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Abstract : A multi-nesting grid storm surge model, Korea Ocean Research and Development Institute-Storm
surge model, was calibrated to simulate storm surges. To check the performance of this storm surge model, a
series of numerical experiments were explored including tidal calibration, the influence of the open boundary
condition, the grid resolutions, and typhoon paths on the surge heights using the typhoon Maemi, which caused
a severe coastal disasters in Sep. 2003. In this study the meteorological input data such as atmospheric pressure
and wind fields were calculated using CE wind model. Total 11 tidal gauge station records with 1-minute interval
data were compared with the model results and the storm surge heights were successfully simulated. The
numerical experiments emphasized the importance of meteorological input and fine-mesh grid systems on the
precise storm surge prediction. This storm surge model could be used as an operational storm surge prediction
system after more intensive verification.
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1. Introduction

Storm surges are oscillations of the water level in a
coastal or inland water body forced by the atmospheric
weather system (Murty, 1984). Abnormal high waters have
been caused tremendous damages in the coastal regions
around the world such as North Sea flood (1953) in Europe,
typhoon Isewan (1959) in Japan, typhoon Maemi (2003) in
Korea, hurricane Katrina (2005) in USA. Moreover, the
recent studies have warned that global warming related to
the climate change will rise the sea level and will cause

more powerful tropical cyclones. To mitigate and to pre-
vent coastal disasters induced by storm surge, an accurate
and fast storm surge prediction system is required. In this
paper we developed Korea Ocean Research and Develop-
ment Institute-Storm surge model (KORDI-S) and intro-
duced its basic structures and performances for storm surge
prediction. ‘

For various numerical experiments, typhoon Maemi was
chosen because of two reasons. First, typhoon Maemi was
almost the first typhoon that was recorded with 1-minute
interval at the tidal gauge stations operated by National
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Oceanographic Research Institute (NORI) in Korea. In pre-
vious most of storm surge records were based on the 1-hour
interval data which are easy to miss the real peak because
of fast passing of the typhoons. Second, typhoon Maemi
recorded not only tremendous economic loss but also his-
toric weather survey in Korea. In Masan city, residential
and commercial areas, which are far from the Masan Port,
were flooded by the severe storm surge (about 2.1 m). Sev-
eral numerical simulations for storm surge by typhoon
Maemi were conducted (Choi et al,, 2004; Kang, 2004;
Kawai et al., 2005; Moon et al., 2007).

In this study, first we calibrated KORDI-S for tides and
then checked its performance to predict storm surges by
given various conditions such as 1) different open bound-
ary conditions, 2) horizontal resolution effects by using
nesting grid system, 3) importance of the typhoon track. All
model results (east and south coasts) were compared with
the observed storm surge data (total 11 tidal gauge stations,
see Fig. 1). In Chapter 2 the numerical experiments were
described and model results were discussed in Chapter 3.
Summary and conclusions were given in Chapter 4.

2. Numerical Experiments

2.1 Numerical model

Numerical experiments were carried out to simulate
typhoon Maemi using a numerical storm surge model
~ (KORDI-S). The applied KORDI-S (2D version) was based
on continuity equation and depth-averaged momentum
equations (Eqgs. 1-3).
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where ¢ 'is the sea surface elevation, H is the total water
depth (=h+{), A is the still water depth below the mean
sea level, ¢ is time, g is the gravitational acceleration, pis
the sea water density, P, is the atmospheric pressure at
the mean sea level, f'is the Coriolis parameter, ;¥ is the
wind stress, ?b is the bottom stress, f? is the sum of
advection and diffusion term, » and v the flow velocities in
x and y directions, respectively.

A staggered grid (Arakawa C grid) system, which gave
spatial second order accuracy, was used. A fully implicit
scheme was implemented with a conjugate gradient
method (Strikwerda, 1989) for a large sparse matrix solver.
Horizontal advection terms were treated explicitly using
sum of two other second-order difference schemes (Stell-
ing, 1984). An one-way multi-nesting scheme was used to
resolve complex coastal topograph and uncertain open
boundary conditions. The initial values for surface eleva-
tion and flow velocities at the entire domain were all set to
zero and at the land boundaries no-slip condition was
applied. o .

The wind stress, 7* and the bottom stress, 7% are set to
be the quadratic relationships (Eqs. 4 and 5, respectively)
and the Wu (1980)’s wind drag coefficient is used.
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where 7/ is wind speed, C; is the wind drag coefficient
(=(0.8+0.065|W))*10?%), pu;» is the air density. In this study we
use two values of the bottom drag coefficients, C. Where
higher than 33°N and shallower than 100 m, 0.001 was used
and rest of area was set to 0.0025.

The horizontal wind velocities at a height of 10 m above
the sea surface were calculated by CE (U.S. Army Corps of
Engineers) wind model which will be described later.

2.2 Multi-nesting grid system

In the model, 3-step nesting grids were used (Fig. 1). The
first domain (D10) covered the entire Yellow Sea and the
East China Sea with 1/12°%1/12° grid resolution. The sec-
ond domain (D20) covered 33-39°N, 125-130°E with 1/
60°%1/60° grid resolution. The D10 and D20 domains were
solved under a spherical coordinate system. The third
domain (D30), where 3 tidal stations (Tongyoung, Masan
and Busan) were included, was discretized with a 300 mx
300 m finer grid under a Cartesian coordinate system.

The sea surface elevations along open boundaries in the
D10 were specified using an inverse barometric pressure.
In this study, tidal influences on storm surge were not con-
sidered, however, tidal calibration was carried out to check
the model’s performance. Major four tidal constituents, M,
Sy, Ky and O, were given at the open boundaries simulta-
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Fig. 1. Model domains (D10, D20, and D30). In the middle panel the original track, east shifted track, and west shlfted track of
typhoon Maemi were represented. 11 tidal gauge stations were marked with closed circles.

neously and ran more than 15 days. The observed tidal con-
stituents were calculated using 1-year length sea surface
elevation data with 1-hour interval records from NORI
(total 26 tidal station around the Korea coasts). The com-
parisons of model calculated and observed tidal constitu-
ents (M, and S,) were quite close and there was not much
difference between D10 and D20 (Fig. 2). In terms of M,
the finer grid (D20) showed generally better agreements
but in Mokpo D10 (145.0 cm) was more close than D20
(166.6 cm) to the observed value (141.9 cm). Meantime,
relatively big differences of S; phase were shown in Hupo
and Pohang because those sites located close to the
amphidromic point of S; (less than 5 cm of amplitude).

It should be noted that X and O; were shown similar

results (not presented in the Figures). Numerical experi-
ments with and without tidal elevations, derived using M,
S, K; and Oy constituents, gave almost same surge heights
in the D30, where a tidal range was relatively small com-
pared with that of the west coast of Korea. The approxi-
mate highest high water (AM;+S8+K;+0) in Masan is less
than 100 cm. The open boundary sea surface elevations in
the D20 (D30) were specified by interpolating the D10
(D20) modeled sea surface elevations spatially and tempo-
rarily.

2.3 CE wind model for the meterological input data
The meteorological inputs (atmospheric pressure and
wind fields) for storm surge were calculated by a paramet-
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Fig. 2. The comparisons of model calculated and observed two tidal constituents along the Korean coasts. D10 and D20 were marked
with crosses and circles, respectively.

Table 1. Typhoon Maemi track information (KMA, 2003)

Location of typhoon center

Date (GMT) Tatitude () Longitude () Central Pressure (hPa) Rinex (km)
8-Sep-2003 06:00 20.1 1329 975 60
9-Sep-2003 06:00 224 1294 950 60
10-Sep-2003 00:00 237 1274 925 60
10-Sep-2003 12:00 243 126.0 915 60
11-Sep-2003 01:00 25.3 125.1 910 60
11-Sep-2003 06:00 258 1252 915 60
11-Sep-2003 12:00 26.8 1254 930 60
11-Sep-2003 18:00 28.5 125.8 935 60
11-Sep-2003 21:00 29.5 126.1 940 : 60
12-Sep-2003 00:00 30.5 126.5 : 945 60
12-Sep-2003 03:00 31.6 126.7 945 60
12-Sep-2003 06:00 32.7 127.0 950 75
12-Sep-2003 09:00 33.8 1275 950 75
12-Sep-2003 12:00 35.1 1284 955 85
12-Sep-2003 15:00 35.8 128.7 960 85
12-Sep-2003 18:00 37.1 129.7 970 85
12-Sep-2003 21:00 37.8 130.7 970 85
13-Sep-2003 00:00 38.6 131.7 975 110
13-Sep-2003 06:00 405 1345 980 150

13-Sep-2003 12:00 423 138.1 980 150
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ric typhoon model, namely CE (U.S. Army Corps of Engi-
neers) wind model. The major inputs for CE wind model
were locations of typhoon center, central atmospheric pres-
sure and Ry, (radius for maximum wind speed). Detailed
descriptions of CE wind model could be found in Cardone
et al. (1992), Thompson and Cardone (1996), and Kang et
al. (2002). The hourly-interpolated meteorological inputs
were based on KMA’s typhoon information (Table 1) and
used in the storm surge model for each grid system. Wind
drag coefficients were calculated with Wu (1980s for-
mula.

3. Model Results

Numerical experiments can be summarized as follows:
1) influences of open boundary on storm surge heights with
the track of typhoon Maemi. 2) sensitivities of the typhoon
Maemi’s path, and 3) the grid resolution. All results were
compared with observed storm surge heights. Storm surge
heights were defined by observed sea level minus predicted
tidal level, where tidal elevations were predicted using 64
harmonic constituents based on 1 year record.

3.1 Influence of open boundary condition

It is very important to treat open boundary conditions
correctly, when a meteorological forcing is involved, if a
storm surge warning system will be operated. To check the
influence of open boundary condition we specified the sea
surface elevations along open boundaries 1) using the nest-
ing grid system and 2) using an inverse barometric pressure
(IBP) directly at the D30 boundaries. The open boundary
condition on the nesting grid system was set only in D10
with an inverse barometric pressure relationship and D20
(D30) were used the results of D10 (D20) at the bound-
aries. Fig. 3 showed that surge heights located about 1 km
away from the boundaries (see triangle mark in the lower
panel of Fig. 1). The storm surge, calculated by IBP method
directly (see the thick dash-dot line in Fig. 3), was smaller
than that of using the nesting grid (see the thick solid line in
Fig. 3). However, it was quite similar to the simple calcula-
tion of inverse barometric pressure that described in Eq. 6
(see the thin dotted line in Fig. 3).
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Fig. 3. Calculated sea surface elevations at the near open
boundary in D30 (see the triangle mark in the lower
panel of Fig. 1). Thick solid, thick dash-dot, and thin
dotted lines represented multi-nesting grid, open boundary
condition using IBP, and calculation using Eq. 6,
respectively.
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Fig. 4. Comparison of open boundary schemes. The storm
surge heights of observed (thin dotted lines), by multi-
nesting grid (thick solid lines), and IBP (thick dash-dot
lines) are represented.

where P is the reference atmospheric pressure, 1015 hpa.

The influences of open boundary elevation on the maxi-
mum surge heights in Tongyoung, which locates near open
boundary, were clearly; The surge heights calculated with-
out nesting grid were underestimated, those with nesting
grid were overestimated (Fig. 4). In Masan, the maximum
surge heights calculated without nesting grid were underes-
timated 50 cm approximately, those with nesting grid were
almost same to observation. However, the maximum surge
heights in Busan were overestimated when nesting grid was
used. For an operational storm surge warning system, it
might be necessary to use a nesting grid to reduce uncer-
tainties in open boundary condition.

3.2 Sensitivities of typhoon path
To check the sensitivities of typhoon path on the storm
surge heights the typhoon Maemi track (see dotted line in
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Fig. 5. Effect of shifting typhoon track in north-south direction
with the original track’s surge heights. The time series
of storm surge heights by the original track (thin dotted
lines), northward shift (thick solid lines), and south-
ward shift (thick dash-dotted lines) tracks were repre-
sented.
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the middle panel of Fig. 1 and Table 1) was shifted to 0.5
degree toward North, South, East and West, respectively.
All meteorological inputs were re-calculated by using CE
wind model for the domain of D10, D20 and D30. The cal-
culated storm surges in D30 with shifting tracks in north-
south direction were shown in Fig. 5; When track was shifted
to the north (south), the maximum surge height occurred
early (late) compared with the observations.

In Fig. 6 the calculated storm surges with shifting tracks
in east-west direction were represented; When the track
was shifted to the east (thick dash-dot line in the middle
panel of Fig. 1), the maximum surge heights in Tongyoung,
Masan, Busan were underestimated than those from the
original track. When the path was moved to the west (thick
solid line in the middle panel of Fig. 1), only Masan
showed the higher maximum storm surge height and those
in Tongyoung and Busan dropped down. The maximum
storm surge heights in Masan reached about 245 (185) cm
when the typhoon path was shifted to the east (west). The
experiments clearly showed that how the typhoon path is
critical to the storm surge prediction. When the typhoon
passed to the left (right) side of tidal stations, the maximum
storm surge heights became higher (lower). However, how
much the change could not be simply determined by the
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Fig. 6. Effect of shifting typhoon track in East-West direction
with the original track’s surge heights. The time series
of storm surge heights by the original track (thin dotted
lines), eastward shift (thick solid lines), and westward
shift (thick dash-dot lines) tracks were represented.
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distance between the typhoon path and tidal stations
because of the combined effect of the radius for maximum
wind speed (Rmax) and the complex geometry.

Because Yeosu and Wando were not included in D30, we
analyzed the model responses using results in D20. It
turned out that Yeosu was the most sensitive on track shift-
ing (east-west) giving the maximum storm surge heights
differences about 90 cm. Meantime, Wando was about 68 cm.

It should be noted that the highest storm surge heights
occurred in Masan within 1° range shifting of the original
track of typhoon Maemi in east-west and north-south direc-
tions. For the occurrence time differences of the maximum
storm surge heights were about 40 minutes (east-west) and
about 2 hours (north-south).

3.3 Sensitivities of grid resolution

There were other observation sites. Here we compared
model results in D10 and D20 with other places. Except
Yeosu the surge heights of other sites were less than 100 cm,
Yeosu (Fig. 7d) was plotted with different y-axis scale. Fig.
7(a-c) showed storm surge in the east coast of Korea (see
Fig. 1 for location of all tidal stations), where a weak tide
occurs, with observations. The surge heights in Pohang,
which can not be resolved properly by 1/12°x1/12° grid
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Fig. 7. Influences of grid resolutions on surge heights with the
original track of typhoon Maemi. Observed (solid line)
and calculated storm surges using D10 (dash line) and
D20 (dash-dot line) are represented.

resolution, were slightly different according to grid resolu-
tions. Maximum surge heights in D20 were slightly larger
than those in D10. Calculations of KORDI-S showed a
quite good agreement to the observations. Fig. 7(d-f)
showed storm surge in the southwest coast of Korea with
observations (The tidal stations located left side of the
typhoon center). In these regions, maximum surge heights
in D20 were stightly smaller than those in D10, and the
surge heights were overestimated.

It should be noticed that the finer grid with nesting
scheme gave the better results of the typhoon Maemi. For
instance, the maximum surge heights in Masan are 211 cm
(observed), 194 cm (D10), 200 cm (D20), 213 cm (D30),
respectively.

4. Summary and Conclusions

In this study we carried out a series of numerical experi-
ments to calibrate and verify the KORDI-S for storm surge
simulation using the typhoon Maemi (Sep. 2003). To over-
come the difficulties in open boundary condition, an one-
way multi-nesting scheme was used in a storm surge
model, giving reasonable results. Model results were sensi-
tive to meteorological forcing, which were calculated from
CE wind model.

A series of numerical experiments showed that 1) the

performances of the KORDI-S in terms of the hydrody-
namic including storm surges were reasonable, 2) the most
important factor in the calculations of storm surge was the
location of typhoon center (ie. track), 3) storm surge
heights could be simulated correctly if a reliable typhoon
track is available, and 4) the finer grid simulated storm
surge heights correctly in the area of the relatively complex
geometry, and 5) using nesting grid could reduce uncertain-
ties in the open boundary condition. Therefore, if the mete-
orological input is precise enough, the KORDI-S can be
used as an operational storm surge prediction system after
more hindcasting of historic events.
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