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Abstract
The Yangshan Deep-Water Harbor (YDH) consists of a northern island chain and a southern island chain, with a deep channel
between these two chains. It is frequently impacted by storm tides and waves caused by typhoons. The impacts of the interaction
of tide, wave, and wind on storm surges in the channel-island system of the YDH were examined, using field data and a wave-
current coupled numerical model, during the super typhoon Chan-hom. Field data showed that the tidal amplitude and currents in
the Yangshan area nearly doubled and the current directions were reversed. Surge and significant wave height reached 1.3 m and
8 m, respectively, during the typhoon. Model results agreed well with the observations. Model results revealed that the highest
water level occurred at high tide, later than the peak surge, which occurred at low tide. The peak surge occurred at the north coast
of the northern island chain, due to the backwater of the chain. The surge in the narrow channel was lower than that in the other
areas of the YDH. The current direction in the YDHwas slightly southward compared with that during an astronomical tide, due
to the winds. A peak surge induced by winds occurred first, followed by wave-induced and the air pressure-induced surges. The
wave-induced peak surge occurred at the highest water level. The wind-induced peak surge occurred simultaneously with the
peak surge of the storm. Wind has a dominant effect on a storm surge, while wave-current interaction has a minor contribution to
the total surge. Wind contributed 87.1% towards the peak surge of the storm, followed by a pressure-induced surge (23.7%) and a
wave-induced surge (14.4%), during typhoon Chan-hom.
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1 Introduction

The Yangshan Deep-Water Harbor (YDH) is located at the
conjunction of the Changjiang River Estuary and Hangzhou
Bay. It consists of a northern island chain and a southern island
chain, with a deep channel between these two chains (Fig. 1).
The northern island and southern island chains constitute a
funnel-shaped narrow channel. The water depth in the channel
increases fromwest to east. The width is about 8.1 km, and the
depth is about 10 m at the west entrance. The width is 0.9 km
at the narrowest part of the east entrance, and the maximum

depth is about 87 m. From 2002 to 2008, a reclamation project
was conducted in the Yangshan sea. It closed three tidal chan-
nels on the northern island chain and established the offshore
YDH (Guo et al. 2018).

The YDH is a hub for the flow and allocation of resources
at Shanghai Port. It is vulnerable to storm tide because of its
special geographical location. A storm tide refers to the phe-
nomenon whereby sea levels are abnormally increased (or
decreased) due to strong atmospheric disturbances such as
strong winds and sudden changes in pressure. When a storm
tide overlaps with an astronomical high tide, it leads to a
sudden rise in the water level, destroying the seawall and
causing serious disasters. Therefore, it is of great significance
to study the dynamic characteristics of storm tides in the
YDH.

A storm tide is accompanied by strong winds, floods, and
coastal erosion, which can cause great damage to coastal em-
bankments, ports, and cities (e.g., Fortunato et al. 2017).
Storm surges are the main subject of research on storm tides.
The magnitude of a surge represents the strength of a storm
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tide. The total surge of a storm tide is related to wave forcing,
wind stress, pressure gradient, tide, and water depth (Tolman
2010; Bertin et al. 2015; Zhang and Li, 1996; Xie et al. 2001;
Xie et al. 1998; Brown 2010; Sun et al. 2013). Atmospheric
pressure makes a large contribution and cannot be ignored,
e.g., in the Taiwan Strait (Jiang et al. 1999). The water level
in a surge-tide-wave coupling model was found to be more
conducive to the forecasting and assessment of storm tides
(Zheng 2010). It was found that the linear superposition of
an astronomical tide and storm tide overestimated a coupled
high tide and underestimated a coupled low tide. The simula-
tion results of storm tides would be improved if wave radiation
stress is considered (Liu et al. 2011). Wave, wind stress, and
air pressure make various contributions to a storm surge de-
pending on the morphology during a typhoon (Chen et al.
2017). Runoff, precipitation, water density, air pressure, and
wave steepness have proved to impact water level during a
typhoon (Orton et al. 2012).

In order to study the impacts of the interaction of the main
factors (wind, air pressure, and wave) on a storm surge in the
YDH, field data of tidal levels, currents, and significant wave
heights were measured and analyzed. A tide-surge-wave
coupled model was established to examine the contributions
of wind, air pressure, and wave on the storm surge.

2 Tide-surge-wave coupling storm tide
numerical model

2.1 Model development

2.1.1 FVCOM hydrodynamic model

FVCOM is an unstructured mesh, finite volume, 3D primitive
equation ocean model (Chen et al. 2003). It uses an

unstructured triangular mesh in the horizontal direction and
a σ coordinate in the vertical direction so that it can be fitted to
a complex seabed topography in the vertical direction. The
governing equations in the σ coordinate system are as follows:
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þ J Ĥ̂ þ J FT ð5Þ

∂SJ
∂t

þ ∂SuJ
∂x

þ ∂SvJ
∂y

þ ∂Sω
∂σ

¼ ∂
∂σ

Kh

J
∂S
∂σ

� �
þ J FS ð6Þ

ρ ¼ ρ T ; Sð Þ ð7Þ
where J = ∂z/∂σ, A1 = J∂σ/∂x, andA2 = J∂σ/∂y; x, y, and σ are
the east, north, and vertical axes; t is time; u, v, and ω are the x,
y, and σ components of velocity; T is potential temperature; S
is salinity; ρ is density; Pa is air pressure; f is the Coriolis

Fig. 1 Map of the Yangshan Deep-Water Harbor
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parameter; Km and Kh are the vertical eddy viscosity coeffi-
cient and the thermal vertical eddy diffusion coefficient; Fu,
Fv, Fw, FT, and FS represent the momentum, thermal, and salt
diffusion terms, respectively; Ĥ is the solar irradiance.

Wind stress and bottom friction are calculated as surface
and bottom boundary condition, respectively. The correspond-
ing boundary conditions are given as follows:
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Equations (12) and (13) represent the surface wind stress
and bottom stress in the x and y components, respectively; us,
vs, ub, and vb represent the surface wind velocity and bottom
current in the x and y components, respectively; Qn(x, y, t) is
net surface heat flux; SW(x, y, ζ, t) is the short wave flux in the
surface of the sea; AH is the horizontal thermal diffusion co-
efficient; α is the bottom slope. The drag coefficient at the
surface and the bottom are calculated by
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 !

;

where Z0b is the bottom roughness parameter and Zab is the
minimum height above the bottom. κ = 0.4 is the von Karman
constant. Z0s is the sea surface roughness used to calculate the
wind stress and is calculated by
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where U10 is the 10-m height wind speed and U10/Cp stands
for wave age.

In the calculation of a storm tide, the sea surface wind
stress is calculated from the sea surface wind speed (Eq.
12), and then, the wind stress is brought into the numer-
ical model through the upper boundary conditions to cal-
culate the change of wind-driven surface flow (Eq. 8).
The turbulent mixing process is considered when calcu-
lating the surface flow field, through the vertical eddy
viscosity coefficient Km in Eqs. 2 and 3. The effect of
air pressure during a storm tide is considered by the var-
iable Pa in Eqs. 2 and 3. Pa changes with dynamic pres-
sure during a storm tide.

2.1.2 FVCOM-SWAVE wave model

FVCOM-SWAVE (Chen et al. 2006) is an unstructured
grid, finite volume, wave model, which has been devel-
oped from the third-generation surface wave model
SWAN (Simulating Waves Nearshore). The model adopts
an implicit method in the calculation procedure, so that its
time step is not limited by the CFL condition. The model
describes waves based on the Euler approximation wave
action density spectrum balance equation. Its governing
equation is

∂
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where σ and θ are relative frequency and wave direction
in spectral space; x and y are the Cartesian coordinates in
geographic space; t is time; N is the wave action density
spectrum; cσ and cθ are the wave propagation velocities in
spectral space; Stot is the source term representing the
effects of wind-wave generation, wave breaking, bottom
dissipation, and nonlinear wave-wave interactions.

2.1.3 Model coupling

Waves affect the circulation of water through radiation stress-
es and sea surface wind stress, and a change of sea surface
water level will affect the calculation of waves. FVCOM-
SWAVE uses the same unstructured mesh as the FVCOM
hydrodynamic model. The wave model calculates significant
wave height (Hs), wave direction (Dir), wave length (L), peak
period (Tp), bottom orbit velocity (Ub), and bottom wave pe-
riod (Tb). Subsequently, the values of radiation stress and the
sea surface stress are transmitted to the hydrodynamic model.
The hydrodynamic model calculates the water level, velocity,
and other variables and feeds them back to the wavemodel for
the calculation of the wave parameter for the next step. After
the hydrodynamic model and the wave model complete a
calculation, the wave parameters and flow field data are
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transferred to the bottom boundary layer model (BBL), and
subsequently the bottom stress (τb) is calculated. Please refer
to the FVCOMuser manual for the detailed information of the
BBL model (Chen et al. 2013). The calculated stress is then
transmitted to the hydrodynamic model to update the momen-
tum equations. Figure 2 shows the transfer of the coupling
model variables.

The equations in the tide-wave coupled model were shown
in the σ coordinate as follows (Wu 2009). The continuity
equation is
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where the first term is the local term, the second and the third
terms on the left are the advection process, the fifth and sixth
terms on the left are the barotropic and baroclinic pressure
gradient terms, pαtm represents the pressure, Sαβ is the wave
radiation stress, and τα is the surface wind stress. More details
on model coupling are referred to in the FVCOM User
Manual (Chen et al. 2012) and Wu (2010).

The coupled model was applied to study the impacts of
super typhoon Chan-hom on tidal level, currents, and signifi-
cant wave height in the YDH.

2.2 Model configurations

2.2.1 Characteristics of super typhoon Chan-hom

Super typhoon Chan-hom was named 09W by the Joint
Typhoon Warning Center after a low-pressure zone in the
western Pacific Ocean became a tropical depression at 0
p.m. on June 30, 2015 (UTC time, 8 p.m. on June 30 local
time, as below). It advanced northwestwards after formation
and strengthened into a typhoon on July 7. At 3 p.m. on July 9,
Chan-hom strengthened into a super typhoon and continued to
move west-northwestwards. Its peak intensity occurred at 4
a.m. on July 10. The maximum wind speed near the typhoon
eye reached 58 m/s, and the central pressure was 925 hPa,
showing how exceptional this event was. After weakening
into a strong typhoon at 2 a.m. on July 11, it made landfall
at Zhujiajian (Fig. 1) at 8:40 a.m. The maximum wind speed
reduced to 45 m/s, and the minimum pressure at the typhoon
eye was 955 hPa. Then, its direction turned to north-northeast,
and its intensity began to weaken. It passed through the East
China Sea and the Yellow Sea, and eventually made landfall
on the southwestern part of North Korea on July 13, where it
weakened. The path of typhoon Chan-hom and the corre-
sponding pressure at its eye (hPa) are shown in Fig. 3. The

Fig. 3 Path of typhoon Chan-hom and the location of model verification
station. a–e stations are for water level. W4 station is for current. W1 to
W5 stations are for significant wave height. The blue numbers indicate
pressure at the typhoon eye. The black numbers are date and time

Fig. 2 Variable transfer scheme in the coupled model. Wind and air
pressure represent the input of wind data and air pressure data. Wave
represents the wave model. Ocean represents the hydrodynamic model.
BBL represents the bottom boundary layer model. u, v, and el are velocity
and water levels
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data were taken from the China Typhoon Network (www.
typhoon.gov.cn) (Ying et al. 2014).

2.2.2 Model domain and configuration

The model domain covers 117°–146° E, 25°–46° N, including
the western Pacific, Japan Sea, Bohai Sea, Yellow Sea, and
East China Sea (Fig. 4a). This domain fully contains the main
progress of typhoon Chan-hom. The bathymetry data were
obtained from ETOP1 terrain data provided by NOAA with
a resolution of 1 min (https://ngdc.noaa.gov/mgg/
globalglobal.html). Regional shoreline data were obtained
from NGDC (https://www.ngdc.noaa.gov/mgg/shorelines/
gshhs.html). The bathymetry data of the harbor were
obtained from the latest charts in 2015 provided by the
Maritime Affairs Bureau. The water depth between
Dayangshan and Xiaoyangshan varies considerably along
the straight line (Fig. 4b). The water depth is 87 m at the
narrow channel (Xiaoyanjiao-Dayangshan section) and

rapidly reduces to about 10 m at the Kezhushan-Dashantang
section. The variability of the depth in the west of the
Kezhushan-Dashantang section is relatively small. The com-
putational domain includes 93,363 nodes and 175,917 trian-
gular elements. Ten uniform sigma layers are applied to the
vertical direction. In order to improve computational efficien-
cy, the sizes of the grids are ranged from about 50 km at the
open boundary (Fig. 4c) to 50 m in the harbor. The water
depth in the YDH has large variations, and the coastline is
complicated near the islands; hence, high-resolution grids
are applied to ensure calculation accuracy (Fig. 4d).

The model was forced by the hourly tide-level data of eight
tidal components (K1, O1, P1, Q1,M2, S2, N2, K2) specified at
the open boundaries. The harmonic constant of each tidal
component was obtained from the global tidal model TPXO
(Pawlowicz et al. 2002; Egbert et al. 1994; Egbert and
Erofeeva 2002). Runoff from the Changjiang River and the
Qiantang River was taken into account in the model. The
discharge of the Changjiang River was obtained from the

Fig. 4 aBathymetry of themodel domain. bBathymetry of the Yangshan
Deep-Water Harbor (YDH): (1) Dawugui, (2) Kezhushan, (3)
Xiaoyangshan, (4) Jiangjunmao, (5) Huogaitang, (6) Dazhitou, (7)
Dayanjiao, (8) Xiaoyanjiao, (9) Zhongmentang, (10) Shenjiawan, (11)
Baodaozui, (12) Shaoji, (13) Huxiaoshe, (14) Maanshan, (15)

Dayangshan, (16) Dashantang, and (17) Shuanglianshan. c Grids of the
model domain. dGrids of the YDH. Locations of A–H in d are selected to
show the characteristics of water levels, currents, and significant wave
heights in the YDH
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Datong hydrometric station and obtained from the water-level
management system (http://yu-zhu.vicp.net/); the flux of the
Qiantang River was from the Fuchunjiang hydrology station.
Wind data is the reanalysis data provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
(http://apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/). The temporal resolution of wind data is 6 h, and
the spatial resolution is 0.125°. The air pressure data were also
obtained from ECMWF, with spatial resolution of 1° and
temporal resolution of 6 h.

The model time was from June 28 to July 15, 2015. The
initial current and water levels for the model were set to 0. The
initial temperature was set to 20°, and the initial salinity was
set as 30‰. The external time step was set to 0.2 s, and the
internal time step was set to 2 s. The initial error was basically
eliminated after 3 days of model running. The modeled data
from June 30 to July 14 were used for result analysis. The
initial condition for wave was set to 0. The temperature and
salinity were initialized as 20° and 30‰, respectively. The
configuration of the model is shown in Table 1.

2.2.3 Numerical tests

Five numerical experiments were designed to quantify the
contributions of air pressure, wind, and wave to a storm surge
(Table 2) based on the tide-surge-wave coupled numerical
model. Case 0 is the reference case described above. Case 1
excluded wave radiation stress to test the contribution of wave
on the total surge. Case 2 ignored wind speed to test the im-
pacts of wind on the total surge. Air pressure was removed in
case 3 to examine the impacts of air pressure on total surge.
Case tide considered only the astronomical tide to calculate
the total surge during typhoon Chan-hom.

3 Model validation

3.1 Verification of water level and current

The water level (Fig. 5) and vertical-average current (Fig. 6)
data from June 30 to July 14, 2015 were used to validate the

Table 1 Model configuration
Model parameters Parameter configuration

Model domain E 117°~E 146°, N 25°~N 46°

Resolution Maximum grid size 50 km, minimum grid size 50 m

Number of nodes, elements, and vertical sigma levels 93,363 nodes, 175,917 elements, 10 sigma layers

Model time June 28, 2015–July 15, 2015

Time step of hydrodynamic model External time step 0.2 s, internal time step 2 s

Time step of wave model 2 s

Spectral resolution 20 × 36 (frequency × direction)

Boundary condition Runoff: Datong, Fuchunjiang

Tidal forcing: M2, S2, K1, O1, N2, P1, Q1, K2

Initial condition Cold start (water level, current, and wave were 0,
temperature 20°, salinity 30‰)

Wind data ECMWF wind data, with temporal and spatial
resolution of 6 h and 0.125°, respectively

Air pressure NCEP-FNL pressure data, with temporal and spatial
resolution of 6 h and 1°, respectively

Table 2 Descriptions of
numerical tests Cases Factors Descriptions

Tide River Wind Air pressure Wave

Case 0 √ √ √ √ √ Reference

Case 1 √ √ √ √ Wave-induced surge

Case 2 √ √ √ √ Wind-induced surge

Case 3 √ √ √ √ Air pressure-induced surge

Case tide √ Total surge

Case R1 √ √ √ √ √ Reconstructed wind

√ indicates that the parameter is included in the numerical test
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model. The locations of field stations are shown in Fig. 3. The
measured data used in this paper were provided by the
Shanghai Meteorological Service, the Center for Numerical
Prediction and Innovation, and the Zhejiang Marine
Monitoring and Forecasting Center. The accuracy of model
predictions was evaluated using Skill values (Willmott 1981;
Warner et al. 2005). The Skill value is calculated by

Skill ¼ 1−
∑
N

i¼1
Xmod−X obsj j2

∑
N

i¼1
jXmod−X obsj þ jX obs−X obsj
� �2 : ð15Þ

Xmod and Xobs are the simulated values and the measured
values, respectively. The Xobs is the time-averaged values of
the measured data. The value of Skill is between 0 and 1,

which indicates that the measured values are completely con-
sistent (Skill = 1) or inconsistent (Skill = 0) with the simulated
values.

The Skill values of the water level and current at each
station are shown in Table 3. The Skill values of most of the
stations were larger than 0.9, indicating that the modeled water
level and current results agreed well with the measured data.
The model well reproduced the storm tide during typhoon
Chan-hom.

3.2 Verification of significant wave height

The model used the simulated and observed significant wave
height data from June 30 to July 14, 2015 to verify the perfor-
mance of the model in simulating waves (Fig. 7). The model
well reproduced the magnitudes and trends of the significant

Fig. 5 Comparison of simulated
and observed water levels. a–e
Stations a to e (Fig. 3)

Fig. 6 Comparison of simulated
and observed vertical averaged
tidal currents at station W4 (Fig.
3)
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wave heights at all five field stations. The Skill values at all
field stations were larger than 0.9 (Table 4), showing that the
simulated significant wave height results were in good agree-
ment with the measured values.

4 Results

4.1 Storm surge measurements

Water levels at stations a to e, current speeds and directions at
station W4, and significant wave height at stations W1 to W5
(Fig. 3) were measured during typhoon Chan-hom (Fig. 4).
The response of tides and waves in the YDH to the passing of
typhoon Chan-hom was a short episodic event. The effect of
the storm perturbed the tidal level, current structure, and
waves for about 72 h before the seasonal climatology
returned.

Measured water level data at the five stations showed that
the maximum high water level and the minimum low water
level reached 2 m and − 2 m, respectively, during the neap

tides between July 11 and 13 during typhoon Chan-hom
(Fig. 5). These tidal levels were as high/low as those during
spring tides at the five stations.

The current speeds were almost double those during
astronomical neap tides between July 11 and 13 (Fig.
6a). The maximum vertical averaged current speed was
almost 1 m/s. The current directions were even reversed
during the typhoon (Fig. 6b).

Typhoon Chan-hom also generated large waves as it prop-
agated up the coast. The significant wave heights (Hs) were
higher than 4 m at all field stations on July 11 (Fig. 7). Lower
peaks ofHs ofmore than 2mwere captured at all field stations
on July 7. A peakHs of about 8 m occurred at stationsW4 and
W5 (Fig. 7d, e). The largest waves coincided with the north-
ward current event immediately following the passage of the
typhoon eye.

4.2 Storm surge in Yangshan Harbor

The total storm surge during typhoon Chan-hom was calcu-
lated by comparing the differences of tidal levels between the

Table 3 The Skill values of water
level and tidal current at all field
stations

Water level Tidal current (station W4)

Station a Station b Station c Station d Station e Speed Direction

Skill 0.99 0.99 0.99 0.98 0.98 0.90 0.85

Fig. 7 Comparison of modeled
and observed significant wave
heights. a–e Stations W1 to W5
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reference case (case 0) and case tide (Table 4). Eight sites (A to
H, Fig. 4d) around the YDH were selected to analyze the
storm surge at different locations.

The water levels of the reference case (case 0, black solid
line) and case tide (blue dotted line) at the A–H sites and their
differences (total storm surge, red dotted line) are shown in

Fig. 8. Typhoon Chan-hommade landfall in the Yangshan sea
area (at Zhujiajian, Fig. 1) during the neap tide, when the
predicted tide level for the low high tide/high high tide was
1.16 m/1.31 m, respectively. The highest water level appeared
at 10 p.m. on July 10 (11 h before landfall) at the A–H sites, at
the time of the astronomical high tide. The highest water levels
were 1.91 m, 1.85 m, 1.91 m, 1.89 m, 1.81 m, 2 m, 1.99 m,
and 1.90 m, respectively, at the A to H sites. Due to the small
area of the YDH and the location of the sites, the highest water
levels of the eight sites were almost the same. Due to their
locations, the maximum and minimum values of highest water
level occurred at point F and point E, respectively. Point F is at
the front of the northern island chain and affected by the

Table 4 The Skill values of significant wave height at verification sites

Site Station W1 Station W2 Station W3 Station W4 Station W5

Skill 0.97 0.97 0.96 0.97 0.96

Fig. 8 Water levels of case 0 (black line), case tide (blue line), and total surge (red line). a–h Sites A to H
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backwater of the islands, while point E is close to the open sea
and is less affected by the islands.

The peak surge of storm tide in the Yangshan sea area
occurred at 4 p.m. on July 10 (17 h before landfall). This is
because the location of the Yangshan sea area was at the max-
imumwind speed radius of typhoon Chan-hom, and it was at a
high low tide at that time. The total storm surges at the A to H
site were 1.20 m, 1.22 m, 1.22 m, 1.23 m, 1.15 m, 1.34 m,
1.30 m, and 1.22 m, respectively. The largest storm surge
occurred at site F due to the backwater by the northern island
chain. The highest water level occurred later than the peak

surge. The highest water level occurred at the time of the
astronomical high tide, but the peak surge appeared at the time
of the low tide.

The highest total water level (case 0) in the YDH appeared
at 10 p.m. on July 10 (11 h before landfall). The spatial distri-
butions of the total water level in the entire model domain and
the YDH at this time are shown in Fig. 9. After the tidal waves
from the Pacific Ocean propagated into the East China Sea,
most of them continued to spread to the Yellow Sea. Only a
small part of the tides entered Hangzhou Bay and the
Changjiang River Estuary. The water level on the west side

Fig. 9 Spatial distribution of the total water level when the peak total water level in the YDH occurred: a entire model domain and b YDH

Fig. 10 Spatial distribution of the total surge when the peak surge in the YDH occurred: a entire model domain and b YDH
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of the YDH was higher than that on the east side. Due to the
backwater by the chain, the water level near the shore was
higher than that in the open sea, and the total water level in
Hangzhou Bay was slightly higher than that in the other areas.
The highest water level in the YDH was about 2.27 m, which
was about twice that of the forecasted tide level at that time.

The peak surge in the YDH appeared at 4 p.m. on July 10
(17 h before landfall, Fig. 10). The spatial distributions of
the storm surge in the entire model domain and the YDH
at this time are shown in Fig. 10. The surge on the west-
ern side of the YDH was slightly higher than that on the
eastern side (about 0.2 m). The maximum surge was

Fig. 12 Surface current field of storm tide during neap tide in the
Yangshan sea area. a Low slack water (6 p.m. on July 10), b flood tide
(9 p.m. on July 10), c high slack water (0 p.m. on July 11), and d ebb tide

(3 a.m. on July 11). Color represents the magnitude of current, and the
arrow represents the direction of current

Fig. 11 Surface current field of astronomical tide during the neap tide in
the YDH. a Low slack water (6 p.m. on July 10), b flood tide (9 p.m. on
July 10), c high slack water (0 p.m. on July 11), and d ebb tide (3 a.m. on

July 11). Color represents the magnitude of current, and the arrow
represents the direction of current
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1.52 m, which occurred on the northern shore of the north
island chain. There is a blue band-shaped area in the mid-
dle of the concave shore on the east side of the north
island chain, where the surge was smaller than the sur-
rounding area due to shallow water depth.

The highest water levels and the maximum surge of the
storm tides in the Yangshan sea area all occurred on the north-
ern shoreline of the north island chain during typhoon Chan-
hom. Thus, it is important to protect this area from future
storm tides.

Fig. 13 Water levels of case 1 (black line), case 2 (blue line), and wind-induced surge (red line). a–h Stations A to H
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4.3 Impacts of storm tide on currents in YDH

The surface currents during neap tides in case tide (forcing by
astronomical tides) are shown in Fig. 11.

At the flood tide (Fig. 11b), some of the tidal waves from
the open sea pass through the channel between Huxiaoshe
Island and Maanshan Island (see Fig. 4b for locations). The
remainder propagates through the channel between
Shenjiawan Island and Shaoji Island to enter the Yangshan
sea area. The current speed in the tidal channels in the YDH
is increased due to the effect of tidal choking.

At the ebb tide (Fig. 11d), the current direction is basically
in the opposite direction to the flood current. Part of the water
ebbs through the tidal channel between Kezhushan Island and
Xiaoyangshan Island, while most of the water ebbs through
the deep channel between the two island chains. After that, the
ebb tide branches into two channels and finally joins the water
in the East China Sea. One channel goes between Huxiaoshe
Island and Maanshan Island, and the other channel goes be-
tween Shenjiawan Island and Shaoji Island.

The surface currents at the same tidal cycle during neap
tides when typhoon Chan-hom made landfall (reference case
0) are shown in Fig. 12.

The surface currents during the typhoon were deflected in
comparison with those during astronomical tides, due to
strong northeast winds. At the ebb slack time, the current
between the Kezhushan and Xiaoyangshan channels was
strengthened (Fig. 12a). During the flood time, the flood cur-
rent was deflected to the west. The flood tide increased in the
channels (Fig. 12b) between Kezhushan Island and
Xiaoyangshan Island, and Shenjiawan Island and Shaoji
Island (see Fig. 4b for location), compared with the

astronomical tide current (Fig. 11b). In general, the flood cur-
rent in the Yangshan sea area had been weakened. At the flood
slack time (Fig. 12c), the Yangshan sea area was dominated by
the northeast to southwest current fields. Under the influence
of a slight ebb current on the east side of the sea area (Fig.
12c), a southward current appeared. At the ebb tide (Fig. 12d),
the current directions were slightly deflected to the south due
to the northeast wind, compared with that during the astro-
nomical tide (Fig. 11d). The tidal choking effect was weak-
ened at the narrow channel during flood and ebb time due to
the storm tide.

5 Discussions

5.1 Contribution of winds to the storm surge
in the YDH

The wind-induced surge was evaluated by comparing the wa-
ter levels between case 2 and case 1. Figure 13 shows the
water levels of case 1 (black solid line) and case 2 (blue dotted
line) and their differences (wind-induced surge, red dotted
line) at A to H sites (Fig. 4d).

The wind-induced surge in the YDH reached its peak at 4
p.m. on July 10 (17 h before landfall), when the YDH was
situated at the maximum wind speed radius of the typhoon
eye. The magnitudes of the surges at the A to H sites were
generally the same. The wind-induced surges at the A to
H sites were 1.04 m, 1 m, 1 m, 1 m, 0.96 m, 1.11 m,
1.10 m, and 1.01 m and were 87.1%, 82.1%, 81.8%,
83.7%, 82.8%, 83.2%, 84.4%, and 82.6% of the total
storm surge, respectively. The surge at site F was the

Fig. 14 Spatial distribution of maximum wind-induced surge on 4 p.m. July 10: a entire model domain and b YDH
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largest, and that at site E was the smallest. The cyclone
eye was located on the south side of the YDH, and the
wind direction was northeast. Site F was on the northern
bank (concave coast), where the water was blocked by the
north island chain, and so, the surge was amplified.

The influence of the wind on the storm tide of Yangshan
Harbor is crucial. The moment of peak wind-induced surge
coincided with the peak total surge, which indicated that the
storm surge was mainly caused by the wind during typhoon
Chan-hom.

Fig. 15 Water levels of case 0 (black line), case 1 (blue line), and wave-induced surge (red line). a–h Stations A to H
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The peak wind-induced surge in the YDH occurred at 4
p.m. on July 10 (17 h before landfall). The spatial distributions
of the wind-induced surge in the entire model domain and the
YDH at this time are shown in Fig. 14. There was a rise in
water level in Hangzhou Bay, but a decrease in water level
near the eye of typhoon Chan-hom. The peak wind-induced
surge was about 1.25 m. The surge at the northern bank of the
north island chain was greater than that at the southern bank of
the south island chain, due to the northeasterly winds. The
surge in the trumpet-shaped channel between the north and
south island chains was smaller than that in other areas due to
the block of the channel-island system.

5.2 Contribution of waves to the storm surge in YDH

The wave-induced surge was evaluated by comparing the wa-
ter levels of case 0 (reference model) and case 1 (without
wave). Figure 15 shows the water level in case 0 (black solid
line) and case 1 (blue dotted line) and the differences (wave-
induced surge, red dotted line) at the A to H sites (Fig. 4d).

The wave-induced surge in the YDH peaked at 11 p.m. on
July 10 (10 h before landfall). The wave-induced surge at the
A–H sites was 0.15m (12.3%), 0.11 m (8.7%), 0.11 m (8.6%),
0.09 m (7.4%), 0.15 m (13.4%), 0.19 m (14.4%), 0.17 m
(13.2%), and 0.10 m (8.3%), respectively. The surge at site F
was the largest, and at site Dwas the smallest. Themoments of
peak wave-induced surge at sites B, C, and H occurred ap-
proximately 1 h later than those at other locations. The wave
was delayed due to the influence of the geographic location of
the YDH.

The largest wave-induced surge occurred at the moment of
peak significant wave height (Hs). At this time, wave radiation
stress had a greater influence on the water level, and the wave-
current interaction was stronger. The peak wave-induced surge
occurred later than the peak total surge, but it occurred at almost
the same time as the highest water level. The wave-induced
surge in the YDH was small. The wave caused an increase of
water level at high tide, but a slight decrease of water level at
low tide. The wave-induced surge was less significant and oc-
curred later than the wind-induced surge in the YDH.

The peak wave-induced surge in the YDH area occurred at
11 p.m. on July 10 (10 h before landfall). The spatial distribu-
tions of the wave-induced surge in the entire model domain
and the YDH at this time are shown in Fig. 16. As can be seen
from the figure, the impact of the waves on the storm surge
was small, particularly in the open sea. A slight surge of
around 0.13 m occurred near the Zhejiang coast, while a slight
decrease occurred inside Hangzhou Bay. The peak wave-
induced surge was about 0.21 m. It occurred on the north
shore of the north island chain, due to the shallow water and
the bend of the coastline (Fig. 4b). The shelter effect of the
islands led to relatively weak waves between the two island
chains, which also contributed to the lower surges in the chan-
nel, compared with those on the north shore of the north island
chain.

Huang et al. (2010) concluded that the wavewould result in
an additional 0.3–0.5-m increase in water level, compared
with that generated only by hurricane. Bertin et al. (2015)
pointed out that the wave-induced surge caused by the strong
storms Xynthia and Joachim in France’s Biscay Bay exceeded
0.3 m. The results here are very close to their findings.

Fig. 16 Spatial distribution of maximum wave-induced surge on 11 p.m. July 10: a entire model domain and b YDH
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5.3 Contribution of air pressure to the storm surge
in YDH

The air pressure-induced surge was evaluated by comparing
the water levels of case 1 and case 3. Figure 17 shows the

water levels in case 1 (black solid line) and case 3 (blue dotted
line), and the air pressure-induced surge (red dotted line) at the
A to H site (Fig. 4d).

The air pressure-induced surge in the YDH peaked at 5
a.m. on July 11 (4 h before landfall). The air pressure-

Fig. 17 Water levels of case 1 (black line), case 3 (blue line), and air pressure-induced surge (red line). a–h Stations A to H

322 Ocean Dynamics (2020) 70:307–325



induced surges at the A to H sites were between 0.27 m and
0.29 m and corresponded to about 22.5%, 22%, 22.1%, 22%,
23.7%, 19.8%, 21.3%, and 23.6% of the total storm surge,
respectively. The surge at site H was the largest, and that at
site F was the smallest.

The pressure-induced surge had two peaks of almost the
same values. The first peak occurred at 4 p.m. on July 10 (17 h
before landfall), which was the same moment as the peak of
the total surge. The second peak occurred at 5 a.m. on July 11
(4 h before landfall), at the same time as the second peak

Fig. 19 The comparison of the
modeled and observed sea surface
level. The reconstructed wind
data were used in the model (case
R1, Table 2)

Fig. 18 Spatial distribution of maximum air pressure-induced surge on 5 a.m. July 11: a entire model domain and b YDH
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surge. The two pressure-induced surge peaks were both at low
tide, and the interval time was exactly one tidal period. These
surge peaks were generated by pressure variation and were
also impacted by the tide-surge interaction process
(Horsburgh and Wilson 2007; Guérin et al. 2018; Zhang
et al. 2017).

The peak air pressure-induced surge in the Yangshan sea
area appeared at 5 a.m. on July 11 (4 h before landfall). The
spatial distributions of the pressure-induced surge in the large
sea area and the Yangshan sea area at this time are shown in
Fig. 18. As can be seen from the figure, these surges were
larger near the Zhejiang coast than in other places (Fig. 18a).
The peak pressure-induced surge was about 0.33 m in the
YDH (Fig. 18b). The difference of the air pressure-induced
surge was very slight in the YDH due to its small area.

5.4 Reconstructed wind data

According to previous studies on storm surges during ty-
phoons (Oey and Chou 2016; Zhang and Oey 2018), the
reanalyzed wind data is not appropriate for the simulation of
tropical cyclone winds. The data were downloaded, and the
wind field was reconstructed according to the method
suggested by Oey and Chou (2016) and Zhang and Oey
(2018). The wind data were reconstructed using the
ECMWF wind data and the Holland algorithm. The recon-
structed wind data were used in the model test (case R1,
Table 2). However, the calibration of case R1 (Fig. 19) was
not as good as the previous results (Fig. 5), particularly during

the storm surges. This is probably because the local bathym-
etry and local friction were not considered in the Holland
algorithm; hence, the peak during the storm surge is larger in
the Holland wind data, compared with that in the ECMWF
wind data (Fig. 20). The ECMWFwind data were used in this
study.

6 Conclusions

The impacts of typhoon Chan-hom on the hydrodynamics in
the Yangshan Deep-Water Harbor were studied using a tide-
surge-wave coupling numerical model. The model was well
calibrated using field data of tidal level, current, and signifi-
cant wave height. The characteristics of total water level, total
storm surge, and current field during typhoon Chan-homwere
analyzed. The physical drivers of the storm surge during the
typhoon were discussed by numerically investigating the con-
tributions of wind, air pressure, and wave on the storm surge.

Field data showed that Chan-hom landfalls occurred during
neap tides. The high water level and the vertical-average cur-
rents in the Yangshan area were nearly double those during
astronomical tides. The highest water level occurred at the
high tide, while the peak surge appeared at low tide. The surge
and significant wave height reached 1.3 m and 8 m, respec-
tively, during the typhoon. The maximum vertical averaged
current speed was almost 1 m/s. The current directions were
almost reversed.

Fig. 20 The comparison of the
ECMWF wind data (dotted lines)
and the reconstructed wind data
(solid lines)
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Model results showed total water level to be higher nearer
the coast than in the open sea during typhoon Chan-hom. The
peak surge occurred at the north coast of the northern island
chain due to the backwater by the chain. The flow field in the
YDHwas slightly southward during typhoon Chan-hom com-
pared with that of an astronomical tide. The flood current in
the YDH was weakened. At the ebb tide, the current field was
slightly deflected to the south due to the northeast wind.

Several physical processes contribute to the total surge in
the YDH. The winds were the most important force (87.1%)
behind the peak storm surge, followed by the pressure-
induced surge (23.7%). The third force, which contributed
about 14.4% to the peak, was the wave-induced surge. The
surge in the narrow channel was lower than that in other areas
of the YDH. The findings of this study can be applied to
similar channel-island systems around the world.
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