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ABSTRACT

Numerical simulation of the storm surge by an unexpected typhoon and the elucidation of the mechanism of its
occurrence are indispensable for improving disaster prevention measures in coastal area. Reproducibility of
meteorological fields such as wind speed and atmospheric pressure by a typhoon is important for estimating
storm surge. For improving the reproducibility, four-dimensional data assimilation (FDDA) is applied in
Regional Climate Model. Numerical simulation of storm surges caused by typhoons, for examples, Isewan
Typhoon that caused enormous damages in coastal area of Ise and Mikawa Bays in 1965, has been carried out,
and the mechanism of its occurrence also has been investigated by many researchers so far. Typhoon Jongdari
in 2018 approached to the mainland of Japan. However, its track was from east to west, which is an opposite
direction of the typical typhoon track around Japan. The effectiveness of FDDA on the hindcast of Typhoon
Jongdari and the reproduction of anormal water level deviation in Mikawa Bay were evaluated using
atmospheric model, WRF, and ocean flow model, FVCOM. The lowest atmospheric pressure, the maximum
wind speed and the sea level departure by storm surge were analyzed. The spectrum nudging in WRF
demonstrated the results with higher accuracy than those by grid nudging or no nudging.
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1. INTRODUCTION

Frequent coastal disasters due to strong wind and flood occurred by typhoon and storm surge in Ise Bay and
Mikawa Bay. Numerical simulation of storm surges in their bays caused by typhoons such as Typhoon Vera in
1965, which is called Isewan Typhoon, and Typhoon Melor in 2009, has been conducted by many researchers
to investigate the mechanism of its occurrence so far (e.g., Kato et al., 2014; Murakami et al., 2013). Around
Japan, typical track of a typhoon including Typhoon Vera and Melor is from west to east. However, the
trajectory of Typhoon Jongdari (July 2018) is from east to west, which is an opposite direction to the typical
track. Therefore, it is called "reverse run typhoon™ in Japan. Its strength is weaker and the damage was smaller
than Typhoon Vera and Melor. However, Typhoon Jongdari also had the possibility of generating big storm
surges, as in the case of Hurricane Lenny. This hurricane occurred in the Caribbean in November 1999 with the
“reverse track”, and the casualties were 17 killed, the total economic damage was amounted to 330 million
dollars (Guiney, 1999). The numerical simulation of storm surges for coastal disaster prevention and mitigation
has been conducted using the typhoons which track was assumed based on the historical severe typhoon disaster.
Typhoon Jongdari is the first record of the reverse track as from east to west on Japan. Therefore, numerical
simulation of the storm surge generation by the typhoon with unexpected tracks and the investigation of its
mechanism are indispensable for improving coastal area disaster prevention measures.

Reproducibility of meteorological fields such as wind speed and atmospheric pressure is important in estimating
storm surges. In the past, the empirical typhoon model was used to calculate air pressure and wind speed for the
storm surge simulation (e.g., Myers et al., 1961). In this model, the influence of the topography for
meteorological condition is not considered. However, the use of objective analysis data by Global Climate
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Model which has been improved in accuracy and resolution and meso-meteorological analysis result by
Regional Climate Model has become the major method for the storm surge simulation. Yasuda et al. (2008)
calculated the storm surge and the tide level fluctuation in the Seto Inland Sea using WRF (Weather Research
and Forecasting model). The prediction result shows that the water level rises due to the storm surge using WRF
can be reproduced with high accuracy than those using the typhoon model. In addition, Yasuda et al. (2009)
shows the WRF simulation with the nudging calculation using analytical values only in the first area and the
nesting calculation for the smaller areas can obtain the most accurate result in the storm surge simulation. They
simulated the typhoon with typical track and its storm surge. However, few attempts have been made to improve
the reproducibility of simulation of storm surge generation by the typhoon with unexpected tracks. Therefore,
the reproducibility improvement of numerical simulation of the storm surge generation by the typhoon with
unexpected tracks is indispensable for the advanced investigation of its mechanism.

In this study, we examined the effectiveness of four-dimensional data assimilation in the atmospheric model on
the reproduction of Typhoon Jongdari and its storm surge deviation.

2. MODEL DESCRIPTION
2.1 Simulation Model

First, WRF estimates wind velocities at 10 m above sea level and sea level pressures. Then, the results of these
atmospheric fields near ocean surface are used as the initial and boundary conditions in FVCOM (Finite VVolume
Community Ocean Model, Chen et al., 2003), in order to reproducing the non-tidal sea level residuals.

The WRF system contains two dynamical solvers, referred to as the ARW (Advanced Research WRF;
Skamarock et al., 2008) core and the NMM (Non-hydrostatic Mesoscale Model; Janjic, 2003) core. It is a fully
compressed non-static model and excels meteorological simulation across scales ranging from tens of meters to
thousands of kilometers. Further, it includes latest physics models (cumulus physics, radiation, land surface,
planetary boundary layer, etc.). ARW is created from MM5 model in NCAR and has much more complex
dynamic and physics settings than NMM. Moreover, it includes data assimilation system. NMM is created from
ETA model in NCEP and calculated much faster than ARW. In this research, ARW was used.

FVCOM is a prognostic, unstructured-grid, finite-volume, free-surface, 3-D primitive equation coastal ocean
circulation model. This model consists of momentum, continuity, temperature, salinity and density equations.
It is closed physically and mathematically using turbulence closure models such as k — € model and MY
(Mellor-Yamada)-2.5 turbulent closure model. The horizontal grid is comprised of unstructured triangular cells.
Thereby, outer grids are generated along coastal line. The sea floor is reproduced using Sigma coordinate system.
FVCOM Version 4.1 was used in this study.

2.2 Data Assimilation Methods

Four-dimensional data assimilation (FDDA), also known as nudging, is a method to minimize the difference
between the simulated estimation and the observation by introducing forcing term to basic equations in both
time and space. WRF has the grid nudging and spectral nudging.

Nudging can be applied to the two horizontal wind components (u and v), temperature and specific humidity.
The method is implemented through an extra tendency term in the nudged variable’s equations. The basic
equations including forcing term are set as below,

Jdua

- = F(a,x,t) + GoW (& — a) + G,W (fly — p) 1

Here, F(a, x, t) represents the normal tendency terms due to physics, advection, etc., a is wind components (u
or v) or temperature or specific humidity, u is difference air pressure between upper air and surface, G, and G,
are timescales controlling the nudging strength, I/ is an additional weight in time or space to limit the nudging,
while &, and p, are the time- and space- interpolated analysis field value towards which the nudging relaxes
the solution. The grid nudging is most common technique. The atmospheric model is nudged towards time and
space interpolated analyses using a point-by-point relaxation term. On the other hand, the spectral nudging
nudges only selected larger scales of phenomena and allows a model to evolve small scales phenomena without
nudging.

3. EXPERIMENT DESIGN
3.1 Model domains

The computational domains in this research are shown in Figure 1. In the typhoon simulation, the large domain
and the small domain are connected by nesting technique. The center of domain 1 is Ise Bay and Mikawa Bay.
These domains cover wide range to encourage enough growth Typhoon Jongdari within them. The calculation
area in FVCOM is Mikawa Bay, Ise Bay, and Northwest Pacific Ocean near there. Domain size is shown in
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Table 1. Unstructured bathymetric data for storm surge simulation by FVCOM is reconstructed from structured
grid data provided by Central Disaster Management Council (2016) for Nankai Trough Earthquake Tsunami
simulation.

Mikawa Bay
e

e

Ise Bay

(a) WRF area (blue: domain 1, red: domain 2) (b) FVCOM domain

Figure 1. The calculation areas

Table 1. Domain information

WRF FVCOM
Map projection Lambert Number of node 56414
. . Domainl: 250x250
Number of horizontal grid Domain2: 121x91 Number of cell 107926
Grid size Domalpl:.lskm Grid size 50m ~ 10000m
Domain2: 5km
Number of vertical layers 32 Number of vertical layers 10
3.2 Typhoon Jongdari (201812) w [

Typhoon Jongdari occurred at 3:00 JST 25th July, 2018 at 20°20°N and p
136° 35°E with the minimum pressure of 960 hPa and the maximum *

wind speed of 40 m/s. Its track was from east to west and it was the :
opposite direction against the typical typhoons, as mentioned in “1. *| ¥
INTRODUCTION”.

Sea Level Pressure(hPa)

Figure 2 shows Jongadri track. Jongdari moved from east to west on the
southern coast of the main island of Japan. It landed in the west of Japan. 20 Aem— .
After, it reached China. Figure 2. Jongdari track

3.3 Simulation Cases

By changing the calculation condition of WRF, optimal weather model conditions for storm surge estimation
were examined. Conditions are as follows:

NN: Not carrying out 4-dimensional data assimilation analysis,

GN: Using grid nudging objective analysis data in the first area,

SN: Using spectrum nudging objective analysis data in the first area.
4. RESULTS

4.1 Initialization

Calculation period is from 6:00 UTC 27th July 2018 to 6:00 UTC 30th July 2018 in meteorological and storm
surge simulations. In Domain 1, time interval for simulation is 30 seconds and in Domain2, 10 seconds. FNL
(Final) Operational Global Analysis (time interval: 6 hours, grid interval: 1 degree, vertical layer: 32 layers;
UCAR, 1999) were used for initial condition, boundary condition and 4-dimensional assimilation data. Selected
physics schemes are shown in Table 2. Implicit Gravity Wave Radiation was used as open boundary condition
in FVCOM. The wind-stress coefficient C;, of the air-ocean interface was based on Wu (1980) with the
limitation of 0.03 (Powell et al., 2003).



Cp = (0.8 +0.065 x W) x 1073 )

C, =003 if Cp>0.03 ©)

Here, W is wind speed (m/s) at 10m above sea level.
Table 2. Physics schemes in WRF

List Options, scheme
Micro Physics WREF Single-moment 6—class
Cumulus Physics Kain—Fritsch
Longwave Radiation RRTM
Shortwave Radiation Dudhia
PBL Physics Yonsei University
Surface Layer Revised MM5
Land Surface Unified Noah Land Surface Model
Urban Physics N/A

4.2 Typhoon track and intensity

Figure 3 shows the typhoon tracks of WRF results (NN, GN, SN), Best Track (JMA) and FNL. Around Japan,
GN is the closest to JMA and NN is the most different in the western part of the mainland after landing (Figure
3 (2)). After crossing Kinki district, IMA passes through the south part of Chugoku region and reached the north
part of Kyushu from northeast to southwest. The result of GN demonstrated the similar track to JMA although
passing slightly south. The track of SN passes further south than those of JMA and GN. In contrast, the track of
NN passed north of JMA, and reaches Japan Sea. Near Ise Bay and Mikawa Bay, GN is close to the best track
(Figure 3 (b)).

The maximum wind speed of the typhoon is shown in Figure 4. SN is closest to JMA. NN is also similar to
JMA by 12:00 29th July, but after that time, it overestimates than JMA. Wind speed by GN fluctuates in the
cycle of about 6 hours in the first 24 hours. It is because data assimilation by grid nudging is implemented using
FNL which is updated every 6 hours. In every case, there are large decreases in the wind speeds between 12:00
and 18:00 28th July. These are caused by the typhoons landing (Figure 3 (a)). Wind speed by JMA declines by
about 5m/s. Wind speed by GN declines by 6 m/s. The changes of wind speed are almost same. However, the
wind speed (strength) of GN is lower about 10 m/s than that of JIMA. Then, it was made clear that reproducibility
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Figure 3. Typhoon tracks by observation and simulation
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of maximum wind speed by GN was not enough. The wind speed by NN and SN at 12:00 28th July is similar
to JMA. NN declines by about 13 m/s and SN declines by about 10 m/s between 12:00 and 18:00 on 28th July.
The decrease in wind speed by SN is closer to JMA than other case. Therefore, the maximum wind speed of the
typhoon by SN is closest to JMA.

The time history of typhoon's lowest pressure is shown in Figure 5. NN approaches JMA by 00:00 29th July,
but after that time it is overestimated (lower) than JMA. It is considered that this overestimation was caused by
the track of NN. The typhoon in NN arrived at the coast line of Chugoku district facing to the Japan Sea (Figure
3 (a)) and became stronger again due to the influence of sea area. The error of typhoon track caused the
significantly different in maximum wind speed and lowest pressure from JMA results. SN is about 10 hPa higher
than JMA until the storm surge would take the maximum around 18:00 28th July. This underestimation started
from the beginning of the simulation and continued by 00:00 29th July as same as the result of NN. When the
estimation of typhoon is focused, it is necessary that the pressure be improved. However, when focusing storm
surges, it is within the allowable margin of error for the following reasons:

-Improvement in the estimation of typhoon lowest pressure is necessary for the research on typhoon
characteristics. However, the main purpose of this research is reproduction of storm surge. And Theoretically,
the 10 hPa decrease of pressure causes about 10 cm sea level rise. The deviation over one meter will be a serious
storm surge disaster. Therefore, a difference of 10 cm in storm surge simulation would not be a significant error.

-In other researches on storm surge simulation using the meteorological model and storm surge model, the
difference of 10 hPa or more between simulation result and observation are demonstrated even though a good
agreement in storm surge simulation is indicated (e.g., lwamoto et al., 2014; Mori et al., 2014; Nakamura et al.,
2015). Therefore, the result by SN is practically sufficient.

Hence, the GN method can demonstrate the track closest to the JMA, but the reproducibility of the typhoon
characteristics using SN method is better than the cases by GN and NN.

4.3 Sea Level Departure by Storm Surge

Figure 6 compares simulation and observation for tide level deviations, which is non-tidal sea level residuals,
by storm surge. In NN, maximum departure is underestimated and its occurrence time delays at all stations. In
the case of Morozaki, GN almost fits observation and SN overestimates. In other locations, SN almost fits
observation and GN underestimate. Before the maximum departure at Mikawa, there are a large drop in the
departure. Sufficient reproducibility of the large drop in NN and SN is demonstrated. Two apparent peaks of
water surface rise were observed at Fukue around 15:00 and 18:00. SN shows the same tendency, but the
calculated peak was milder and earlier than observed one. These two peaks are unique compared to other
locations and are indicated at only Fukue. Figure 7 shows geographical features and FVCOM domain around
Fukue. Fukue is a water area with a depth of less than 1 m and has a complicated topography. Moreover, the
observation point is located inside the fishing port. Therefore, it is speculated that this topographic feature
around Fukue observation point resulted in the less reproducibility of the first peak in simulations. Furthermore,
it will be hard to improve the reproducibility of the first peak even if the topographic data is made with high
resolution around Fukue observation point because topographic complexity and very shallow water depth
condition will not be suitable for the simulation. From the viewpoint of estimation of highest and lowest
departures, the result of non-tidal sea level fluctuation by SN is better than other cases.
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Figure 6. Sea level departure by storm surge without tide (Period is from 6:00 UTC 28th July 2018 to 6:00 UTC 29th July
2018)
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Figure 7. Geographical features (Central Disaster
Management Council, 2016) and FVCOM domain
around Fukue (@ (red): location of tide station,
@ (blue): FVCOM output)

The distribution of the current and the sea
level departure by the typhoon of SN were
analyzed. Figure 8 shows the distribution of
the flow magnitude with the vector (left) and
that of the sea level departure with the wind
vector (right) during the typhoon passing. At
14:00, a wind from the north and the east
caused flows from Mikawa Bay to Ise Bay,
and from Ise Bay to ocean. Hence, the sea
level departure of these bays decreased
(change to cold colors) between 14:00 and
15:00. It caused a large decrease in the
departure before the maximum departure at
Mikawa (Figure 8(b)). However, at 15:00, the
typhoon in south of the bays inlet (Figure
3(b)) generated an east wind on the bays. By
the north wind weakening, water pushed out
of the bays by the north wind during typhoon
approaching would flow back into Ise Bay in
Figure 8(c). From 17:00 to 17:30 (Figure 8 (d)
and (e)), the sea level departure reached the
peak at Ise Bay and a flow from ocean to
Mikawa Bay through Ise Bay was generated.
First, water from ocean flows into Ise Bay.
And when enough water accumulated in Ise
Bay, water from ocean then flows into
Mikawa Bay. The difference of occurrence
time of maximum water level between lIse
Bay and Mikawa Bay will be considered to be
a characteristic phenomenon that occurs in
two connected bays. After that, at 18:00, a sea
level departure peaked at Mikawa Bay.

When the typhoon with reverse track, as
Jongdari, approaches or passes, it is
speculated that sea level decrease at Ise Bay
and Mikawa Bay. However, after the typhoon
passed by their bays, there is the rapidly
increase in the sea level departure. Thus, not
only when the typhoon approaches or passes,
it requires watching for storm surge after the
typhoon passed.

5. SUMMARY

Typhoon Jongdari is the first record of the
reverse track around Japan. This track has not
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been assumed for storm surge disaster prevention at present. The improvement of reproducibility of storm surge
numerical calculations for this typhoon and elucidation of storm surge generation mechanism are necessary for
strengthening measures against coastal disaster in the future. In this study, we examined the effectiveness of
four-dimensional data assimilation on the reproduction of Typhoon Jongdari and its storm surge deviation using
atmospheric model (WRF) and ocean flow model (FVCOM). In addition, we examined the generation
mechanism of storm surge deviation. From the results and observations obtained, the following conclusions
were drawn:

1. The typhoons by GN are closer to JMA (Best Track) than NN and SN. However, its strength is weaker than
other case typhoon. Therefore, it is assumed that the reproducibility of typhoon and storm surge be not
sufficient. On the other hands, SN demonstrates the typhoon strength and storm surge departure by
observation appropriately. Therefore, it appears that the grid nudging method can reproduce the typhoon
track adequately than the spectral nudging and the method using spectral nudging is a suitable method to
demonstrate high reproducibility of storm surge departure.

2. When the typhoon with reverse track, as Jongdari, approaches to Ise Bay and Mikawa Bay or passes through
these bays, a northeast wind causes the flows from Mikawa Bay to Ise Bay, and from Ise Bay to ocean. As
a result, it is speculated that sea level decrease at their bays. However, after the typhoon passed by their
bays, the southeast wind causes the flows from ocean to Ise Bay. Further, seawater accumulated in Ise Bay
flows into Mikawa Bay. As a result, there is the rapidly increase in the sea level departure by storm surge.
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