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ABSTRACT
To conserve momentum flux across the air-sea interface, a new wind stress-wave-ocean 
coupled coastal model system is developed. Via simulating a specific idealized tropical cyclone 
(TC), this model is firstly applied to study the impacts of three wave effects, including the 
commonly studied wave-breaking induced acceleration, wave-enhanced bottom friction and 
the seldom studied wave modified surface stress (WMWS), and the conservation of momentum 
flux across air-sea interface (MFB) on the predictions of storm surge and inundation. It is then 
further applied to investigate the role of above four effects in modeling the peak surge and 
inundation by generalizing the TC forcing with various physical parameters, including the TC 
intensity, size, translation speed, and bottom slope. The model results reveal that WMWS can 
contribute considerably to the total surge height and inundation distance in a relatively high- 
intensity TC and its contribution depends weakly on the varying bottom slopes, TC sizes or 
translation speeds. By contrast, the MFB can only considerably reduce the maximum storm 
surge with a small bottom slope, while its reduction on inundation distance is more significant. 
The present study thus highlights the importance and necessity of incorporating the com-
monly ignored effects of WMWS and MFB in coastal modeling.
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1. Introduction

The wind waves is one of the most pronounced phe-
nomena in the interface between lower atmosphere 
and upper ocean, the effects of which produce the 
connections in the large-scale oceanic and atmo-
spheric systems (Babanin, Onorato, and Qiao 2012). 
On the one hand, wind waves constantly interact 
with subsurface ocean currents and drive many unique 
flow features in shallow coastal seas (e.g. alongshore 
current, rip current and undertow) and various upper- 
ocean mixing related issues (e.g. deepening of the 
upper mixed layer) in the deep ocean. Surface waves 
also distort the wind profiles near the ocean surface 
and affect the magnitude and distribution patterns of 
the wind stress. The interactions between wind stress, 
surface waves, and subsurface currents are considered 
to be significant to both ocean and atmospheric 
dynamics.

One prominent example of such wind stress-wave- 
ocean circulation interactions is the typhoon or severe 
storm-induced strong currents and devastating surge 
in the coastal region. Most existing research, however, 
relies on an ocean circulation model or a wave-current 
coupled model to study the surge (Dietrich et al. 2012; 
Wang and Sheng 2016; Zheng et al. 2020; Mao and Xia  
2017; Zheng et al. submitted), with simple descriptions 
of the wind stress as a monotonic growth function of 

the neutral 10/m wind speed (e.g. Large and Pond  
1981; Wu 1982), while only few studies took into 
account the effect of sea state (surface waves fields) 
on the wind stress. It has long been recognized (e.g. 
Monin and Mikhalovich Obukhov 1954; Charnock  
1955) that the surface wave fields (and also ocean 
currents) can significantly modify the wind stress (or 
the drag coefficient Cd , or the surface roughness 
length z0), which in turn dominates the wave growth 
and drives the ocean currents. Therefore, the dynamics 
of wind stress, waves and currents are closely linked 
with each other, and an accurate evaluation of the 
wind stress is of great importance for not only the 
wave-current coupled dynamics but also other related 
processes (e.g. storm surges, inundation) in the coastal 
environments.

To better evaluate the wind stress, numerous stu-
dies in the literature (e.g. Donelan et al. 1993; Taylor 
and Yelland 2001; Drennan, Taylor, and Yelland 2005) 
have been conducted to parameterize Cd through 
extra wave parameters (e.g. the inverse wave age 
u�=cp, the wave steepness Hs=Lp) in addition to the 
10 m wind speed. However, such parameterizations 
often are fitted to limited measurements and thus are 
unable to represent the complex and fast changing 
wind and wave conditions, especially for those in 
coastal areas during storms (Du, Bolaños, and Guo
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Larsén 2017; Chen, Hara, and Ginis 2020). Furthermore, 
the dependence of Cd on wind speed and finite wave 
parameters is found to be scattered significantly 
against the measured data, suggesting additional pro-
cesses and physical properties also contribute consid-
erably to the wind stress (Babanin and Makin 2008). To 
reduce these uncertainties, one feasible approach is to 
explicitly model wind stress based on the full wave 
spectrum by directly coupling a wave model with the 
surface wave boundary layer model (WBLM; Babanin, 
Onorato, and Qiao 2012; Reichl, Hara, and Ginis 2014; 
Chen, Hara, and Ginis 2020). By taking into account of 
conservation of both the momentum and kinetic 
energy in the surface wave boundary layer (WBL; the 
lower part of the atmospheric boundary layer over the 
ocean surface, which is significantly affected by the 
surface waves) in addition to the spectral sheltering 
effect, the WBLM (Hara and Belcher 2004; Moon, Ginis, 
and Hara 2004) has the advantage of explicitly solving 
the physical details of various air-sea interaction pro-
cesses, whereby the wind stress can be directly 
obtained as shown in plentiful of previous studies, e. 
g. Moon, Ginis, and Hara (2004); Moon et al. (2009); 
Chen and Xiping (2016), Chen and Xiping (2017); Du, 
Bolaños, and Guo Larsén (2017); Jianting et al. (2019); 
Chen, Ginis, and Hara (2020); Chen, Hara, and Ginis 
(2020). Specially, by using this WBLM model to inves-
tigate the shoaling-waves modified wind stress in 
coastal waters during uniform wind and tropical 
cyclones (TC), Chen, Ginis, and Hara (2020); Chen, 
Hara, and Ginis (2020) showed that the sea-state 
dependence of wind stress magnitude (or Cd) is sig-
nificantly increased in shallow waters.

Storm surges are abnormal variations of sea level 
driven by atmospheric forcing associated with extra- 
tropical storms or TC (Zheng et al. 2020), including 
wind-, pressure- and wave-driven components (setup) 
but not the effects of tides or wave run-up (Wu et al.  
2018). The surface waves can affect the storm surge 
through three aspects, i.e. the wave modified surface 
stress, wave-breaking induced acceleration (herein-
after WBA, or wave radiation stress) and wave- 
enhanced bottom friction (hereinafter WEB), and it 
has been widely acknowledged to be an important 
factor affecting the storm surges. However, most pre-
vious studies only highlighted the contributions of 
WBA (or the combination of WBA and WEB) to storm 
surge. There are few studies investigating the effect of 
wave modified surface wind stress, which is expected 
to be significant in shallow waters due to the large 
impact of shoaling surface waves on the wind stress 
(Chen, Ginis, and Hara 2020; Chen, Hara, and Ginis  
2020). It is thus questionable to neglect the effect of 
wave modified wind stress (hereinafter WMWS) in 
storm surge models. Furthermore, less attention is 
paid to the overall three wave effects on the storm 
surge and the associated overland inundation. TC- 

induced storm surge and resulting inundation can 
bring devastating damage to coastal areas. Fully incor-
porating the wave effects in storm surge and inunda-
tion modelings is thus of great importance for real- 
time forecast and associated hazard early warning, as it 
can improve the description of underlying physics and 
hence the accuracy of model results.

In an ocean model, the momentum flux into the 
subsurface ocean currents (seaside stress) is commonly 
taken to be identical to the total (air-side) wind stress, 
with the assumption that no net momentum flux is 
acquired or lost by the surface waves. Such an assump-
tion is only valid over a fully developed wave field, 
when the wave absorbed momentum from the wind 
field and wave dissipated momentum to the ocean are 
in equilibrium. In most of the situations, however, this 
is not satisfied (Janssen 2012), especially under TC 
conditions when the wave field is complicated and 
spatially and temporally fast varying. Depending on 
whether the wave field is growing or decaying, the 
seaside stress can be significantly less or higher than 
the air-side wind stress. Therefore, an air-sea momen-
tum flux budget analysis is clearly needed, following 
which the conservation of momentum flux across the 
air-sea interface can be guaranteed, especially in a 
coupled model system. However, to what extent the 
model results can be improved is not clear.

The present study therefore aims to develop a fully 
coupled wind stress-wave-ocean coupled model, 
which is applicable to calculate the wave modified 
wind stress in both the shallow and deep waters via 
taking account of the complicated wind stress-wave- 
ocean interactions, and at the same time conserving 
the total momentum flux across the air-sea interface 
between atmosphere and ocean. This developed 
model system is subsequently used to investigate 
and quantify the impacts of different wave effects on 
storm surge and overland inundation with systematic 
idealized numerical experiments. The remaining of this 
paper is organized as follows. Section 2 describes in 
detail the wind stress-wave-ocean coupled model 
developed in this study. The specially designed experi-
ment used to examine the impact of three wave effects 
and the momentum flux conservation across air-sea 
interface on the storm surge and coastal inundation 
modeling with different TC characteristics and topo-
graphy features are described in Section 3. The rele-
vant results are detailed and analyzed in Section 4, 
with major findings concluded in Section 5.

2. The wind stress-wave-ocean coupled model

Zheng et al. (2017) developed a three-dimensional 
wave-ocean fully coupled model system by coupling 
the unstructured grid version of the third-generation 
spectral wave model (UnSWAN; Zijlema 2010) into the 
three-dimensional ocean circulation model FVCOM
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(Chen, Liu, and Beardsley 2003). This model adopted 
the vortex-force scheme to represent the wave-current 
interactions, modified the Generic Length Scale (GLS) 
turbulence scheme to better reproduce the wave- 
breaking enhanced turbulence together with a roller 
transport model to account for the effect of surface 
wave rollers, and also took into account the wave 
enhanced bottom stress. It has been validated by 
ideal and laboratory experiments and successfully 
applied to study the detailed hydrodynamics of the 
Pearl River Estuary during the TC Hato (Zheng et al.  
2020; De Dominicis et al. 2020; Zheng et al. submitted). 
However, it is noted that this model utilized a bulk 
formula (Large and Pond 1981) to evaluate the wind 
stress, which does not account for the significant inter-
actions between the wind stress and wave fields and 
also not appropriate to be used in high wind (e.g. TC) 
conditions. Therefore, in this study, we further extend 
it into a wind stress-wave-ocean coupled model sys-
tem by conducting the followings: 

(1) Adapting and coupling the WBLM (Chen, Ginis, 
and Hara 2020; Chen, Hara, and Ginis 2020) into 
the model system, in the meantime implement-
ing a bulk Cd formulation that is applied in the 
current NOAA HWRF hurricane prediction model 
(hereinafter bulk-HWRF formulation, Biswas et 
al. (2018)) for comparative study purpose; and

(2) Including a flux budget module to guarantee 
the conservation of momentum flux across the 
air-sea interface.

The structure and main modules included in the 
new wind stress-wave-ocean coupled model system 
are shown in Figure 1. In the following section, the 
WBLM and sea surface momentum flux budget mod-
ules are described in detail. The other modules, which 
have been presented in (Zheng et al. 2017), are only 
briefly discussed for the sake of completeness herein.

2.1. Wave model

The wave action balance equation in UnSWAN is repre-
sented as 

@N
@t þ Ñ? � Cg þ V

� �
N

� �
þ @cθN

@θ þ
@cσ N
@σ ¼

Stot
σ (1) 

where N σ; θ; x; y; tð Þ ¼ E=σ is the action density spec-
trum, E σ; θ; x; y; tð Þ is the energy density spectrum; cθ 

and cσ are the propagation velocities in spectral space 
(θ, σ); θ is wave propagation direction and σ is wave 
radian frequency; Cg ¼ @σ=@k is the group velocity, k is 
the wave number vector, V is the ambient water cur-
rent vector, Ñ? is the horizontal differential operator, 
Stot σ; θð Þ is the source-sink term which could be repre-
sented as 

Stot ¼ Sin þ Snl3 þ Snl4 þ Sds;w þ Sds;b þ Sds;br (2) 

where the first term denotes the wind energy input, the 
second and third terms represent the wave energy dis-
tribution through three-wave (triad) and four-wave 
(quadruplet) interactions, and the last three terms repre-
sent the wave energy dissipation caused by white-cap-
ping, bottom friction, and depth-induced wave breaking.

Figure 1. A schematic diagram on the structure of the wind stress-wave-ocean coupling model system; the modules inside the 
blue dashed box represent the newly developed components in this study, while the other components outside the blue box 
represent the previously developed wave-ocean coupled model by Zheng et al. (2017).
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In this study, all of the above six terms are activated 
and are calculated with their default parameterization 
methods and relevant parameters as in the official 
UnSWAN model of version 41.20A (The SWAN Team  
2018). The wave simulations are conducted with 72 
equally spaced directional bins and 40 frequency bins 
starting at 0.0285 with a logarithmic increment factor 
of 1.1. It should be noted that the UnSWAN model does 
not explicitly resolve the high-frequency range of the 
wave spectrum (the spectral tail), which is, however, 
reported to be highly important for the wind stress 
calculations (Reichl, Hara, and Ginis 2014; Chen, Hara, 
and Ginis 2020). Therefore, the unresolved high-fre-
quency spectral tail in the present model system is 
parameterized as a function of wind speed following 
Chen, Hara, and Ginis (2020) (c.f. their Section 3.2.1), by 
tuning the value of directionally integrated saturation 
spectrum (Bsat) so that the calculated sea-state-depen-
dent Cd is consistent with a given bulk Cd formulation 
(bulk-HWRF formulation in this study) on average. 
After the high-frequency spectral tail is obtained, it is 
attached to the resolved part of UnSWAN spectrum to 
construct the complete wave spectrum following the 
same method as shown in Reichl, Hara, and Ginis 
(2014), which will later be used to calculate the sea- 
state-dependent wind stress by the WBLM method.

2.2. Ocean model

Following Zheng et al. (2017), the 3D momentum and 
continuity equations for wave-averaged currents, 
including the Vortex Force formalism (McWilliams, 
Restrepo, and Lane 2004; Uchiyama, McWilliams, and 
Shchepetkin 2010) and the WEC terms (at right-hand 
side of equation), are given by: 

@V
@t þ V � Ñ?ð ÞV þ w @V

@z þ f z
^
� V þ Ñ?ϕ � F � @

@z Km
@V
@z þ ν @V

@z

� �

¼ � Ñ?K � z
^
�Vst f þ z

^
� Ñ? � V

� �� �
� wst @V

@z þ Fw

@ϕ
@z þ

gρw
ρw0
¼ � @K

@z þ Vst � @V
@z

Ñ? � V þ @w
@z ¼ 0

8
>>>>>>><

>>>>>>>:

(3) 

In the above equations the boldface typeset is used 
for the horizontal vectors, while the vertical compo-
nents are represented by a normal typeset so that the 
3D vectors are designated by (horizontal, vertical). 
(V;w) and (Vst;wst) are the Eulerian mean and Stokes 
velocities, respectively; f is the Coriolis parameter; ϕ is 
the dynamic pressure (normalized by the density ρ0); F 
represents the non-wave non-conservative forces and 
Fw represents the wave-induced non-conservative 
forces; ρw and ρw0 are total and reference densities of 
sea water respectively; g is the gravity acceleration. 

The vertical coordinate range is � h xð Þ � z � ζ þ ζ̂, 

in which ζ and ζ̂ are the mean and quasi-static sea- 
level components, respectively. K is the lower order 

Bernoulli head (after removing quasi-static terms, 
McWilliams, Restrepo, and Lane 2004) and is expressed 
as: 

K ¼
1

32
σH2

s

ksinh2 kD½ �

ðz

� h

@2Υ
@z02

sinh 2k z � z0ð Þ½ � dz0 (4) 

where Υ ¼ k � V .
The non-conservative wave acceleration term Fw 

originates from the transferring of momentum from 
surface waves to the subsurface ocean, including the 
momentum acceleration that induced by the white- 
capping, depth-induced wave breaking, and bottom 
friction. It is expressed as 

Fw ¼ g
ð1

0

ðπ

� π

k
σ

Sds;w þ Sds;br
� �

f sfðzÞ þ Sds;bf bfðzÞ
� �

dθdσ

(5) 

where f sfðzÞ and f bfðzÞ are the empirical vertical dis-
tribution functions that quantify the vertical penetra-
tion of momentum associated with surface breaking 
waves and the upward decaying of momentum asso-
ciated with bottom friction, respectively. The f sfðzÞ is 
given by 

f sfðzÞ ¼
cosh ksf hþ zð Þ½ �

ðζc

� h
cosh ksf hþ zð Þ½ �dz

(6) 

where k� 1
sf ¼ asfHrms is a decay parameter that controls 

the penetration depth; Hrms is root mean square wave 
height; asf is an empirical constant and is set to 0.2 in 

this study; ζc ¼ ζ þ ζ̂ is the composite sea level. f bfðzÞ
is given by 

f bfðzÞ ¼
cosh kbf zc � zð Þ½ �

ðζc

� h
cosh kbf ζc � zð Þ½ �dz

(7) 

with a decay length k� 1
bf ¼ abfδw , where abf is an 

empirical constant which is equal to one under mono-
chromatic waves and has a much larger value (e.g. 
abf ¼ 3 is used in this study following Reniers et al. 
(2004)) under random waves; δw is the wave bottom 
boundary layer thickness and is expressed as a func-
tion of the semi-orbital excursion length (Ab), 
Nikuradse roughness (kN) and bottom roughness 
length (z0b).

The body force Fw can also be represented as an 
equivalent boundary stress: 

τswd ¼ ρw0DFw

¼ ρw0g
ð1

0

ðπ

� π

k
σ

Sds;w þ Sds;br þ Sds;b
� �

dθdσ (8) 

where Fw represents the depth-averaged Fw ; D ¼
hþ ζc is the wave-averaged thickness of the water 
column.

For a more detailed description of this ocean model, 
including the modified GLS turbulence model, roller

4 P. ZHENG ET AL.



transport model and wave enhanced bottom stress, 
the reader is referred to Zheng et al. (2017).

2.3. Wave boundary layer model

The WBLM used in this study is based on Reichl, Hara, 
and Ginis (2014) for investigation of sea-state-depen-
dent wind stress in deep waters under steady uniform 
winds and hurricane winds, which is further extended 
to the finite and shallow waters by Chen, Ginis, and 
Hara (2020); Chen, Hara, and Ginis (2020) to study the 
impact of shoaling surface waves on wind stress. In this 
approach, the combination of momentum conserva-
tion and energy conservation inside the WBL is 
adopted, e.g. the conservation of momentum requires 
the total momentum flux (total air-side wind stress) 
τtot , which is the sum of the wave-induced stress τw(z) 
and the turbulent stress τt(z), is constant with height 
within the WBL: 

τtot ¼ τwðzÞ þ τtðzÞ ¼ constant (9) 

Similarly, the conservation of energy means that 

dðU � τtotÞ

dz
þ

d�w

dz
� ρaε ¼ 0 (10) 

where U is the mean wind velocity; �w is the vertical 
transport of the kinetic energy related to the wave- 
induced motions; ρa is the air density; ε is the viscous 
dissipation of TKE.

The wave-induced stress τw (z) at height z is equal to 
the integration of momentum flux to the waves with 
the range of σmin � σ � σz, and is expressed as: 

τwðzÞ ¼ ρw

ðσz

σmin

ðπ

� π
βg σ; θð Þσ2N σ; θð Þ

k
k

dθdσ (11) 

where σ2
z ¼ gkz tanhðkzDÞ and kz ¼ δ=z; δ is a empirical 

parameter representing the decay length scale of the 
wave-induced stress and is set to be 0.03 following 
Reichl, Hara, and Ginis (2014). Combining Equation (9) 
and Equation (11), the turbulent stress can be 
expressed as: 

τtðzÞ ¼ τtot � ρw

ðσz

σmin

ðπ

� π
βg σ; θð Þσ2N σ; θð Þ k

k dθdσ

¼ τv þ ρw

ðσmax

σz

ðπ

� π
βg σ; θð Þσ2N σ; θð Þ k

k dθdσ

(12) 

where σmin and σmax is the minimum and maximum 
radian frequency of the wave spectrum, respectively. 
Above the WBL (z � δ=kmin; σz � σmin), the wave- 
induced stress τwðzÞ is zero and the turbulent stress 
τtðzÞ is equal to the total wind stress τtot ; while near 
water surface (z � δ=kmax ; σz � σmax), both τtðzÞ and 
τwðzÞ are constants, with τwðz ¼ δ=kmaxÞ represents 
the total momentum flux absorbed by the surface 
waves (hereinafter denoted by τw), and τtðz ¼ δ=kmaxÞ

equals to the stress supported by viscosity inside the 

viscous sublayer τv . It is noted that the viscous stress τv 

is the momentum flux directly into the subsurface 
currents. βg is the wave growth rate and is give as 

βg σ; θð Þ ¼ Cβσ
jτtðzÞj
ρwc2 cos2 θ � θτð Þ (13) 

where c is the phase velocity of the relevant wave 
component; θτ is the direction of the turbulent stress; 
Cβ is the Miles constant and set to explicitly account for 
the effect of swell following Reichl, Hara, and Ginis 
(2014) (c.f. their Equation 14).

The wave-induced vertical transport rate of energy 
�w is assumed to be mainly from the pressure trans-
port (Hara and Belcher 2004) and thus is equal to the 
energy flux into the surface waves: 

�wðzÞ ¼
ðσz

σmin

~FwðσÞdσ

¼

ðσz

σmin

ðπ

� π
ρwβg σ; θð ÞgσN σ; θð Þdθdσ

(14) 

The viscous dissipation rate is parameterized as: 

ε ¼
jτtðzÞ=ρaj½ �

3=2

κz
(15) 

The wind profile near the sea surface can then be 
expressed as: 

dU
dz
¼

u�
κz

τtot
jτtot j

; δ
kmin
� z

dσz
dz

~FwðσzÞ þ
ρa
κz

τtðzÞ
ρa

�
�
�

�
�
�

3=2
� �

τtðzÞ
τtðzÞ�τtot

; δ
kmax
� z< δ

kmin

ρa
κz

τv
ρa

�
�
�

�
�
�

3=2
� �

τv
τv �τtot

; zν � z< δ
kmax

8
>>>>><

>>>>>:

(16) 

where zν is the equivalent roughness scale of the vis-
cous sublayer where the wind speed turns into zero, 
and is given by 

zν ¼ 0:1
νa
ffiffiffiffiffiffiffiffiffiffiffi
τv=ρa

p (17) 

where νa is the air viscosity.
Given the wave spectrum obtained from the wave 

model and an initial estimate of the total wind stress 
τtot from the 10 m wind field, τwðzÞ and τtðzÞ at each 
height (frequency) are calculated by Equation 11– 
Equation 13), from which the wind profiles can be 
obtained by integrating Equation 16 from z ¼ 10 m 
to zν. If the predicted wind speed at zν is different from 
zero, the initial estimation of the total stress is 
adjusted. The above iteration repeats until the final 
value of the wind speed at the height of zν converges 
to zero.

2.4. Momentum flux budget module

Waves absorb energy and momentum from the wind 
field and in the meantime release it to the ocean. When
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the waves are growing, there is a net momentum influx 
to the wave field; as the breaking intensifies and the 
waves become mature, the momentum influx from the 
atmosphere to the waves tend to close to the flux from 
the wave field to the ocean; and finally when the waves 
are decaying, a net momentum out-flux from the wave 
field will transfer into the ocean (Breivik et al. 2015). 
Therefore, as shown in Figure 2, the wind-induced 
stress on the sea surface (i.e. the stress below the 
oceanic wave field; τoc) should be equal to the total 
wind stress (τtot) taking away the momentum flux 
absorbed by the wave field (τin), and adding on the 
momentum injected from breaking waves to the ocean 
(τdis), i.e.

τoc ¼ τtot � τin þ τdis

¼ τtot � ρw0g
ð1

0

ðπ

� π

k
σ Sin � Sds;w þ Sds;br þ Sds;b

� �� �
dθdσ

(18) 

Furthermore, it needs to be noted that when the τdis 

is described as a body force (see Section 2.2) in the 
developed wind stress-wave-ocean coupled model 
system, the seaside wind stress (i.e. surface stress 
used in the ocean model) becomes: 

toc ¼ ttot � tin (19) 

3. Numerical tests

To examine the performance of the present model 
system in producing sea-state-dependent wind stress 
and investigate the impacts of various wave effects on 

storm surge and coastal inundation, a series of numer-
ical tests with an idealized ocean basin under the wind 
fields from idealized TCs were conducted in this study. 
The ocean domain (Figure 3) covers a rectangular area 
of 1000 km in the east-west (zonal) direction (i.e. X ¼
� 15 � 985 km) and 2000 km in the south-north (mer-
idional) direction (i.e. Y ¼ � 1000 � 1000 km), and is 
discretised horizontally using an unstructured (trian-
gle) mesh with 2,268,952 nodes and 4,533,186 ele-
ments. The mesh resolution is uniformly 100 m in the 
range of Y ¼ � 204:8 � 204:8 km and X ¼ � 15 � 36:2 
km, and gradually decreases to 20 km in the north, 
south and east end of the model domain.

The topography is uniform in the meridional direc-
tion, but includes a coastal land surface and a conti-
nental shelf in the zonal direction. The land surface has 
a width of 15 km and a slope of 1:1000; the continental 
shelf is set with three alternative slope scenarios in this 
study, i.e. a steep slope of 1:100, a mild slope of 1:500 
and a gentle slope of 1:1000. This land and ocean 
topography configuration is chosen to investigate the 
role of various wave effects in different bottom slopes, 
which is based on the representative topography fea-
tures along the western North Atlantic coast (Wu et al.  
2018; Chen, Hara, and Ginis 2020). The wind fields are 
calculated by a parametric TC approach as described in 
Zheng et al. (2020) (c.f. its Eqs. (A1) and (A5)), which is 
adapted from the Holland parametric model (Holland  
1980).

Previous studies have showed that the storm surge 
and coastal inundation are highly sensitive to the 
storm characteristics (e.g. storm intensity, storm size, 
translation speed) and coastal topography features

Figure 2. A sketch on the wind stress-wave interaction and conservation of air-sea momentum flux (τtot and τoc are the air-side 
total momentum flux and seaside momentum flux, respectively; τin and τdis are the momentum flux absorbed and lost by waves, 
respectively).
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(Irish, Resio, and Ratcliff 2008; Rego and Chunyan 2009; 
Wu et al. 2018); the contributions of various wave 
effects to storm surge and inundation are thus also 
very likely dependent on these physical parameters. In 
order to give a more general understanding of the 
various impacts of wave effects on storm surge and 
inundation, a total of nine systematic numerical sce-
narios (Exp_A to Exp_I) are designed by varying one 
specific parameter from the base scenario (i.e. Exp_A). 
Exp_A adopts a steep continental shelf slope of 1:100 
and a high-intensity, moderate size, fast-moving TC 
with the maximum wind speed (MWS) of 60 m/s, the 
radius of maximum wind speed (RMW) of 40 km and 
the translation speed of 10 m/s. Furthermore, five 
simulations are conducted for each scenario, each of 
which represents a specific approach that used to 
simulate the storm surge and inundation by adopting 
a different combination of driving forces.1 Namely, the 

first simulation (Exp1) only introduces the bulk-HWRF 
formula calculated wind stress as the only driven 
forcing2 but without accounting for any wave effects; 
based on the E×p1, the second to fourth simulation (i. 
e. E×p1–4) additionally includes one (i.e. WEC), two (i.e. 
WEC and WEB) and three (i.e. WEC, WEB and WMWS) 
aspects of wave effects, respectively. Note that none of 
above four approaches accounts for the momentum 
flux balance (MFB) across the air-sea interface; a fifth 
simulation (Exp5) is therefore conducted to examine 
the impact of surface momentum flux conservation on 
the storm surge and inundation modeling. The 
detailed setup of numerical experiments is summar-
ized in Table 1.

The TCs in all simulations move toward to the coast-
line along normal direction and travel 48 hours before 
making landfall, which is long enough for TCs to 
develop according to Wu et al. (2018). The model 
results at the time of landfall are used for analysis in 
the following sections.

4. Results

In this section, results from the five modeling 
approaches are firstly compared with the base scenario 
of Exp_A to show their differences. The purpose for this 
comparison is twofold: one is to review the wave 
effects of WBA and WEB, and the other more important 
aim is to investigate the impact of wave-modified sur-
face stress in modeling storm surge and inundation, 
which is rarely reported in previous studies. In addition, 
the importance of fully incorporating the three aspects 
of wave effects (i.e. WBA, WEB and WMWS) and con-
serving momentum flux across the air-sea interface 
(MFB) is further examined.

As the storm surge and inundation are highly 
dependent on the storm characteristics and bathyme-
try features, it is necessary to investigate the more 
general role of various wave effects in predicting the 
accurate surge and inundation under the forcing of 
TCs with different physical parameters. More sensitivity 
numerical experiments are thus further conducted and 
analyzed in the second part of this section.

4.1. The base scenario

4.1.1. Maximum storm surge and maximum 
inundation distance
Figure 4 shows an example of the comparison of 
wind stress coefficient (Cd) calculated from the 
bulk-HWRF formula (solid line) and WBLM (sym-
bols) with increasing 10 m wind speed (U10) from

Figure 3. The ocean domain and unstructured grid used by 
this study.

1The logic behind is that each of the above five simulations represents one 
of the approaches, which was either used historically by former 
researchers (i.e. E×p1–3) or newly adopted by the present study (i.e. 
E×p4–5), to predict the storm surge. Therefore, by comparing the results 

of these five simulations, readers can have intuitive impressions on to 
what extend the various wave effects have on storm surge or inundation 
predictions.

2The air pressure gradient induced water setup is not investigated in this 
study.
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the Exp_A5.3 Comparing with the results of bulk- 
HWRF formula, the Cd obtained from WBLM shows 
large variations at a given magnitude of U10, 
demonstrating the highly dependence of wind 
stress on the sea-state explicitly. Specially, Chen, 
Ginis, and Hara (2020); Chen, Hara, and Ginis (2020) 
showed that the shoaling surface waves in the 
finite and shallow waters can modify the values 
of Cd significantly. For example, in the right TC 
quadrant, the magnitude of Cd can be significantly 
enhanced compared to its deep water values, indi-
cating its potential to increase storm surge levels 
and inundation distances. For more detailed 
descriptions on the wave modified wind stress in 
deep and finite waters under the TC conditions, 
readers are referred to Reichl, Hara, and Ginis 
(2014) and Chen, Ginis, and Hara (2020).

A typical example of the simulated storm surge and 
overland inundation at the landfall time from the same 
experiment is shown in Figure 5(a); the wind vectors at 
the same time are also displayed in the background. 
The wind field shows an asymmetric structure, with 
larger onshore-directed (lower offshore-directed) 
wind vector in the right (left) TC quadrant due to the 
adding (removing) of the TC translation speed. 
Correspondingly, positive storm surges and prominent 
overland inundations are observed in the upper part of 
the model domain, while negative surges in the lower 
part. The maximum storm surge (i.e. the largest water 
level at the initial shoreline X = 0.0 km) occurs at a 
distance of roughly equal to the RMW from the TC 
center. By contrast, the distance from the maximum 
inundation location to the TC center is obviously smal-
ler than RMW. This is very likely due to the curvature of 
wind vector over the land area which has a negative 
Y-component and thus pushes water toward negative 
Y direction overland. The simulated significant wave 
height (Hs) and wave direction at the same time are 
shown in Figure 5(b). In the offshore region, the Hs is 
much higher in the right-front TC quadrant due to the 
resonance effect induced by the TC propagation 
(Moon, Ginis, and Hara 2004); while in the nearshore, 
the Hs is significantly reduced due to depth-induced 
severe wave breaking. The wave directions are gener-
ally aligned with wind directions in the right-rear TC 
quadrant, but in opposite to or cross with the wind 
direction in the left-rear quadrant.

Due to the associated tremendous damage in prac-
tical engineering applications, the maximum storm 
surge and maximum inundation distance are often 
the overriding monitoring indicators during a TC 
course; thus, they are analyzed primarily in the follow-
ing sections. The inundation distance is defined as the 
horizontal distance from the furthest inundated loca-
tion to the initial shoreline. Table 2 shows the model

Figure 4. Wind stress coefficient (Cd) versus 10 m wind speed 
(U10) obtained at all the grid points from Exp_A5 (black 
points). The blue line represents the bulk-HWRF formula cal-
culated Cd.

Table 1. Summary of the numerical test setup.
Scenario Exp_Aia Exp_Bi Exp_Ci Exp_Di Exp_Ei

BL 1:100 1:500 1:1000 1:100 1:100
VT 10 m/s 10 m/s 10 m/s 5 m/s 2.5 m/s
RMW 40 km 40 km 40 km 40 km 40 km
MWS 60 m/s 60 m/s 60 m/s 60 m/s 60 m/s

Scenario Exp_Fi Exp_Gi Exp_Hi Exp_Ii

BL 1:100 1:100 1:100 1:100
VT 10 m/s 10 m/s 10 m/s 10 m/s
RMW 70 km 100 km 40 km 40 km
MWS 60 m/s 60 m/s 50 m/s 40 m/s

Test Num Bulk WSb WBA WEB WMWS MFB

Exp1 ✓ � � � �

Exp2 ✓ ✓ � � �

Exp3 ✓ ✓ ✓ � �

Exp4 � ✓ ✓ ✓ �
Exp5 � ✓ ✓ ✓ ✓

ai takes the value of [1–5], represents one of the five simulations in a specific scenario; BL is short for bottom slope; VT , RMW and MWS represent the 
translation speed, the radius of maximum wind speed and the maximum wind speed of a TC, respectively. 

bBulk WS means that the wind stress is calculated by the bulk-HWRF formula; WBA and WEB represent the wave breaking induced momentum acceleration 
and wave-enhanced bottom stress, respectively; WMWS is short for the wind stress-wave interaction and is used to represent that the wind stress is 
calculated by the WBLM method; MFB is used to indicate whether a simulation conserves the momentum flux across the air-sea interface.

3Note when U10 is smaller than 10 m/s or the significant wave height (Hs) 
is smaller than 0.5 m, the wind stress is calculated by the bulk-HWRF 
formula as the WBLM become less reliable in these situations (personal 
communications with Xuanyu Chen, the author of Chen, Ginis, and Hara 
(2020)).
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predicted maximum storm surge and inundation dis-
tance by the five modeling approaches for the base 
scenario (i.e. Exp_A1-A5). When wave effects are 
absent (i.e. Exp_A1), the model predicted a lowest 
level of maximum storm surge in five simulations. 
After WBA is accounted for (Exp_A2), the maximum 
storm surge increases from 0.78 m to 1.75 m with a 
significant enhancement of 122.78%. By contrast, the 
maximum storm surge slightly increases (from 1.75 m 
to 1.77 m) after both the wave effects of WBA and WEB 
are considered in Exp_A3. Note this positive impact of 
wave-enhanced bottom stress on storm surge, which 
may be contrary to one’s first expectation, has been 
reported in previous studies (e.g. Wu et al. 2018). The 
impacts of WBA and WEB on storm surge are generally 
in consistent with the previous studies. When the 
effect of wave modification on wind stress (i.e. 
WMWS) is included, the maximum storm surge level 
further increases from 1.77 m to 1.95 m, with an 
enhancement of 10.2%. This enhancement of storm 
surge clearly indicates that the wave-modified wind 
stress has a notable impact on elevating the storm 
surge levels, which can be important in coastal man-
agement and shall be further accounted for in opera-
tional storm surge forecasting models. Besides, it shall 
be noted that most of the previous studies partially 
emphasized the importance of including wave effects 
in storm surge modeling, but generally overlooked a 
fact that the wave growth can also absorb part of wind 
energy (or wind momentum), subjectively resulting a 

potential overestimation of the wave effects. Thus to 
conserve momentum flux across the air-sea interface in 
the model (see Equation 18) it is important to the 
accuracy of the prediction. After taking the MFB into 
account, the resultant maximum storm surge from 
Exp_A5 decreases as expected. However, the percen-
tage of reduction is only about 3% of the total surge 
level, suggesting that the conservation of air-sea 
momentum may not be much important in predicting 
the storm surges for some specific cases.

The impacts of different wave effects on the inunda-
tion distances are also shown in Table 2. Similar to its 
impact on surge levels, the WBA greatly increases the 
inundation distance by 900 m (45%). Conversely, the 
WEB reduces the inundation distance considerably 
from 2900 m to 2400 m, with a reduction percentage 
of about 17.2%. This reduction of inundation distance 
induced by WEB has also been reported in Wu et al. 
(2018), with possible reasons ascribed to the vertical 
flow structures over the inundated land. In the follow-
ing section, the reasons for this reduction is also ana-
lyzed by introducing a cross-shore momentum balance 
analysis. The wave modified wind stress (see model 
result of Exp_A4) increases the inundation distance 
by 200 m from 2400 m to 2600 m. Interestingly, the 
inundation distance obtained from Exp_A5 falls back 
to 2400 m, indicating the impacts of WMWS and MFB 
on inundation limit offset with each other. 
Nevertheless, it shall be noted that both these two 
effects can change the inundation distance

Figure 5. A typical example of model results from Exp_A5 at the time of TC landfall. (a) a snapshot of model predicted storm surge 
and inundation map (colours) with TC wind field (black arrows); (b) a snapshot of model predicted significant wave height 
(colours) and mean wave direction (black arrows).
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considerably which may complicate the model predic-
tions in practical application with complex topography 
features and highly varying wind structures and inten-
sities. Comparing with the surge levels, the influence of 
MFB is more apparent on the inundation distance.

In total, the wave effects can significantly change 
the storm surge levels and overland inundation dis-
tances. Among the three wave aspects, WBA is the 
most significant factor for both the surge level and 
inundation distance, while the WMWS contributes in 
the second role. The percentage of contribution from 
WBA and WMWS in the total wave-induced surge level 
(inundation distance) for this particular experiment of 
Exp_A is about 82.7% (150%) and 15.5% (33.3%), 
respectively. By contrast, the WEB elevates the surge 
level slightly but substantially reduces the inundation 
distance. In addition, these different terms can also 
affect the location of the maximum surge and inunda-
tion as shown in Figure 6 in which the positions of the 
peak values are presented as the dots and triangles 

respectively. In these particular results, it is clear that 
the different combination of wave terms shifts the 
positions of maximum moderately, within a distance 
of 5 km alongshore in this specific scenario.

4.1.2. Momentum balance analysis
The impacts of different wave effects are further stu-
died by comparing the depth-integrated cross-shore 
momentum balance patterns obtained from the 
Exp_A1-A4 (Figure 7) in this section. When no wave 
effect is included (see Figure 7(a)), the cross-shore 
momentum terms are mainly balanced between the 
onshore-directed (negative) wind stress, Coriolis force 
and the offshore-directed (positive) pressure gradient 
force in a quasi-steady state (i.e. the time derivative 
term @V

@t in Equation 3 is close to zero) in the sea area (X 
> 0 km). By contrast in the land area the bottom 
friction, which is onshore-directed with a negligible 
magnitude in the sea area, becomes significant and 
offshore-directed due to the shallow water depth and

Table 2. Model calculated maximum storm surge and maximum inundation distance from the base scenario (Exp_a1-A5).
Experiments Exp_A1 Exp_A2 Exp_A3 Exp_A4 Exp_A5

MSS (m)* 0.79 1.75 1.77 1.95 1.89
Relative Change1 n 122.78% 0.57% 10.17% −3.08%
Relative Change2 41.80% 51.32% 0.53% 9.52% −3.17%
MID (m)* 2000 2900 2400 2600 2400
Relative Change1 n 45% −17.24% 8.33% −7.69%
Relative Change2 83.33% 37.5% −20.83% 8.33% −8.33%

* MSS and MID are short for the maximum storm surge and maximum inundation distance, respectively. The”Relative Change1” values represent the 
change of MSS (MID) of the present experiment Exp_Ai relative to the previous one Exp_A(i � 1), and are calculated by the formula of 
Exp AðiÞ� Exp Aði� 1Þ

Exp Aði� 1Þ � 100%; while “Relative Change2” represent the ratio of the MSS or MID changes to the total storm surge or total inundation distance 
calculated from the Exp_A5.

Figure 6. Model predicted storm surge and inundation map from the five simulations of the base scenario Exp_A; red dot and 
green triangle represent the locations of the predicted maximum storm surge and maximum inundation distance, respectively.
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Table 4. Same with Table 3 but for experiment scenarios with varying TC translation speed (Exp_a, Exp_D, Exp_E).
Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_A 0.79 1.76 1.77 1.95 1.89
{VT =10 m/s} n 122.78% 0.57% 10.17% −3.08%

41.80% 51.32% 0.53% 9.52% −3.17%
& Exp_D 0.79 1.57 1.58 1.73 1.66
Relative Changes {VT =5 m/s} n 98.73% 0.64% 9.49% −4.05%

47.59% 46.99% 0.60% 9.04% −4.22%
Exp_E 0.76 1.36 1.37 1.48 1.41

{VT =2.5 m/s} n 78.95% 0.74% 8.03% −4.73%
53.90% 42.55% 0.71% 7.80% −4.96%

MID (m) Exp_A 2000 2900 2400 2600 2400
n 45% −17.24% 8.33% −7.69%

83.33% 37.5% −20.83% 8.33% −8.33%
& Exp_D 3300 3600 2800 3000 2700
Relative Changes n 9.09% −22.22% 7.14% −10.00%

122.33% 11.11% −29.63% 7.41% −11.11%
Exp_E 5700 4500 3100 3300 2900

n −21.05% −31.11% 6.45% −12.12%
196.55% −41.38% −48.28% 6.90% −13.79%

Figure 7. Leading terms of the depth-integrated cross-shore momentum balance equation at the location of Y = 40 km when the 
TC makes landfall. The solid lines in (a)-(d) are results from Exp_A1-A4, respectively; the dashed lines in (d) are from Exp_A5.

Table 3. Model calculated maximum storm surge and maximum inundation distance from the experiment scenarios with varying 
bottom slopes (Exp_a, Exp_B, Exp_C).

Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_A 0.79 1.76 1.77 1.95 1.89
{BL = 1:100} n 122.78% 0.57% 10.17% −3.08%

41.80% 51.32% 0.53% 9.52% −3.17%
& Exp_B 2.46 3.25 3.24 3.70 3.47
Relative Changes {BL = 1:500} n 32.11% −0.31% 14.19% −6.21%

70.89% 22.77% −0.29% 13.26% −6.63%
Exp_C 3.64 4.49 4.43 4.89 4.49

{BL = 1:1000} n 23.35% −1.34% 10.38% −8.18%
81.07% 18.93% −1.34% 10.25% −8.91%

MID (m) Exp_A 2000 2900 2400 2600 2400
n 45% −17.24% 8.33% −7.69%

83.33% 37.5% −20.83% 8.33% −8.33%
& Exp_B 3300 4100 3600 3800 3400
Relative Changes n 24.24% −12.20% 5.56% −10.53%

97.06% 23.53% −14.71% 5.88% −11.76%
Exp_C 4100 5000 4500 4800 4100

n 21.95% −10.0% 6.67% −14.58%
100.00% 21.95% −12.20% 7.32% −17.07%
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the changed bottom flow direction. The pressure gra-
dient force hence reduces correspondingly in order to, 
together with the enhanced bottom friction, balance 
the nearly uniform wind stress. After the wave effect of 
WBA is considered (Figure 7(b)), the onshore momen-
tum is greatly enhanced in the surf zone and lower 
land area due to the wave-breaking induced onshore 
momentum acceleration. As a result, the offshore- 
directed pressure gradient force significantly increases 
to counteract this newly introduced onshore term, 
which hence greatly elevates the maximum storm 
surge level and extends the maximum inundation dis-
tance. The imbalance of the vertical uniform pressure 
gradient force and vertical varying WBA promotes the 
development of the offshore-directed undertow, 
which induces a larger onshore-directed bottom fric-
tion; the magnitude of advection term also increases 
considerably due to the local convergence/divergence 
of currents. Further onshore in the upper land area, the 
pressure gradient force decreases gradually corre-
sponding to the small magnitude of WBA but with a 
magnitude still larger than that show in Figure 7(a) 
mainly due to the gradually enhanced bottom friction; 
offshore from the surf zone (X > 4 km) the momentum 
balance pattern is not changed. Similar cross-shore 
momentum balance patterns are observed in Figure 
7(c) when the wave effect of WEB is further taken into 
account. A close examination of the difference 
between Figures 7(b) and 7(c) reveals that waves 
enhance the magnitude of bottom friction consider-
ably in the surf zone and land area, which is totally 
offset by the change of pressure gradient force. As a 
result, the maximum storm surge (inundation distance) 
is slightly elevated (much reduced) by the enhance-
ment (reduction) of the pressure gradient force in the 
surf zone (land area) as shown in Table 2. Similar 
patterns of cross-shore momentum balance as above 
are also reported in Wu et al. (2018), which highlights 
the complex hydrodynamic behaviors in the sea and 
land areas under a TC condition.

As shown in Figure 7(d), the sea-state-dependent 
wind stress increases considerably in the shoaling 
region and surf zone due to the wave modification 
effect. The pressure gradient force increases signifi-
cantly to counteract this effect and hence the max-
imum storm surge and inundation distance are also 
increased (see Table 2). Similarly, when the momentum 
flux across the air-sea interface is conserved in the 
model, the pressure gradient force and hence the 
maximum storm surge and inundation distance 
decrease as the wave absorbed part of onshore 
momentum flux (i.e. τin) is excluded from the model. 
Overall, the momentum balance patterns shown in 
Figure 7(b–d) clearly reveal the impacts of various 
wave effects on cross-shore momentum balance. The 
inclusion of one or more wave effects in the momen-
tum equation is primarily counteracted by the change 
of pressure gradient force, which hence results in the 
increase or decrease of the storm surge level and 
inundation distance.

4.2. More general scenarios

Table 3 compares the calculated maximum storm 
surge and maximum inundation distance from the 
experiment scenarios with varying bottom slopes (i.e. 
Exp_A, Exp_B and Exp_C). The maximum storm surge 
increases as the bottom slope decreases, no matter the 
wave effects are taken into account or not. The WBA 
has a positive effect on the storm surge. However, its 
contribution to the total storm surge (i.e. the model 
results from E×p5) abruptly decreases after the bottom 
slope decreases from 1:100 to 1:500 and continues to 
decrease at the bottom slope of 1:1000. By contrast, 
WEB has a weak positive contribution at the steep 
bottom slope of 1:100 and a weak negative contribu-
tion at the moderate bottom slope of 1:500. This weak 
negative contribution further enhances with decreas-
ing bottom slope. The proportion of surge level due to 
WMWS generally stays above 10%. Recalling the

Table 5. Same with Table 3 but for experiment scenarios with varying radius of maximum wind speed (Exp_a, Exp_F, Exp_G).
Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_A 0.79 1.76 1.77 1.95 1.89
{RMW=40 km} n 122.78% 0.57% 10.17% −3.08%

41.80% 51.32% 0.53% 9.52% −3.17%
& Exp_F 0.85 1.97 1.98 2.18 2.11
Relative Changes {RMW=70 km} n 131.76% 0.51% 10.10% −3.21%

40.28% 53.08% 0.47% 9.48% −3.32%
Exp_G 0.89 2.10 2.11 2.32 2.25

{RMW=100 km} n 135.96% 0.48% 9.95% −3.02%
39.56% 53.78% 0.44% 9.33% −3.11%

MID (m) Exp_A 2000 2900 2400 2600 2400
n 45% −17.24% 8.33% −7.69%

83.33% 37.5% −20.83% 8.33% −8.33%
& Exp_F 3200 4000 3300 3500 3300
Relative Changes n 25.00% −17.50% 6.06% −5.71%

96.97% 24.24% −21.21% 6.06% −6.06%
Exp_G 4400 5000 3900 4200 4000

n 13.64% −22.00% 7.69% −4.76%
110.00% 15.00% −27.50% 7.50% −5.00%
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increasingly reduced role of WBA, the effect of WMWS 
is thus more important in cases with small bottom 
slopes. Ignoring this process can greatly underestimate 
the total wave effects in contributing to the peak storm 
surge. The percentage of declined surge resulted from 
MFB gradually enhances as the bottom slope 
decreases, implying that the storm surge levels are 
more likely to be overestimated in areas with small 
bottom slope in previous studies. Similar findings can 
be obtained when analyzing the contributions of dif-
ferent wave effects to the maximum inundation dis-
tance in situations with varying bottom slopes. 
However, it is noted that the WEB always retards the 
extension of inundation, while the magnitude of 
reduced distance is not sensitive to the bottom slopes.

The variations of maximum storm surge and max-
imum inundation distance with changing TC transla-
tion speed (VT ) are shown in Table 4. The increasing 
translation speed can enhance the wind speed in the 
right TC quadrant and thus has a potential to elevate 
the maximum storm surge levels. In the meantime, the 
faster-moving TC reduces the duration that TC wind 
fields acting on the water body. The final wind stress- 
induced surge level (model results from E×p1) is thus a 
result of these two contradictory effects, which satu-
rate at VT = 10 m/s. However, after considering the 
wave effects the surge level monotonically increases 
as VT increases from 2.5 m/s to 10 m/s. This is attribute 
to the larger wave height and more pronounced wave- 
breaking induced dissipation energy associated with a 
faster-moving TC. Note that Wu et al. (2018) once 
reported a critical translation speed of about 14 m/s, 
above which the total surge height decreases gradu-
ally. The enhanced surge level due to WMWS gradually 
increases with increasing TC translation speed (from 
0.11 m to 0.18 m). Its proportion in the total surge 
height (i.e. the model results from E×p5) is above 
7.8% and slightly increases from 7.8% at VT = 2.5 m/s 
to 9.52% at VT = 10 m/s, indicating the universal 

importance of the impact of WMWS on storm surge 
levels which are not sensitive to the TC translation 
speed. Similarly, the reduced surge height due to 
MFB is generally within 5% of the total surge height 
which also shows a weak dependence on the TC trans-
lation speed. Contrary to the maximum surge level, the 
maximum inundation distance reduces greatly with 
increasing translation speed, no matter with or without 
the various wave effects. Similar results have also been 
reported in some previous studies (e.g. Rego and 
Chunyan 2009; Wu et al. 2018), with the primary pos-
sible reason ascribed to the shorter wind duration that 
a faster TC occupies to push the water inland. 
Nevertheless, it is noted that the contribution from 
WBA increases gradually, while the negative contribu-
tion from WEB considerably reduces, with the increas-
ing VT . The impact of WMWS on inundation is similar 
with its impact on surge level; by contrast the momen-
tum flux conservation shows its greater importance in 
a slower-moving TC.

It is known that a larger TC4 produces higher storm 
surges and inundation distances. The results in Table 5 
show that the bulk wind stress induced surge level 
moderately increases from 0.79 m at RMW = 40 km to 
0.89 m at RMW = 100 km, while its proportion in total 
surge reduces from 41.80% to 39.56% on the contrary. 
By contrast, both the WBA-induced contribution to 
surge level and its proportion in the total surge height 
increase moderately. However, it is interesting to note 
that the sum up of WBA and bulk wind stress-induced 
surge basically contributes to about 93% of the total 
surge height, regardless of the TC size. 
Correspondingly, the proportions of surge level in 
total surge height resulted from the WEB, WMWS, 
and MFB basically keep the same value, indicating 
that they are all have a weak dependence on TC

Table 6. Same with Table 3 but for experiment scenarios with varying maximum wind speed (Exp_a, Exp_H, Exp_I).
Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_A 0.79 1.76 1.77 1.95 1.89
{MWS=60 m/s} n 122.78% 0.57% 10.17% −3.08%

41.80% 51.32% 0.53% 9.52% −3.17%
& Exp_H 0.67 1.81 1.82 1.92 1.82
Relative Changes {MWS=50 m/s} n 170.15% 0.55% 5.49% −5.21%

26.81% 62.64% 0.55% 5.49% −5.49%
Exp_I 0.61 1.69 1.70 1.78 1.69

{MWS=40 m/s} n 177.05% 0.59% 4.71% −5.06%
36.09% 63.91% 0.59% 4.73% −5.33%

MID (m) Exp_A 2000 2900 2400 2600 2400
n 45% −17.24% 8.33% −7.69%

83.33% 37.5% −20.83% 8.33% −8.33%
& Exp_H 1600 2600 2200 2300 2100
Relative Changes n 62.50% −15.38% 4.55% −8.70%

76.19% 47.62% −19.05% 4.76% −9.52%
Exp_I 1400 2300 1900 2000 1800

n 64.29% −17.39% 5.26% −10.00%
77.78% 50.00% −22.22% 5.56% −11.11%

4In this study, we use the radius of maximum wind speed to represent a TC 
size.
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sizes. Specifically, the WMWS can elevate about 9.5% of 
the total surge height and thus shall not be ignored in 
models. Compared with the storm surge, the maxi-
mum inundation distance is much more sensitive to 
the TC sizes. Table 5 shows that a larger TC can greatly 
increase the inundation limit for all cases no matter 
with or without the wave effects. The positive effect of 
WBA on inundation distance decreases gradually with 
increasing TC sizes, in terms of both its contribution 
and proportion in the total inundation distance. While 
the negative effect of WEB increases steadily. By con-
trast, the enhanced inundation distance due to WMWS 
is less sensitive to TC size, with its proportion in the 
total inundation distance staying roughly around 7%. 
Summing up the WBA, WEB, and WMWS induced pro-
portion shows that the total positive wave effect 
declines as TC size increases, from which perspective 
the sole role of WMWS is increasingly important in a 
larger TC. The negative effect of MFB on inundation 
gradually decreases with increasing TC sizes.

Table 6 shows the variations of maximum storm 
surge with changing TC intensity. As the TC intensity 
increases, the proportion of WBA-induced wave setup 
in the total surge gradually decreases, indicating a 
more essential role of WBA for a weaker TC in predict-
ing the peak storm surge. Conversely, the impact of 
WMWS in the total surge steadily increases with an 
enhanced TC intensity, suggesting an increasing need 
to include this effect in storm surge modeling for a 
stronger TC. As a result, the including of WMWS makes 
the total wave impact on surge levels decrease with 
the TC intensity at a more gentle rate. In addition, it is 
noted that the magnitude of WBA-induced wave setup 
reduces moderately from 1.14 m at MWS = 50 m/s to 
0.97 m at MWS = 60 m/s. Similar results are also 
observed in the study of Wu et al. (2018). The exact 
reason is still unknown, but it is very likely due to the 
misalignment between wave (thus the direction of 
WBA) and wind directions. Accounting for the momen-
tum flux conservation reduces the surge level by about 
5%, which changes little with TC intensity. As the TC 
intensity increases, the responses of maximum inunda-
tion distance to the three wave effects are similar with 
that of the maximum storm surge. However, the max-
imum inundation distance shows more dependence 
on the momentum flux conservation, the magnitude 
of which reduces more significantly in a weaker TC.

As comparison to above TC conditions, a series of 
numerical tests with uniform and constant wind were 
also conducted. Similar model domain setups as 
described in previous section were used. Overall, the 
model results show consistent findings with those 
obtained from TC scenarios. In particular, the WBA 
contributes most to the peak storm surge, the WMWS 
contributes in the second role and the WEB can mod-
erately elevate the storm surge height. Their impacts to 
the inundation limit show slightly complex variations 

than that in the TC conditions, although the extreme 
conditions used in the test, e.g. wind speed of 60 m/s, 
remain as largely hypothetical. The detailed results 
analysis and discussion are included in Appendix A.

5. Summary

In this study, we extend a three-dimensional wave- 
ocean coupled model (Zheng et al. 2017) into the 
wind stress-wave-ocean coupled coastal model sys-
tem, with a new wave boundary layer model (WBLM) 
to account for the wind stress-wave interactions and 
including a flux budget module to guarantee the con-
servation of momentum flux across the air-sea 
interface.

The developed model system is applied into sets of 
idealized numerical tests with a simplified model 
domain under the forcing of idealized landfalling tro-
pical cyclones (TCs) with various TC characteristics. A 
base scenario is firstly designed to study the impact of 
three wave effects and the momentum flux conserva-
tion across air-sea interface on the storm surge and 
coastal inundation modeling, which adopts a steep 
continental shelf slope of 1:100 and a high-intensity, 
moderate size, fast-moving TC with the maximum 
wind speed (MWS) of 60 m/s, radius of maximum 
wind speed (RMW) of 40 km and translation speed of 
10 m/s. The comparison of model results from five 
model approaches from this base scenario suggests 
that the wave modified wind stress (WMWS) can con-
siderably elevate the maximum storm surge and 
extend the maximum inundation limit, and thus shall 
be included in future operational storm surge forecast-
ing models. By contrast, without accounting for the 
momentum flux conservation (MFB), the previous 
models are very likely to have overestimated the dis-
tances of inundation.

Further analysis are conducted by systematically 
generalizing the base scenario into scenarios with dif-
ferent TC characteristics (i.e. TC intensity, TC size and 
TC translation speed) and topography features. The 
present study confirms previous findings on the role 
of wave-breaking induced acceleration (WBA) and 
wave-enhanced bottom friction (WEB) in modeling 
storm surge and coastal inundation under different 
physical parameters. Major conclusions are summar-
ized as follows: 

(1) The WBA contributes most in three wave effects 
to the peak storm surge at the initial shoreline 
and the inundation distance. Its proportion in 
the total surge height increases considerably 
with the increasing of bottom slope, TC transla-
tion speed (VT ) or TC size, but decreases with 
increasing TC intensity.

(2) The contribution of WBA to maximum inunda-
tion distance is similar with its contribution to
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surge, except that its proportion in total inunda-
tion declines greatly as the TC size increases.

(3) The WEB can elevate the surge levels in scenar-
ios with steep bottom slope, regardless of the 
TC characteristics.

(4) By contrast, the maximum inundation distance 
is always greatly reduced by the WEB; its reduc-
tion degree enhances with increasing of the 
bottom slope or TC size, but declines as VT 

increases. More importantly, this study investi-
gates the impact of WMWS and MFB on the 
storm surge and inundation predictions, which 
are generally ignored in previous studies. The 
model results indicate that:

(5) The WMWS induced surge accounts for 9%–13% 
of the total surge height in a relatively high- 
intensity TC (MWS = 60 m/s), and its contribu-
tion is not sensitive to the bottom slope, TC 
size, and TC translation speed. As the TC inten-
sity decreases, the effect of WMWS decreases 
slightly, but its proportion still remains around 
5%. Ignoring this effect can thus significantly 
(considerably) underestimate the peak surge 
level in high- (moderate-) intensity TCs.

(6) Similarly, the WMWS can moderately extend the 
inundation distance by 5%–8%, which also 
depends weakly on the TC characteristics.

(7) After taking account of the MFB, the storm surge 
at the initial shoreline decreases by 3%–5% with 
varying TC characteristics. The degree of MFB- 
induced surge reduction enhances as bottom 
slope decreases and can be up to 9% at the 
bottom slope of 1:1000.

(8) The effect of MFB on inundation is similar to its 
effect on storm surge, but its degree of reduc-
tion is more significant.
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Appendix

Appendix A. Constant uniform wind scenarios

In addition to the TC conditions, in this section the impacts of 
wave effects on storm surge and inundation under uniform 
constant winds are also examined. Similar model domain setups 
as described in section 3 are used, except that the width of land 
surface extends from 15 km to 50 km in order to accommodate 
the long inundation distance induced by the large constant 
winds. A total of five scenarios are conducted, each with a 
different combination of constant wind speed and bottom 
slope of continental shelf (see details in Table A1). The simula-
tion results are summarised in Tables A2 and A3, respectively.

Generally, Tables A2 and A3 show consistent findings with 
those obtained from TC scenarios, e.g. the combination of 
wave effects can considerably elevate the maximum storm 
surge and extend the maximum inundation limit, and among 
the various wave effects, the wave-breaking induced accel-
eration (WBA) contributes up to 72% in the total surge 

height, the wave modified wind stress (WMWS) accounts 
for 4%-10% of the total surge height, the wave-enhanced 
bottom friction (WEB) can elevate the storm surge height 
about 3%, while the momentum flux balance across the air- 
sea interface (MFB) can reduce the storm surge height by 
about 1%–9%. In terms of the coastal inundation, it is inter-
esting to note some variations in the relative importance of 
different wave effects comparing with the TC conditions. 
With relative small wind speed (i.e. the Exp_N3 with a U10 
of 20 m/s), WBA contributes about 35.5% of the total inunda-
tion distance, which shows more important role than WMWS. 
However, as the wind speed increases, the contribution of 
WBA to inundation distance decreases while the contribution 
of WMWS increases, showing the more important role of 
WMWS in large wind speed conditions. These results from 
constant wind experiments show overall similar findings as in 
the TC condition, emphasizing the important role of WMWS 
and MFB in storm surge level and coastal inundation predic-
tions which require further research.

Table A1. Summary of the numerical test setup.

Scenario Exp_N1i* Exp_N2i Exp_N3i Exp_N4i Exp_N5i

BL 1:100 1:100 1:100 1:500 1:1000
U10 60 m/s 40 m/s 20 m/s 60 m/s 60 m/s

Note: * i takes the value of [1–5], represents one of the five simulations in a specific scenario as described in Table 1; BL is short for bottom slope and U10 
represents the 10 meter wind speed.

Table A2. Model calculated maximum storm surge and maximum inundation distance from the constant uniform winds 
experiment scenarios with different wind speeds (Exp_N1, Exp_N2, Exp_N3).

Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_N1 0.72 1.58 1.62 1.68 1.66

{U10 = 60 m/s} n 119.44% 2.53% 3.70% −1.19%
43.37% 51.81% 2.41% 3.61% −1.20%

& Exp_N2 0.49 1.43 1.47 1.57 1.49
Relative Change {U10 = 40 m/s} n 191.84% 2.80% 6.80% −5.10%

32.89% 63.09% 2.68% 6.71% −5.37%

Exp_N3 0.13 0.51 0.53 0.55 0.53
{U10 = 20 m/s} n 292.31% 3.92% 3.77% −3.64%

24.53% 71.70% 3.77% 3.77% −3.77%
MID (m) Exp_N1 31200 32100 32100 33700 32600

n 2.88% 0% 4.98% −3.26%
95.71% 2.76% 0% 4.91% −3.37%

& Exp_N2 20300 21400 21400 22500 21900
Relative Change n 5.41% 0% 5.14% −2.67%

92.69% 5.02% 0% 5.02% −2.74%

Exp_N3 2000 3100 2900 3300 3100
n 55.00% −6.45% 13.79% −6.06%

64.52% 35.48% −6.45% 12.90% −6.45%
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Table A3. Same with Table A2 but for experiment scenarios with different bed slopes (Exp_N1, Exp_N4, Exp_N5).

Exps (Scenario) Exp_x1 Exp_x2 Exp_x3 Exp_x4 Exp_x5

MSS (m) Exp_N1 0.72 1.58 1.62 1.68 1.66

{BL = 1:100} n 119.44% 2.53% 3.70% −1.19%
43.37% 51.81% 2.41% 3.61% −1.20%

& Exp_N4 1.86 2.64 2.72 3.0 2.75
Relative Change {BL = 1:500} n 41.94% 3.03% 10.29% −8.33%

67.64% 28.36% 2.91% 10.18% −9.09%
Exp_N5 3.93 4.88 5.02 5.43 5.03

{BL = 1:1000} n 24.17% 2.87% 8.17% −7.73%

78.44% 18.96% 2.79% 8.18% −8.38%
MID (m) Exp_N1 31200 32100 32100 33700 32600

n 2.88% 0% 4.98% −3.26%
95.71% 2.76% 0% 4.91% −3.37%

& Exp_N4 31700 32500 32400 33500 33000
Relative Change n 2.52% −0.31% 3.40% −1.49%

96.06% 2.42% −0.30% 3.33% −1.51%
Exp_N5 31900 32700 32500 33500 33000

n 2.51% −0.61% 3.08% −1.49%

96.67% 2.42% −0.61% 3.03% −1.51%
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