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Abstract

The Bohai Sea is extremely susceptible to storm surges induced by extratropical storms and tropical cyclones in
nearly every season. In order to relieve the impacts of storm surge disasters on structures and human lives in
coastal regions, it is very important to understand the occurring of the severe storm surges. The previous research
is mostly restricted to a single type of storm surge caused by extratropical storm or tropical cyclone. In present
paper, a coupled atmosphere-ocean model is developed to study the storm surges induced by two types of
extreme weather conditions. Two special cases happened in the Bohai Sea are simulated successively. The wind
intensity and minimum sea-level pressure derived from the Weather Research and Forecasting (WRF) model
agree well with the observed data. The computed time series of water level obtained from the Regional Ocean
Modeling System (ROMS) also are in good agreement with the tide gauge observations. The structures of the wind
fields and average currents for two types of storm surges are analyzed and compared. The results of coupled
model are compared with those from the uncoupled model. The case studies indicate that the wind field and
structure of the ocean surface current have great differences between extratropical storm surge and typhoon
storm surge. The magnitude of storm surge in the Bohai Sea is shown mainly determined by the ocean surface
driving force, but greatly affected by the coastal geometry and bathymetry.
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1 Introduction

Storm surge is defined as the abnormal change in sea level,
which associated with either extratropical or tropical storm. The
storm surge may cause significant human life losses and severe
damages to coastal structures. The Bohai Sea is susceptible to
storm surges induced by extratropical storms and cyclones. The
extratropical storm surges are mainly caused in spring, autumn
and winter and the typhoon storm surges are mainly caused in
summer (Wu et al., 2002; Fu et al., 2013; Mo et al., 2016; Ding and
Wei, 2017; Li et al., 2017).

Many researchers show great interest to understand severe
storm surges in the Bohai Sea. By comparison, the extratropical
storm surge has much greater effect on the Bohai Sea than
typhoon storm surge and numerical simulation of extratropical
storm surge is one of the emphases for research (Wu et al., 2002).
Based on the zeroth-order model of the ultra-shallow water
storm surge theory, a numerical investigation of the Bohai Sea
wind surges was first made by Sun et al. (1979, 1982). Entering
the first decade of twenty-first century, the related numerical re-
search is endless and the results are also numerous. Li et al.

(2010) developed a numerical model of storm surge affected by
the coupling of wind and wave. The Fifth-Generation Mesoscale
Model (MM5) was used to calculate wind field and the Putian
Station Method was adopted to get wave factors. Furthermore,
the SWAN (simulating waves nearshore) wave model was added
to the numerical model and the wave-induce radiation stress on
storm surge was studied (Li et al., 2015). Zhao and Jiang (2011)
took the different major tracks, pressure field and high wind peri-
od into consideration and constructed several scenarios to de-
scribe the actual situation of cold-air outbreaks. Based on the res-
ults modeled by the Finite-Volume Coastal Ocean Model (FV-
COM), the influence of various cold-air outbreaks on the maxim-
um surge in the Bohai Sea and the probability of the surge eleva-
tion at typical tide gauges were investigated. Using the Advanced
Circulation (ADCIRC) model and atmospheric reanalysis data,
the extratropical storm surge occurred in December 2010 was
simulated by Fu et al. (2011). With similar method, numerical
study on deepwater channel influenced by negative storm surge
and its features in the Bohai Sea was carried out (Fu et al., 2014).
Using FVCOM, a hindcast of typical extratropical storm surge oc-
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curring in the Bohai Sea in October 2003 was performed by Ding
and Ding (2014). The storm surge model was forced by winds ob-
tained from the Weather Research and Forecasting (WRF) model
simulation. Thereafter, the model was used to study the impact of
land reclamation on storm surges in the Bohai Sea (Ding and
Wei, 2017). The Regional Ocean Modeling System (ROMS) was
adopted to study storm surges induced by cold waves in Mo et al.
(2016). The role of wind direction, wind speed, wind duration, ex-
tratropical storm and tide-surge interaction was investigated by
conducting different sensitivity experiments. Also, using ROMS,
Lietal. (2016) developed a storm surge and inundation numeric-
al model for the west zone of Bohai Bay, in which the QSCAT/
NCEP (Quick Scatter Meter/National Center for Environmental
Prediction) blended wind data was used to calculate the wind
stress. Thereafter, Li et al. (2017) developed a coupled atmo-
sphere-ocean model which was successful in simulating the ex-
tratropical storm surge happened in the Bohai Bay. As a whole,
numerical study about the typhoon storm surge for the Bohai Sea
is rare and applications of coupled atmosphere-ocean model for
extratropical storm surge are still at the initial stage.

Generally, the foreign scholars have done much research on
the coupled atmosphere-ocean model and have obtained many
achievements, while the domestic research in this area is slightly
behind. Warner et al. (2008, 2010) developed a Coupled Ocean-
Atmosphere-Wave-Sediment Transport (COAWST) modeling
system. The system includes the ROMS ocean model, the WRF
atmosphere model, the SWAN wave model and the Community
Sediment Transport Model (CSTM). The COAWST system was
used to identify model sensitivity by exchanging prognostic vari-
able fields between different model components during an ap-
plication to simulate Hurricane Isabel in 2003. After that, sensit-
ivity experiments were performed to assess the impacts of coup-
ling on the predictions of the atmosphere, ocean and wave envir-
onments during the occurrence of the Hurricane Ivan in 2004
(Zambon et al., 2014). Moreover, Hurricane Ida in November
2009 and Typhoon Muifa in August 2011 were also simulated by
using the COAWST system (Olabarrieta et al., 2012; Liu et al.,
2015). Based on the GRAPES (Global and Regional Assimilation
and Prediction System) regional typhoon model (GRAPES_TYM)
and ECOM-si (estuary, coast and ocean model (semi-implicit)),
Sun et al. (2014) developed a mesoscale coupled atmosphere-
ocean model to simulate the Typhoon Muifa. Based on MM5,
POM (Princeton Ocean Model) and WW3 (Wave Watch III), a re-
gional atmosphere-ocean-wave coupled system was set up and
the coupled system was tested in a study of typhoon processes in
the South China Sea (Guan et al., 2012). Using WRF, FVCOM and
SWAN, a coupled atmosphere-ocean-wave model was de-
veloped and applied in the simulation of the Typhoon Ram-
masun by Wang et al. (2016). So far, the coupled atmosphere-
ocean model has been mainly used to simulate the storm surges
caused by tropical cyclone (TC).

As mentioned above, the Bohai Sea is susceptible to ex-
tratropical storm surge and typhoon storm surge. Many scholars
have done their research from different angles (e.g., Sun et al.,
1979; Li et al., 2010, 2017; Fu et al., 2014; Ding and Ding, 2014; Mo
et al., 2016). But until now, few studies have investigated the dif-
ferences and similarities between extratropical storm surge and
typhoon storm surge. Meanwhile, the research contents mainly
focus on storm surge elevation, with less attention to wind and
flow fields. In this paper, a coupled atmosphere-ocean model is
developed to investigate the differences and similarities between
the two types of storm surge in the Bohai Sea. The simulation res-

ults, such as wind intensity and direction, average wind stress,
average surface currents and so on, are analyzed and compared
between the two types of storm surges. The following section
briefly introduces the WRF atmosphere model, ROMS ocean
model and the coupling methods. Section 3 explores the model
domains and configuration settings. In Section 4.1, the extratrop-
ical storm surge occurred in October 2003 is simulated and ana-
lyzed. In Section 4.2, the typhoon storm surge occurred in Au-
gust 1992 is simulated and the results of typhoon storm surge are
compared with those of the extratropical storm surge. Finally,
summary and conclusions are given in Section 5.

2 Numerical models

2.1 WRF

The WRF is a next-generation mesoscale numerical weather
prediction model. The WRF is presented by the National Centre
for Atmospheric Research (NCAR), who collaborates with many
other research institutes. The model is a non-hydrostatic, quasi-
compressible atmospheric model and has been widely utilized
for both realistic and idealized weather forecasts. A variety of op-
tions for microphysics, cumulus, boundary layers and radiation
physical processes are available in WRF (Skamarock et al., 2008;
Liu et al., 2017). Much research indicates that it is suitable for
weather simulations across scales ranging from meters to thou-
sands of kilometres. Here, the Version 3.7.1 WRF model is adop-
ted to couple with the ROMS ocean model.

2.2 ROMS

The ROMS model is a free surface, terrain-following, primit-
ive equations ocean model. Based on finite difference method,
ROMS solves the Reynolds-Averaged Navier-Stokes (RANS)
equations with hydrostatic and Boussinesq assumptions. The
model uses a horizontal curvilinear grid system and stretched
terrain-following coordinate in a vertical array. It has been widely
used for the prediction of ocean hydrodynamic environment
(Haidvogel et al., 2008; Lim et al., 2013). The ROMS model of Ver-
sion 3.6 is coupled with the WRF model in this study.

2.3 Coupled atmosphere-ocean numerical model

WRF and ROMS are coupled using the Model Coupling
Toolkit (MCT) and the Spherical Coordinate Remapping Inter-
polation Package (SCRIP). As shown in Fig. 1a, the MCT is used
to handle the passing of variables between the coupled models,
as well as regridding and time averaging. Data are exchanged
between WRF and ROMS by MCT at initialization process. After
that, the data exchange occurs between the models at a defined
synchronization point. In addition, mesh points in each two
models has to be interpolated for data exchange by the MCT. The
SCRIP is utilized to compute the interpolation weights for remap-
ping and interpolating fields between different grid systems. The
weights are calculated by a bilinear interpolation method and are
read in for use during the coupled iteration process.

At the defined synchronization point, the sea surface stresses
and net heat fluxes are passed from WRF to ROMS. Meanwhile,
the sea surface temperature is passed from ROMS to WRF. The
variables that are exchanged in coupled model are shown in Fig. 1b.

The surface roughness is computed in WRF based on the rela-
tion of roughness length to wind stress (Charnock, 1955):
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Fig. 1. Schematic of model coupling. a. System flow of the coupled model based on MCT and SCRIPS, and b. configuration of data

fields exchanged between WRF and ROMS.

where z; is the roughness length, z. is the Charnock parameter
and it is a dimensionless parameter with value of 0.018, u, is the
friction velocity (in m/s), and g is gravity acceleration.

The WRF-ROMS coupling program is developed based on an
open-source package named “wrf_roms-1.2.tar.gz”, which was
downloaded from http://nctr-people.pmel.noaa.gov/-cmoore/
wrf-roms/index.html. The developed computational code can be
run in either serial or parallel computers, using shared or distrib-
uted memory computer architectures. Simulations for two types
of storm surges are carried out on distributed memory parallel
computers.

3 Model setup

For ROMS ocean model, a third-order upstream horizontal
advection scheme is chosen for momentum equations. Mellor-
Yamada 2.5 closure is utilized for vertical mixing. Bottom stress is
parameterized with a quadratic drag representation and the drag
coefficient is set to 0.012. The ocean topography is obtained by
combination of two topographic datasets, the 1-min resolution
bathymetry data from the National Geophysical Data Center
(NGDC) of the NOAA (National Oceanic and Atmospheric Ad-
ministration) and the 1-min digital bathymetry data from Sung
Kyun Kwan University (SKKU) (Choi et al., 2002). The topo-
graphy is smoothed with three iterations of a second-order Sha-
piro filter. In addition, NOAA’s World Vector Shoreline (WVS) is
taken as the coastline.

About the lateral boundary conditions, the open boundary
condition and closed boundary condition are employed. On the
open boundary, the free surface condition, the two-dimensional
(2D) momentum condition and the three-dimensional (3D) mo-
mentum radiation condition are given. The time-dependent wa-
ter elevations and depth-averaged velocities consist of eight main
astronomical tides, including M,, S,, N,, K,, K;, O;, P, and Q,. On
the close boundary, wall boundary condition is chosen for the
sea surface elevation and the normal velocity. The simulations
start with a cold start. The initial water level is the mean sea level
and the initial flow velocity is zero. In addition, the time-depend-
ent and spatially varying atmospheric wind stresses and net heat
fluxes are treated as the surface boundary for ROMS ocean model.

For WRF atmosphere model, the summary of the WRF model
configurations used here is given in Table 1. The transferred data
between ocean and atmosphere models are exchanged every 10
minutes.

The initial and lateral boundary conditions for WRF model

Table 1. WRF model options
Options

Scheme used in WRF run

Time integration scheme Runge-Kutta third-order scheme

Spatial differencing scheme  Fifth-order left differencing scheme
Microphysics Lin scheme
Cumulus parameterization  Kain-Fritsch scheme
Longwave radiation Rapid Radiative Transfer Model
Shortwave radiation Dudhia scheme
Land surface Noah land surface model
Surface layer Monine-Obukhov scheme

Surface and boundary layers  Yonsei University scheme

are derived from the ERA-Interim/ECMWF (European Centre for
Medium-Range Weather Forecast) reanalysis data with 0.5° spa-
tial resolution and 6 h time resolution. Much research indicates
that vortices contained in global reanalysis data are often weak
because of the limitation of the resolution (Nguyen and Chen,
2010; Cha and Wang, 2013). In order to forecast the TC track and
intensity changes accurately, it always requires accurate repres-
entation of the tropical cyclone vortex in the initial WRF condi-
tions. For the purpose of generating better initial typhoon condi-
tions, the TC-Bogus scheme is employed (Hsiao et al., 2010). The
original typhoon from the initial atmospheric condition derived
from the reanalysis data is removed firstly and then a new
typhoon condition based on a Rankin vortex is created (Kurihara
etal., 1995).

V= GF(r), )
? r (r<rm),

F(=4 I
,71:1 re (r>rm), 3)

where Vis the wind velocity, V,, denotes the maximum wind
speed during the typhoon, r,, is the radius from the typhoon cen-
ter to the point where the maximum wind speed is generated, ais
a constant and the value is -0.75, and £ is a scale factor.

4 Results and discussion

4.1 Extratropical storm surge
A famous extratropical storm surge happened in October
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2003 is one of the most severe storm surges in the Bohai Sea
caused by the cold-air outbreak (Zhao and Jiang, 2011; Ding and
Ding, 2014; Mo et al., 2016). The cold air coming from the Siberia
blows through the Bohai Sea. A vast area was struck and the
storm surge caused widespread destruction. The storm surge
caused by the cold-air outbreak in October 2003 is simulated
firstly.

The domain and topography for WRF model are shown in Fig. 2.
The domain roughly extends from 29.0°N to 42.5°N in latitude
and 112.5°E to 130.5°E in longitude. The model horizontal spa-
cing is 10 km. Sizes of model grid are 150x150. There are 44 un-
even ¢ levels in the planetary boundary layer.
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Fig. 2. WRF model domain and the terrain elevation.

Figure 3 shows the domain and bathymetry used in ROMS
model. The domains used in two coupled models are large
enough to minimize the open boundary effects on study area.
The model domain has one open boundary on the southern side
and three close boundaries on the other sides. The ROMS do-
main covers the entire Bohai Sea and the most of the Yellow Sea
(35°-41°N, 117°-127°E), which has a spatial resolution of 0.04°
and 0.04° in latitude and longitude, respectively. There are totally
250x150 grid points. Six sigma levels are used in the vertical dir-
ection.
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Fig. 3. ROMS model domain and the bathymetry.

The coupled atmosphere model and ocean model are simu-
lated from October 7 to 12, 2003. The Universal Time Coordin-
ated (UTC) is adopted in present paper. In ocean model, the time
step for the external (barotropic) mode is 30 s and the time-step
ratio of internal (baroclinic) mode to external mode is set to 10.
The time step is set to 60 s in atmosphere model. The two models
are synchronized 10 min to exchange data fields.

Simulation results are analyzed as follows. Figure 4 shows the
wind intensity and direction results from WRF with 12 h’s inter-
val, in which the wind over the northern East China Sea is shown.
During the starting stage of storm surge (defined as the time be-
fore 0900 UTC 10 October 2003), the wind speed over the Bohai
Sea was less than 10.0 m/s and there was no obvious rule for the
wind direction. And then the wind changed to strong northeast-
erly during the developed stage (defined as the time between
0900 UTC 10 October and 2100 UTC 11 October) and the wind
speed over the northern regions of the Bohai Sea could be larger
than 20.0 m/s. During the ending stage (defined as the time after
2100 UTC 11 October 2003), the northeasterly wind over the Bo-
hai Sea became weaker and the wind direction was from north-
east to north-northeast.

In order to verify the accuracy of the wind simulation, the
time series of computed wind speed at Huanghua Station are
compared with observations (Fig. 5). In this figure, the wind
speeds derived from the uncoupled model and the ERA-Interim
reanalysis data are also shown. The wind speed obtained by the
coupled atmosphere-ocean model is in good agreement with the
observation data. The simulation results of uncoupled model
(WRF only) show a slightly low than those calculated by coupled
model in the course of storm surge and the wind speed derived
from reanalysis data is much less than the observed data. In addi-
tion, based on the wind speed calculated by coupled model], it
can be seen that the wind intensity increased quickly before 2000
UTC 10 October. The maximum wind intensity occurred at nearly
2000 UTC 10 October and kept nearly 20 h. The maximum wind
speed was over 20 m/s. After 1600 UTC 11 October, the wind
speed began to decrease.

In order to assess the simulation results, the Root Mean
Square Error (RMSE) and the Normalized Root Mean Square Er-
ror (NRMSE) indices are introduced:

“4)

NRMSE = ———— (5)

where N is the number of observation data. y,, is the simulated
result and y, is the measured data. ymax and ymi, are defined as
the maximum value and the minimum value of the measured
data, respectively.

The RMSE and NRMSE as well as biases for wind speed are
presented in Table 2. Compared with biases, it indicates that all
the methods have a trend to underestimate the wind speed. The
coupled atmosphere-ocean model shows good accuracy in re-
producing the wind speed with NRMSE lower than 12%. Simula-
tions using the WRF only model are slightly weaker than those
calculated by coupled model. The RMSE and NRMSE for un-
coupled model are little bigger than those of coupled model. The
results indicate that the sea surface temperature is not very im-
portant to the numerical simulation of cold-air outbreak. The
reanalysis data is negatively biased up to 6.73 m/s. Bruneau and
Toumi (2016) also found that the blended sea wind data may sig-
nificantly under-estimate the extreme winds.

The storm surge’s magnitude mainly depends on the wind
stress. Figure 6 shows the intensity and direction of 12-h average
wind stress in the Bohai Sea and the north of the Yellow Sea. Dur-
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Fig. 4. Wind intensity and direction results from WRF. a. 2100 UTC 9 October 2003, b. 0900 UTC 10 October 2003, c. 2100 UTC 10
October 2003, d. 0900 UTC 11 October 2003, e. 2100 UTC 11 October 2003, and f. 0900 UTC 12 October 2003.

30 T T
O observation data

25 L —— WRF only
. o —— WRF-ROMS coupling
@ P dbom - ECMWF reanalysis data
% 20 o r
3
&
E 15
=

10

5

0 20 60

Time/h
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WF ERA-Interim reanalysis data is included (green line). The
time begins at 1000 UTC 10 October 2003

Table 2. Statistical result of the wind speed

Methods Wind speed
RMSE (NRMSE) Bias/m-s!
Coupled model 1.76 (11.4%) -1.00
WRF only 2.04 (13.2%) -1.40
Reanalysis data 7.14 (46.2%) -6.73

ing the starting stage of storm surge, the average wind stress over
the Bohai Sea was less than 0.1 N/m?2. During the developed
stage, the wind stress became much larger and the value of wind
stress in mid-west of the Bohai Sea could be larger than 1.2 N/m?
on October 11, 2003. During the ending stage, the average wind

stress began to decrease and the direction is northeast by north.

The mean surface flow velocity is directly affected by the wind
stress. The 12-h average surface currents are calculated by ROMS
(Fig. 7). During the starting stage of extratropical storm surge, the
mean surface velocity in Bohai Bay was lower than 0.2 m/s
and the direction of the tidal currents was the unidirectional flow
at the Bohai Strait. During the developed stage, the spatial char-
acteristics of the surge surface current became more complic-
ated and the direction of the currents was counterclockwise at
the Bohai Strait. The currents flowed into the Bohai Sea from the
north of the Bohai Strait and flowed out from the south of the
strait. The mean currents in the northeast of the Bohai Sea flowed
out of the Liaodong Bay, while the currents in the central area
flowed into the Bohai Bay and Laizhou Bay. The maximum mean
velocity occurred near the north coast of the Bohai Sea and the
velocity was larger than 1.0 m/s. These trends were maintained
for nearly 36 h. During the ending stage, the mean velocity in the
Bohai Sea decreased observably and the current along the coast-
line of the Yellow Sea traveled to the southwest. The region with
larger mean velocity was located in the western area of the north
Yellow Sea.

Figure 8 shows the spatial distribution of total sea level de-
rived from ROMS. The largest height of water level was up to
nearly 3 m, which occurred along the western coast of the Bohai
Bay. Meanwhile, the Liaodong Bay experienced a negative water
level of about 2 m. The distribution trend of the maximum water
level was gradually increasing from the east to the west in the Bo-
hai Sea. From the previous analysis, in the Liaodong Bay, current
flows out of the bay because of the sustained northeast wind and
the seawater accumulates mainly in the coastal zone of the west-
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ern Bohai Sea caused by the effect of the geometry. The results
indicate that the storm surge’s magnitude mainly depends on the
intensity and direction wind, but the coastal geometry and bathy-
metry have a great impact on the magnitude. The northeast dir-
ection is the main direction for the extratropical storm surge in
the Bohai Sea and the worst affected areas are the Bohai Bay and
Liaodong Bay (Kong, 2014; Li et al., 2017).

The comparison between simulations and observations about
the water level is shown in Fig. 9. The water level calculated by
WREF-ROMS coupling model is consistent with the observations.
Tide in west coast of the Bohai Bay area belongs to regular semi-
diurnal tide. The daily astronomical high tide happened at
9 o’clock and 21 o’clock on October 10. As shown in Fig. 9, the
water level peaked at 2100 UTC 10 October 2003 and the largest
height of water level was up to 3.12 m. And then the high wave
level began to decrease with the tidal oscillations. The interac-
tion between the astronomical tide and the storm surge can be
clearly observed. In a word, the combination of wind stress eleva-
tion caused by strong northeast wind and the astronomical tide
can easily leads to a large extratropical storm surge in the Bohai
Sea, which can bring a tremendous security risk to economy and
people’s lives.

4 T T T
2 F
£
©
&
=
=]
= 0 )
observation data
! WRF-ROMS coupling
—-—- uncoupled model (ROMS only%| lll
=2 L L L
0 24 48 72 96
Time/h

Fig. 9. Observed (black squares) and simulated (blue line and
green line) time series of water level at the Huanghua station.
The time begins from 1600 UTC 9 October 2003.

Moreover, the simulation results calculated by uncoupled
model are also shown in Fig. 9. Li et al. (2016) developed a storm
surge numerical model for the Bohai Gulf, where the QSCAT
blended wind data was used to calculate the wind stress. It indic-
ates that the error for uncoupled model is evidently greater than
that for WRF-ROMS coupling model. The statistics about the wa-
ter level are presented in Table 3. The coupled model shows
globally low RMSE (24 cm, 5.2%) and low unbiased prediction of
the water level (6 cm). The NRMSE obtained by the uncoupled
model is 9.6% and the model is negatively biased about 18 cm,
which indicates that the model trends to obviously underestim-
ate the water level.

4.2 Typhoon storm surge

In the summer of 1992, the strong Typhoon 9216 attacked
China and caused severe disaster. The typhoon storm surge
caused damage on the coast of the East China Sea, Yellow Sea
and Bohai Sea. Typhoon 9216, which is also named Typhoon
Polly, offers a good case of typhoon that travels a long distance
inland and still keeps its intensity. Next, the storm surge caused
by Typhoon Polly in 1992 is simulated and analyzed. The results
of typhoon storm surge are compared with those of the extratrop-

Table 3. Statistical result of the water level

Methods Water level
RMSE (NRMSE) Bias/m
Coupled model 0.24 (5.2%) -0.06
Uncoupled model 0.44 (9.6%) -0.18

ical storm surge.

The track of Typhoon 9216 is shown in Fig. 10. The solid blue
line is the best track of the Typhoon Polly and the numbers show
time series. The track is from the China Meteorological Adminis-
tration (CMA) with 6-h tropical cyclone positions. Table 4 shows
the observed parameters for the Typhoon 9216. The first time is
0000 UTC 28 August and the last time is 1200 UTC 2 September.
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Fig. 10. Track of the Typhoon 9216.

The WRF domain roughly extends from 16.0°N to 47.5°N in
latitude and 108.0°E to 142.0°E in longitude (Fig. 11). The WRF
model has approximately 15 km horizontal resolution with 44 un-
even o levels in the planetary boundary layer. Sizes of model grid
are 185x235. As previously mentioned, the TC-Bogus scheme is
used to generate better initial typhoon condition. The settings
about the bogus storm are shown in Table 5.

As shown in Fig. 12, the ROMS domain has open boundaries
on the southern and eastern sides and closed boundaries are
used on the other two sides. The ROMS domain covers the entire
Bohai Sea, Yellow Sea and East China Sea and a part of the South
China Sea, Japan Sea and Pacific Ocean (20.5°-44.0°N, 115.0°-
133.0°E). The ROMS model has approximately 0.05° horizontal
resolution with six sigma levels in the vertical direction.

In ROMS ocean model, the time step for the external mode is
30 s and the ratio of internal to external time steps is set to 10. For
WRF atmosphere model, the time step is set to 60 s. The two
models are initialized at 0000 UTC 29 August 1992 and are syn-
chronized 10 min to exchange data fields.

The wind vectors from the 2100 UTC 30 August to the 0900
UTC 2 September with 12 h’s interval are shown in Fig. 13. The
results show the propagation of Typhoon Polly through the
China’s north-eastern coastal areas. The Typhoon 9216 de-
creased in intensity as it traveled towards the Bohai Sea. With
continuous developing of the typhoon, the areas with large wind
speed moved northwards and were mainly in the western of the
northeast China Sea and northern of the Bohai Sea. The maxim-



42 Li Yong et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 9, P. 35-47

Table 4. Observed parameters for the Typhoon 9216

Date Time (UTC) Central location/(°) Central pressure/hPa Maximum wind speed/m-s-!
Aug. 28, 1992 0000 22.0°N, 125.2°E 985 25
0600 22.1°N, 124.7°E 985 25
1200 22.2°N, 124.2°E 985 25
1800 22.4°N, 123.9°E 980 30
Aug. 29, 1992 0000 22.6°N, 123.4°E 980 35
0600 23.0°N, 123.0°E 975 35
1200 23.1°N, 122.5°E 975 35
1800 23.2°N, 122.0°E 975 35
Aug. 30, 1992 0000 23.7°N, 121.9°E 975 35
0600 24.1°N, 121.5°E 975 30
1200 25.0°N, 121.0°E 975 30
1800 25.2°N, 120.0°E 975 25
Aug. 31, 1992 0000 25.6°N, 118.8°E 978 20
0600 25.8°N, 118.7°E 982 20
1200 26.2°N, 118.8°E 986 12
1800 31.0°N, 117.5°E 988 10
Sep. 01, 1992 0000 32.2°N, 118.0°E 990 10
0600 33.8°N, 118.8°E 990 12
1200 35.0°N, 120.0°E 993 12
1800 36.8°N, 121.8°E 995 12
Sep. 02, 1992 0000 38.5°N, 124.0°E 998 12
0600 39.5°N, 125.5°E 1000 10
1200 40.0°N, 127.5°E 1000 10
105° 115° 125° 135° 145°E 116° 120° 124° 128° 132°E
47° + -
N = 42°
~ 2200 N
39° | 1
1 760 38°
31° F b 1 320§
: - g 340 -
: = 2 =
gans 880 H =]
23° + - R4 g 300 3
g ,. z
EF{C’? South China Sea 440 30 g
150 BN e ] 26°
bl : arch ' 0 40
Fig. 11. WRF model domain and the terrain elevation. 22°
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Table 5. Bogus settings

Bogus parameter Value

Latitude of bogus storm/(°) 22.6
Longitude of bogus storm/(°) 123.4

Maximum observed wind speed/m-s-! 35.0
Radius/km 180.0

Scale factor 0.9

um wind speed was faster than 20 m/s. From numerical results, it
can be found that the Typhoon 9215, also named Typhoon Omar,
was moving westward. Typhoon Omar formed on August 23 from
the monsoon trough across the western Pacific Ocean and
reached its peak intensity on August 29. Typhoon Omar
weakened significantly before striking eastern Taiwan and dissip-
ated gradually.

During cold-air outbreaks (Fig. 4), the strong winds mainly

Fig. 12. ROMS model domain and the bathymetry.

come from the northeast and last for tens of hours. In contrast,
the intensity and direction of the typhoon wind are changing sig-
nificantly in time and the wind field presents as cyclone wind
field with large scale.

The time series of minimum sea level pressure (MSLP) calcu-
lated by coupled and uncoupled models are compared with the
CMA estimations (Fig. 14). The calculation results obtained from
WRF-ROMS coupled model show that the MSLP started at ap-
proximately 983 hPa on 0000 UTC 29 August and decreased to
nearly 973 hPa on 0600 UTC 29 August. After that, the value of
MSLP slowly increased with time. The MSLP ended at approxim-
ately 1 002 hPa on 1200 UTC 2 September. The comparison
shows that the calculated data agree well with the field observa-
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Fig. 13. Wind intensity and direction results from WRF for Typhoon Polly. a. 2100 UTC 30 August 1992, b. 0900 UTC 31 August 1992, c.
2100 UTC 31 August 1992, d. 0900 UTC 1 September 1992, e. 2100 UTC 1 September 1992, and f. 0900 UTC 2 September 1992.
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Fig. 14. Time series of observed (black squares) and simulated
(blue line and pink line) minimum sea-level pressure. The time
begins at 0000 UTC 29 August 1992.

tions. The average absolute error of the MSLP for coupled model
is 2 hPa and the NRMSE is 9.1%. It indicates that the ECMWEF 0.5
resolution reanalysis data set, TC-Bogus scheme, and WRF phys-
ics scheme are suitable for simulating the Typhoon 9216.

The MSLP calculated by uncoupled model (WRF only case)
started at approximately 982 hPa on 0000 UTC 29 August and de-
creased to 971 hPa on 1200 UTC 30 August. Thereafter, the value
of MSLP increased with time and the model intensities de-
creased to nearly 993 hPa on 1200 UTC 2 September. The aver-
age absolute error of the MSLP for uncoupled model is nearly
5 hPa and the NRMSE is 25%. This numerical case is actually

more intense than observed. The WRF only case is more likely to
exaggerate the intensity of the hurricane (Warner et al., 2010).
The simulation result indicates that the intensity of typhoon is
sensitive to the sea surface temperature and the coupled model
can simulate the typhoon more accurately.

The average stress from WRF model demonstrates strongly
connection with the location of the Typhoon Polly. The intensity
and direction of 12-h average wind stress in the northeast China
Sea are shown in Fig. 15. The areas with large wind stress were
mainly located in the western of the northeast China Sea. The
maximum wind stress in the middle of the East China Sea was
larger than 1.2 N/m? on 30 August and the stress direction was
toward the land. Since then, the wind stress in the Yellow Sea
gradually decreased and the wind stress in the Bohai Sea in-
creased with the typhoon traveling northerly. Meanwhile, the dir-
ection of the wind stress counter-clockwise deflected.

Owing to the characteristics of the cyclone wind field, the
value and direction of the wind stress change quickly with the de-
velopment of typhoon. The regions with larger wind stress
mainly distribute in the north of the Bohai Sea during typhoon
storm surge. Different from these characteristics, the wind stress
values on most areas of the Bohai Sea are high and the stress dir-
ection changes little during extratropical storm sure (Fig. 6).

As the typhoon storm surge developed, the wind-driven sur-
face currents became stronger. The 12-h average surface cur-
rents are used to estimate the wind-driven currents in the study
area, which are shown in Fig. 16. During the typhoon moving
northward, the maximal intensity of average surface current was
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Fig. 15. 12-h average wind stresses from WRF for Typhoon 9216. a. From 1200 UTC to 2400 UTC on 30 August, b. from 0000 UTC to
1200 UTC on 31 August, c. from 1200 UTC to 2400 UTC on 31 August, d. from 0000 UTC to 1200 UTC on 1 September, e. from 1200 UTC
to 2400 UTC on 1 September, and f. from 0000 UTC to 1200 UTC on 2 September.

reached on 1 September, with value up to 1 m/s in the north
coastal area of the Bohai Sea. In consistent with the wind stress
results, the direction of the average surface currents in Yellow Sea
also counter-clockwise deflected.

There are distinct differences in the flow structure between
extratropical storm surge and typhoon storm surge (Figs 7 and
16). During the typhoon storm surge, the direction of the average
surface currents is the unidirectional flow at the Bohai Strait. Fur-
thermore, before the water level reaches to the peak value, the
average surface current flows into the Bohai Sea via the Bohai
Strait. Subsequently, the average surface current flows out from
the Bohai Sea.

The spatial distribution of water level obtained from ROMS
for Typhoon Polly is shown in Fig. 17. The largest height of water
level in the Bohai Sea was greater than 3 m, which occurred along
the western coast of the Bohai Bay and the eastern coast of the
Liaodong Bay. The values of maximum water level were lower in
middle of the Bohai Sea and higher in east and west of the Bohai
Sea. The magnitude of typhoon storm surge mainly depends on
the intensity and the track of the typhoon. During the typhoon
storm surge, due to the characteristics of the coastal geometry
and submarine topography, the seawater accumulated mainly in
the coastal zone of the western and eastern Bohai Sea and the
worst affected areas were the Bohai Bay and Liaodong Bay.
Therefore, the storm surge is mainly determined by the ocean

surface driving force, but greatly influenced by the coastal geo-
metry and bathymetry.

The distribution trend of water level for extratropical storm
surge has a clear difference with that for typhoon storm surge
(Figs 8 and 17). During typhoon storm surge, the Bohai Bay and
Liaodong Bay experience the positive storm surge simultan-
eously. In contrast, the Bohai Bay experiences a positive storm
surge, while the Liaodong Bay experiences a negative storm surge
during extratropical storm surge.

As shown in Fig. 18, the water level series between simula-
tions and observations are compared. As with the extratropical
storm surge, the high tide level decreased with the tidal oscilla-
tions after the peak appearance. The results calculated by
coupled model are consistent with the observation data. The
highest storm surge occurred at the same time as the peak surge
coinciding with the daily astronomical high tide. The calculated
water level peaked at 0900 UTC 1 September 1992 and the largest
height was up to 3.2 m. The absolute error of the largest height
between simulations and observations is 0.2 m and the NRMSE
for WRF-ROMS coupled model is 6.4%. The model is negatively
biased around 10 cm, which indicates that the coupled model
trends to underestimate the water level globally. In order to re-
duce the calculation error, the influence of wave should be con-
sidered in the future research (Warner et al., 2010; Feng et al.,
2011). In Fig. 18, the results calculated by uncoupled model
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Fig. 16. 12-h average surface currents calculated by ROMS. a. From 1200 UTC to 2400 UTC on 30 August, b. from 0000 UTC to 1200
UTC on 31 August, c. from 1200 UTC to 2400 UTC on 31 August, d. from 0000 UTC to 1200 UTC on 1 September, e. from 1200 UTC to
2400 UTC on 1 September, and f. from 0000 UTC to 1200 UTC on 2 September.

(ROMS only) are also shown and the extreme water level is obvi-
ously lower than that obtained by coupled model. The NRMSE
for ROMS only model is 10.9%.

Through comparison between Fig. 9 and Fig. 18, it can be
seen that the typhoon storm surge comes and goes quickly, while
the extratropical storm surge is relatively long-lasting. The reas-
on for the difference is the distinct characteristics of wind field for
two types of storms. The strong wind always lasts for tens of
hours during cold-air outbreak, while the duration of strong wind
over the Bohai Sea during typhoon event is short.

5 Conclusions

A coupled atmosphere-ocean model is developed to study the
two types of storm surges induced by extratropical storm and
tropical cyclone in the Bohai Sea. The coupled model is com-
prised of ocean model (ROMS) and atmosphere model (WRF).
The open-source software packages of MCT and SCRIP are used
to realize data exchange between the two models with independ-
ent grids. The wind filed and MSLP obtained from WRF agree
well with the observed data. The total sea levels computed by
ROMS during storm surges are also in good agreement with the
tide gauge observations. The computational domains, model set-
tings, physics schemes and reanalysis data from ECMWE are suit-
able to simulate the extratropical storm surge occurred in Octo-
ber 2003 and the typhoon storm surge occurred in August 1992.

In addition, the TC-Bogus scheme is reasonable for simulating
the typhoon storm surge. Generally, the simulation results of at-
mosphere and ocean gained by coupled model are better than
those obtained by uncoupled model.

Storm surges usually occur at the same time as the peak surge
coinciding with the astronomical high tide. The magnitude of ex-
tratropical storm surge mainly depends on the intensity and dir-
ection of the sustained wind, while the magnitude for typhoon
storm surge mainly depends on the intensity and the track of the
typhoon. The wind field has great differences between extratrop-
ical storm surge and typhoon storm surge in the Bohai Sea. Com-
pared with cold-air outbreaks, the intensity and direction of the
typhoon wind are changing significantly in time. There are strong
links between the average wind stress and the location of the
typhoon. There are also obviously differences in the flow struc-
ture between extratropical storm surge and typhoon storm surge.
The direction of the average surface current is the unidirectional
flow at the Bohai Strait during the stage of typhoon storm surge.
Meanwhile, the distribution trend of total sea level for typhoon
storm surge has quite difference with that for extratropical storm
surge. The Bohai Bay and Liaodong Bay experience the positive
storm surge simultaneously during typhoon storm surge, but the
Liaodong Bay experiences a negative storm surge during ex-
tratropical storm surge.
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Fig. 17. Spatial distribution of water level from ROMS for Typhoon 9216. a. 2100 UTC 30 August 1992, b. 0900 UTC 31 August 1992, c.
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Fig. 18. Comparison of water level between simulations (blue
line and green line) and observations (black squares) at Tanggu
station. The time begins at 1600 UTC 31 August 1992.
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