northwest
Pacific (Kang et al., 2017). For typhoons that influenced the
Korean Peninsula from 2015~2017, this MPAS model
achieved the best performance in typhoon track predicting
(Kang et al., 2017). The typhoon track information was also
extracted, such as the location of the typhoon center, maxi-
mum wind, and radius at wind intensities of 34 kt, 50 kt,
and 60 kt in the quadrant from the MPAS model in the
Automated Tropical Cyclone Forecasting (ATCF) system
file format. This ATCF file format is the best track format
of the Joint Typhoon Warning Center (JTWC) and can be
directly used for the symmetric/asymmetric Holland vortex
model of the ADvanced CIRCulation (ADCIRC) model
(Luettich and Westerink, 2004) which is used to reproduce
storm surges in this study. The tracks predicted by MPAS
have wind radii of 34 kt, 50 kt, and 64 kt in each quadrant,
enabling asymmetric vortex simulation. Since this MPAS
model has a horizontal resolution of about 15 km in the
Northwest Pacific, it is difficult to implement a steep wind
gradient at the typhoon center. Therefore, like previous
studies (Choi et al., 2013; Kim et al., 2020), a meteorologi-
cal field induced by typhoons is created using a parametric
model with the typhoon track information around the cen-
ter of the typhoon. Then, by embedding the typhoon center
meteorological field into the surrounding meteorological
fields, i.e., through the blending method, a meteorological
field similar to the actual one is formed during a typhoon. A
previous study (Yuk and Joh, 2019) on Typhoon Chaba
blended the meteorological field from a parametric tropical
cyclone model (symmetric Holland vortex model) with the
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typhoon track forecasted by MPAS and the one produced as
the output of MPAS itself. Experiments using this field as a
meteorological forcing predicted waves and storm surges in
the south coast of Korea with a high degree of accuracy;
however, experiments considering the asymmetric typhoon
vortex formulation have yet to be performed.

Therefore, in this study, to more accurately predict waves
and storm surges caused by typhoons, experiments based
on the asymmetric typhoon vortex were implemented using
MPAS-predicted typhoon tracks and parametric tropical
cyclone models. The results were then compared with sym-
metric vortex simulation results. In addition, we investi-
gated whether prediction performance was improved by
embedding the meteorological field from the symmetric/
asymmetric Holland model into the surrounding field.
Meanwhile, the best track based hindcast experiment was
also performed to examine the prediction performance. We
selected Typhoon Chaba in 2016 as a case study to test our
improved prediction method.

The ‘Methods’ section introduces the integrated tide-
surge-wave model, how to generate meteorological forcing,
and the experimental setup. Then, the next sections show the
model validation and discuss how to improve wave and

storm surge prediction through model result analysis.

2. Methods

2.1 Tide-surge-wave prediction model

We used a tightly two-way coupled tide-surge-wave
model, i.e., the ADCIRC and Simulating Waves Nearshore
(ADCIRC+SWAN) models (Dietrich et al., 2010) to pre-
dict waves and storm surges caused by Typhoon Chaba.
The elevation and velocity were computed from the conti-
nuity equation in a two-dimensional depth integrated model
(ADCIRC-2DDI) and the 2DDI momentum equations,
respectively (Luettich and Westerink, 2004). The third-gen-
eration spectrum wave model, SWAN model (Booji et al.,
1999; Ris et al., 1999) obtains the wave parameters by solv-
ing the wave action balance equation and integrating the
two-dimensional wave energy spectrum in the frequency
and direction domains. The ADCIRC and SWAN models
exchange information with each other with the same
unstructured grid. ADCIRC passes the input wind, water
level, and currents processed by itself to SWAN to gain the
wave spectrum by solving the wave action balance equa-
tion. Then, the ADCIRC model is driven by radiation stress
gradients (Longuet-Higgins and Stewart, 1964) obtained
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Fig. 1. Unstructured grids with observation station locations with
regard to the Typhoon Chaba track. (a) Wave buoys with
blue stars; (b) tide observation stations with red squares.

from the SWAN model to compute the water levels and cur-
rents. Since there are many studies using ADCIRC+SWAN
(Choi et al., 2013; Choi et al., 2018; Kerr et al., 2013; Xie et
al., 2016; Yuk et al., 2015), a detailed model description is
not be provided here.

The model domain covers the East Sea, Yellow Sea, and
a part of the East China Sea. The model grid is unstruc-
tured, and thus can be made fine in the target areas and
coarse in the other areas. Fig. 1 shows the grid in a part of

Table 1. Hindcast and forecast simulation cases

d

312 o

e

TWARRE A Bl Apak Al 69

the model domain. The grid size is at least 10 m in the south
coast of Korea (Fig. 1(b)) and gradually increases, reaching
about 30 km at the open boundary. The amplitudes and
phases of eight tidal constituents (M,, S,, K,, O,, N,, K,, P,,
and Q,) were assigned to the open boundary, which were
obtained from Oregon State University (OSU) tidal data-
bases (Egbert and Ray, 2003). As the main setting of
ADCIRC, we used the default settings of the model, and
previous studies (Choi et al., 2013; Choi et al., 2018; Yuk et
al., 2015) using these settings have shown reasonable
results. As the main setting of SWAN, for all experiments,
we set the frequency increment factor, first frequency, and
the number of frequencies and directions 1.1, 0.031384 Hz,
31, and 36, respectively. In this study, for the values of
other variables, the default settings of SWAN were used.

2.2 Meteorological forcing

Storm surges and waves are caused by meteorological
forcing such as wind and surface air pressure. Therefore,
wind and surface pressure are used as meteorological inputs
for the ADCIRC+SWAN model. The ADCIRC+SWAN
model has the several types of meteorological forcing input,
e.g., the wind and surface pressure to all nodes at the time
specified in the model. Also, this model can be driven by
the parametric tropical cyclone models such as symmetric /
asymmetric Holland vortex model and generalized asym-
metric Holland vortex model (GAHM) (Holland, 1980;
Luettich et al., 2018). These parametric models can directly
use typhoon track information in ATCF file format. GAHM
(Gao et al., 2013; Musinguzi et al., 2019) was developed to
realistically consider the asymmetric vortex and intensity of
a tropical cyclone. Therefore, this model uses all available
isotachs of R34, R50, and R64 (radii of 34 kt, 50 kt, and
64 kt wind) in the four quadrants (NE, SE, SW, and NW).
Both hindcast and forecast experiments were performed
and compared to evaluate the prediction performance.
Table 1 shows the meteorological forcing inputs of the fore-
cast and hindcast experiments.

Vortex parameter Blending
Case Name Track model (X: not applied, O: applied)
. BT-Sy Best Track Symmetric X
Hind-cast BT-Asy Best Track Asymmetric X
MT-Sy MPAS Track Symmetric X
MT-Asy MPAS Track Asymmetric X
Fore-cast .
MT-Sy-B MPAS Track Symmetric (¢}
MT-Asy-B MPAS Track Asymmetric o
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For the forecast experiments, we selected the parametric
tropical cyclone models with the symmetric Holland vor-
tex model and GAHM using the forecast track of the MPAS
in ATCF file format. Fig. 1(a) shows the Typhoon Chaba
track predicted by the MPAS from 00 UTC on 3 October.
Compared to the best track of JWTC, the MPAS underesti-
mated the intensity until about the 1-day forecast (18 UTC
on 3 October); however, the predicted typhoon followed the
best track well until the 2-day forecast (00 UTC on 5 Octo-
ber). The parametric model with the tropical cyclone track
can produce the wind and surface pressure following its
track. However, for a more accurate forecast, the wind and
surface pressure generated along the track as well as in
other areas are required (Choi et al., 2013; Yuk and Joh,
2019). Therefore, we tested the parametric models of the
symmetric Holland vortex model and GAHM, and blended
the same parametric models and forecasting model for our
forecast experiments. Here, the forecasting model used was
the MPAS model, and the typhoon track in the parametric
model was extracted from the same MPAS model, thus
allowing for the two to be blended. We generated the
blended meteorological field by combining the wind and
surface pressure fields along typhoon eye obtained from a
parametric tropical cyclone model with MPAS track and
those fields surrounding the typhoon produced by MPAS.
According to the previous studies (Kawaguchi and Kawai,
2007; Tanemoto and Ishihara, 2013), the combined vari-
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ables v, are obtained from Eq. (1):

Ve = va + (1 - W)vm7 (1)

where v, and v,, are the variables by the parametric model
and forecast model, respectively. W is the weight at any
point shown in Egs. (2) and (3), as follows:

Ry=R;s(1+ ()-():”/J‘Rls)o'5 )
W=(R;— Ry + 7)™, (€))

where R,; is the radius at 15 m/s wind, f is the Coriolis
parameter, and r is the distance from the center of the
typhoon. Fig. 2 shows the blended wind fields 00 UTC on
5 October, using the symmetric Holland vortex (Simula-
tion name of MT-Sy-B) and GAHM (MT-Asy-B). The
wind near the center of typhoon was stronger for the
asymmetric vortex considering the information of all radii
(R34, R50, and R64).

For the hindcast experiments, the parametric models with
symmetric and asymmetric vortex methods identical to
those used in the forecast experiments were implemented
with the typhoon best track of the JTWC including R34,
R50, and R64 in the four quadrants. In the hindcast experi-
ments, the blending of the forecasting model and paramet-
ric model could not be performed because of the
nonexistence of ambient wind and surface pressure data
from the forecasting model.

126°E 128°E 130°E
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Fig. 2. Wind field at 00 UTC 5 Oct. blended using the symmetric Holland vortex model (MT-Sy-B) (a) and GAHM (MT-Asy-B) (b) with

the MPAS-forecasted track.
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Fig. 3 shows a comparison between the observed and

simulated significant wave heights at five wave buoys near

the south coast of Korea. Among the five buoys, the mod-

els predicted the peak of the significant wave height fairly
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Comparison of the hindcast and MPAS forecast with the
buoy observations with respect to the significant wave

height.

well at two points in the south: Marado and Seogwipo;
however, the models underestimated the peak at the three
points in the north: Geomundo, Tongyeong, and Geojedo.
The temporal change in significant wave height simulated
by the parameter model with the typhoon track of the
MPAS showed a similar pattern to that reproduced by the
parametric model with the best track.

Table 2 shows the root mean square errors (RMSEs) of

— 1.0
(a) E .. Obs. Tongyeong
= 05 —— Model(BT-Sy)
2 2 | — Model(BT-Asy)
< -~ Model(MT-Sy)
& 00 F SEei T
5 — Model(MT-Asy)
@ 0.5 |~ ModelMT-Sy-8)
g Model(MT-Asy-B)
o
&
-1.0
3.5 4.0 4.5 5.0 5.5
— 1.0
(b) E ... Obs. Geojedo
= 0.5 |~ Model(BT-Sy) -
2 2 | — Model(BT-Asy)
S ~~ ModelMT-Sy) .
3 0.0 p=——= . ‘
5 — Model(MT-Asy) %%
L (N
0 _g.5 |~ ModeiMT-Sy-8)
£ : — Model(MT-Asy-B)
o
7]
-1.0
3.5 4.0 4.5 5.0 5.5
.y 1.0
(C) é ««+ Obs. Gadeokdo
<= 05 1~~ Model(BT-Sy)
2 2 | — Model(BT-Asy)
< -~ Model(MT-Sy)
o 0.0 p=—ms= B X
5 — Model(MT-Asy) |
? 0.5 |~ ModelMT-Sy-8) w7
E Y9 |— Model(MT-Asy-B)
o
175)
-1.0
35 4.0 45 5.0 55
—- 1.0
(d) € ——— Busan_New_Port
= 05 17~ Model(BT-Sy)
2 | — Model(BT-Asy)
< == Model(MT-Sy)
R X i e
5 — Model(MT-Asy) ‘
? 0.5 |~ ModelMT-Sy-B) Y
E Model(MT-Asy-B)
o
73]
-1.0
35 4.0 45 5.0 55
() E 1 o+ s Obs. Busan
= —— Model(BT-Sy)
2 0.5 1 — ModelBT-Asy)
< == Model(MT-Sy) .
S 00 pm——= e \
5 — Model(MT-Asy) N
T _gg |~ Modeumr-sy-8) .
€ 7YY |— Model(MT-Asy-B)
L
»
-1.0
3.5 4.0 4.5 5.0 5.5

Date (Oct. 2016 UTC)

Fig. 4. Comparison of the hindcast and MPAS forecast with the tide
observations with respect to storm surge height.
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Table 2. Significant wave height RMSEs (meter) of the hindcast/forecast. Numbers in bold indicate better scores in the six experiments

S Hindcast Forecast
' BT-Sy BT-Asy MT-Sy MT-Asy MT-Sy-B MT-Asy-B
Marado 1.028 1.503 0.967 1.213 0.721 1.009
Seogwipo 1.116 1.352 1.132 1.364 0.743 0.731
Geomudo 1.159 1.437 1.208 1.387 0.751 0.995
Tongyeong 1.195 1.441 1.552 1.453 0.927 1.085
Geojedo 1.146 1.442 1.366 1.501 0.919 0.905
All 1.130 1.436 1.261 1.387 0.817 0.953

Table 3. Storm surge height RMSEs (meter) of the hindcast/forecast. Numbers in bold indicate better scores in the six experiments

S Hindcast Forecast
t.
BT-Sy BT-Asy MT-Sy MT-Asy MT-Sy-B MT-Asy-B

Tongyoeng 0.084 0.113 0.081 0.065 0.094 0.094
Geojedo 0.082 0.079 0.080 0.057 0.080 0.073
Gadeokdo 0.081 0.086 0.086 0.058 0.089 0.085
Busan New_Port 0.082 0.154 0.072 0.049 0.102 0.104
Busan 0.085 0.087 0.083 0.068 0.102 0.109
All 0.083 0.108 0.080 0.060 0.094 0.094

significant wave heights for the five buoys from the six
experiments listed in Table 1. The RMSE calculated for all
five buoys is also shown below. In general, among the six
tests, the test using the MPAS track and blending method
(MT-B) showed good predictive performance at the five
buoys. The symmetric vortex-based experiment perfor-
mance was slightly better than the asymmetric because the
RMSE was low at three points (Marado, Geomundo, and
Tongyeong) in the symmetric vortex experiment and at two
points (Seogwipo and Geojedo) in the asymmetric vortex
experiment. The RMSE for all five points shows that the
‘MT-Sy-B’ case has the best predictive performance.

Fig. 4 shows the comparison of the observed and mod-
eled storm surge height at the five tide stations (Fig. 1(b)).
When compared with the observed storm surge height, all
six experiments with different settings (whether or not the
best track and model-forecasted track, symmetric and
asymmetric vortices, and blending methods were applied)
represented similar temporal changes, e.g., change from a
positive to negative storm surge peak.

The RMSEs of the storm surge height for the six tests at
the five tide stations are listed in Table 3. The simulation
‘MT-Asy’ showed the best performance not only for each

of the five stations, but also for the sum of the five stations.

4. Discussion

4.1 Wind field
The GAHM simulated stronger wind near the typhoon

center than the symmetric Holland vortex model (Fig. 2).
Since the MPAS typhoon track information at 00 UTC on 5
October showed that the radii of 50 kt and 64 kt in the SE
quadrant were larger than those in the other quadrants,
GAHM determined a larger intensity in the SE quadrant
from the typhoon center. In addition, since the wind field
computed by the parametric model was inserted into the
surrounding wind field, which was the forecast model
result, the area near the center of the typhoon represents the
typhoon-induced wind distribution from the parametric
model, and the area outside the center of the typhoon indi-
cates the wind distribution from the forecast model result.
This means that a meteorological situation similar to the
real one can be produced.

4.2 Significant wave height

We compared the significant wave heights of the 4 fore-
cast experiments and observations at the 5 buoys, as well as
the 2 hindcast experiments to find an improvement method
that can predict waves more accurately. Regarding the dis-
tribution of significant wave heights, the four-parametric
model (BT/MT-Sy/Asy) adequately predicted the maxi-
mum significant wave height without showing a significant
difference from the observed value. Compared to using the
MPAS-forecasted track (MT-Sy/Asy), the best track experi-
ments (BT-Sy/Asy) predicted the peak significant wave
height better. For the entire period, the RMSEs of the fore-
casts using the MPAS track were not significantly different
from the RMSEs of the hindcasts, indicating substantial
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predictive performance of the significant wave height using
the MPAS-forecast track.

As for the difference between symmetric and asymmet-
ric vortices, the symmetric vortex case was generally better
for both the best track and MPAS track, but the difference
between the two was not significant. In addition, when only
the parametric model is used, since there is only a meteoro-
logical field near the center of the typhoon, the significant
wave height due to the meteorological field outside the
typhoon influence area cannot be simulated. Therefore, the
parametric model did not simulate a significant wave height
that slowly rises before the peak significant wave height
(Fig. 3). When blending was applied (comparison of MT-
Sy/Asy and MT-Sy/Asy-B), RMSEs became smaller regard-
less of the symmetric and asymmetric condition. Regard-
ing the significant wave height change during the typhoon,
the case (MT-Sy/Asy-B) employing the track and blending
method was closely correlated with the observed value.
Also, in terms of the highest significant wave heights, the
experiment where the GAHM with MPAS track and the
blending (MT-Asy-B) were applied was almost identical to
the highest observation. Here, the asymmetric vortex exper-
iment showed better scores with 2 buoys, and the symmet-
ric experiment with 3 buoys; therefore, it seems that the
effects of symmetry and asymmetry are inconsequential for
predicting the significant wave height. To accurately pre-
dict significant wave heights caused by typhoons, it is nec-
essary to use not only the wind field showing rapid changes
near the center of the typhoon, but also the wind field out-

side the typhoon influence area.

4.3 Storm surge

Since Typhoon Chaba caused severe damage to the
southern coast, storm surge prediction performance was
evaluated through the same method as the significant wave
height analysis at the five representative tide stations in the
southern coast.

Regarding the storm surge distribution, the four paramet-
ric models (BT/MT-Sy/Asy) show good agreement with the
observations for the positively maximum storm surge. For
the entire period at the five stations, the RMSE of the fore-
cast using the MPAS track was slightly smaller than the
RMSE of the hindcast; thus, the performance of predicting
storm surges using only the MPAS track is slightly better.
Regarding the effects of the symmetric and asymmetric
vortices, in the experiment using the best track, the experi-
ment using the symmetric method generally shows better

|
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results, whereas in the experiment using the MPAS track,
the experiment using the asymmetric effect shows remark-
ably improved results (Table 3). When blending is applied,
i.e., when MT-Sy/Asy and MT-Sy/Asy-B are compared, the
RMSE is higher for both symmetric and asymmetric exper-
iments. Therefore, in this study, it can be understood that
storm surge prediction performance is reduced when blend-
ing is used. However, comparing the RMSE of the storm
surge predicted by blending (MT-Sy/Asy-B) with that of
best track (BT-Sy/Asy), MPAS is generally slightly smaller
than the RMSE of the storm surge reproduced using the
best track. Therefore, using blending does not significantly
degrade storm surge prediction performance.

The storm surge prediction performance is the best when
using the GAHM with the MPAS-forecasted track. In addi-
tion, even if the GAHM-based meteorological field is
blended with the meteorological field derived from the
forecasting model, it is comparable to the hindcast using the
best track. Therefore, storm surge prediction using the
typhoon track from the meteorological model, MPAS and
meteorological data from that model are reliable.

5. Conclusions

In this study, to accurately predict the storm surge and
waves caused by Typhoon Chaba in 2016, prediction
improvement using a forecasting model and symmetric/
asymmetric vortex-based parametric models was pre-
sented. In addition, this prediction experiment was com-
pared with the best track-based hindcast experiment to
examine the reliability of the prediction method.

As for wave prediction, when the meteorological field
created by blending the meteorological field generated by
using the parametric model with the MPAS track and the
meteorological field generated from the MPAS itself was
used, the forecasting performance was the best. Further-
more, we found that the difference between symmetry and
asymmetry was insignificant. For storm surge prediction,
using GAHM with the MPAS track had the best prediction
performance. Compared to the best track-based hindcast
experimental results, blending slightly reduces the predic-
tion accuracy, but is acceptable. Therefore, the wave and
storm surge predictions can be improved by using the
MPAS-forecasted track, the meteorological field calculated
by GAHM with that track, the meteorological field pro-
duced by the same forecasting model, MPAS, and blend-
ing. In this study, an experiment and an in-depth analysis of
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one typhoon case were conducted, but in the next study, we
plan to build a more reliable prediction model by applying
it to other typhoons that have damaged the Korean coast.
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