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Abstract

To explore the nourishment effect and disaster reduction efficiency of a fully dissipative dry beach under the
impact  of  storms,  this  paper  uses  the  measured  topography  and  hydrodynamic  data  to  establish  a  one-
dimensional numerical model of the XBeach beach profile. By numerically modeling the change in the nourished
profile for different dry beach widths under normal waves and storm conditions and the recovery process of the
profile after the storm, the degree of response in dry beach nourishment for the fully dissipative beach is analyzed.
The results  show that  under  normal  wave conditions,  the response of  the nourished dry  beach is  obvious.
Sediment on the dry beach erodes heavily, and the shoreline moves landward over a long distance. With the
increase in the width and size of the dry beach, the wave height at the bottom of the backshore profile decreases,
the wave height attenuation rate increases continuously, and the wave elimination effect is remarkable. When the
storm incident wave intensifies, the wave height attenuation rate of the nourished dry beach decreases, indicating
that the smaller the storm intensity is, the more significant the wave reduction effect of the nourished dry beach is.
At the same time, different profile arrangements of nourished dry beaches suffer from different degrees of erosion
under storm conditions,  with significant changes in profile morphology.  With intensified storm action,  the
intensity of  sediment erosion in the nourished dry beach increases,  the nourishment is  weakened, and the
recovery effect of the profile after the storm is not obvious. The results of the numerical modeling highlight that
the dry beach nourishment method can resist storms to a certain extent, but the overall effect is relatively limited.
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1  Introduction
The coastline in China is tortuous and long and has abund-

ant beach resources. From the perspective of beach morphody-
namics, a parameter of “dimensionless fall velocity (Ω)” has been
proposed, and beaches can be divided into reflective, dissipative
and intermediate beaches (Wright and Short, 1984). Then, the
scholars considered the impact of tides on beaches (Masselink
and Short, 1993), which further expanded and supplemented the
classification of beach types. Sandy beach resources along the
coast of South China account for more than 1/3 of the total length
of the coastline (Cai et al., 2005). These sandy beaches were
shaped into different types by different hydrodynamics. A reflect-
ive beach has a steeper slope and narrower beach width and de-
veloped a dry beach (Yue et al., 2017); the fully dissipative beach
is wide, gentle and flat, and the backshore often develops wind-
produced landforms (Qi et al., 2009), while the features of the in-
termediate beach are moderate (Zhou et al., 2013). Different
types of beaches have different morphological responses under
the impact of storms. Based on 6 storm tracking surveys on 8

beaches in South China, Qi et al. (2009) discussed the different
response patterns of beach morphology under the influence of
storms on a completely dissipative beach and other types of
beaches in South China. Ge et al. (2017) showed that there are
differences in the storm response of beaches under different tid-
al ranges. Fiore et al. (2009) found that abnormal hydrodynamics
generated by storms often cause severe damage to the backshore
areas of beaches. Burvingt et al. (2017) found that in relatively
sheltered bays, the impact of beach morphology is relatively
small. Simultaneously, the evolution of beach morphology will
continue to intensify as beaches suffer from storm clusters (Fer-
reira, 2005). Affected by human activities and changes in the en-
vironment, some near-shore beaches are seriously eroded. The
nourishment of beaches has effectively mitigated beach erosion
at home and abroad (Hanson et al., 2002; Song et al., 2005; Wang
et al., 2009) and has resulted in significant economic income. As
a common beach nourishment method, dry beach nourishment
not only improves beach protection ability but also promotes the
coastal tourism industry and protects communal facilities  
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(Zhuang et al., 2011; Cao et al., 2009). However, the nourished
dry beach morphology will undergo a rapid adjustment process
under both of normal and storm hydrodynamics (Liu et al., 2016;
Dong et al., 2012).

Compared with other types of beaches, dry beaches don’t ex-
ist at completely dissipative beaches under normal conditions,
and when dry beaches are nourished at completely dissipative
beaches, they are susceptible to impacts after a period of time, al-
though they can reduce wave energy and protect against back-
shore erosion (Liu et al., 2016). The topographic evolution of the
profile after beach nourishment has been studied extensively
(Zhang, 2014; Xiao, 2021; Wang et al., 2020), but relatively little
research has been done on the morphological evolution of the to-
pography of fully dissipative beaches and the effects of storm en-
ergy dissipation on the nourishment of dry beaches. Beach storm
response is a complex process that requires not only observa-
tions to analyze the beach response to storms and beach sedi-
ment transport patterns (Li et al., 2017; Zhu and Li, 2019; Su et al.,
2019), but also numerical modeling to investigate the evolution
of the beach. A series of analyses and verification experiments
have been carried out by using the XBeach model, which shows
that the model can simulate the response process of the beach
profile well under the impact of storms, and the model has many
applications in beach nourishment (Roelvink et al., 2009; Mas-
selink et al., 2014; Zhu et al., 2019). This paper establishes the
XBeach beach evolution model by observing the morphology and
hydrodynamic data of Pingtan beach under the influence of
Typhoon In-Fa, and use the measured data to verify the model. A
series of numerical modeling experiments were carried out un-
der normal and storm weather conditions to analyze the beach
response patterns. Ultimately, the results enhance the under-
standing of the beach storm effect and provide ideas for coastal
storm disaster prevention and mitigation.

2  Overview of the observation area
Pingtan Island is located in the western Taiwan Strait, and the

observation area is located at Tianmei’ao Beach in Tannan Bay of
Pingtan Island (referred to as TM beach) (Fig. 1). Affected by the
monsoon circulation and the “funnel effect” of the Taiwan Strait,
Pingtan Island has strong winds, with an average annual wind
speed of 9.0 m/s and a maximum annual wind speed of 10.1 m/s.
The wind direction is mostly SSW in summer and NNE in winter.
Due to the influence of typhoons, from July to September, the
wind peak speed occurs (Li, 2016b). The tidal types of the beach
in the study area are regular semidiurnal tides; the maximum tid-
al range reaches 6.7 m, the minimum tidal range is 1.06 m, and
the average tidal range is 4.25 m (He et al., 2018). The average sig-
nificant wave height in the open sea is 1.1 m, the average period
is 4.3 s to 7.3 s, and the coastal wave direction is ESE. TM beach is
a completely dissipative beach, the slope of the intertidal zone is
approximately 1/80, and the length is 2.3 km. The sediments on
the beach are mainly coarse sand and medium sand, and the
particle sizes is mainly range from 0.25 mm to 1.0 mm.

Typhoon In-Fa was generated in the western Pacific Ocean on
July 18, 2021. It advanced to a typhoon at 14:00 on July 20 and be-
came a strong typhoon at 11:00 on the 21st. After entering the
East China Sea, it turned into a typhoon (Fig. 1). Typhoon In-Fa
has a strong intensity and a wide range of impacts. During the
observation period, the waves transmitted from the open sea to
the nearshore were relatively high, and the observed water level
changed greatly, which had an obvious impact on the TM beach
in the study area.

3  Research methods

3.1  Model building and validation
XBeach (Reniers et al., 2009) is a plane-based two-dimen-

sional coastal dynamic numerical model that is mainly used for
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Fig. 1.   Field observation position of the beach profile (the triangles mark the field observation positions).
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simulation research on beaches. It uses a shallow-water equa-
tion averaged along the water depth to simulate low-frequency
and wave-generated currents and uses the generalized Lagrangi-
an average theory of the water depth average to simulate the wa-
ter flow to the shore and the bottom reflux (Andrews and
Mcintyre, 1978; Walstra et al., 2000). The wave energy balance
equation is solved, considering wave refraction, shallow-water
deformation, wave-current interaction and wave energy dissipa-
tion (Rienecker and Fenton, 1981; MacMahan et al.,2004); modes
of bedrock and suspended transport are considered in the
seabed profile evolution (Soulsby, 1997; Van Rijn, 2007), the sedi-
ment transport equation is used to solve the equilibrium concen-
tration of sediment, and the water depth-averaged convection-
diffusion equation is used to calculate the sediment concentra-
tion field (Li, 2016a). With continuous improvement and devel-
opment of the model, the XBeach model has been able to simu-
late beach scour, dune (beach shoulder) erosion, overwashing,
flooding and other storm response situations (Harley et al., 2011;
Harter and Figlus, 2017).

This field observation was carried out at TM beach, Pingtan,
from July 23 to July 28, 2021. Hydrodynamic observations along
the cross-shore direction of the beach during Typhoon In-Fa
were carried out (the field observation layout is shown in Fig. 2
below). Change in profile morphology were measured before and
after the impact of the typhoon from July 23 to 25, which was
used to verify the hydrodynamics and morphology of the XBeach
model. RTK-GPS was used to repeatedly measure the changes in
the beach profile. The RTK type is a STONEX S9ⅡPRO; its level
and elevation accuracy are ±8 mm and ±15 mm, respectively; and
the profile measurement range is from the toe of the backshore
dune to the lower tide level. Simultaneously, 7 RBRsolo3D|wave16
wave tidal gauges were set up in the intertidal zone along the pro-
file (Fig. 2). The sampling interval of wave-tide gauges is set as
5 min, and the sampling frequency is 4 Hz (Song et al., 2022).

As shown in Fig. 2, the XBeach numerical model in this paper

is built from the wave gauge T1 set up at the farthest offshore dis-
tance from the P1 profile, with a model range of 0 m to 200 m, the
grid size is 1 m. The model boundary adopts the tidal level and
wave spectrum measured in the first 24 h as the boundary driv-
ing conditions (as shown in Fig. 3): the tidal level condition ad-
opts the measured tide level data that changes every hour, and
the wave uses the JONSWAP waveform data that changes every
hour. The wave direction of the P1 profile is mainly vertical incid-
ence (Zhu et al., 2019).

The morphological evolution model of the beach profile is
verified based on the wave, tide level and profile morphology
data observed in the field. The XBeach model takes the actual to-
pography of the first P1 profile (Fig. 1) as the initial topographic
condition and uses the topographic data of the P1 profile meas-
ured after 24 h to verify the parameters of the numerical model.
Instruments T2–T7 on the P1 section (Fig. 2) are verified by the
measured wave data (Song et al., 2022). The wave changes are
shown in Fig. 4. The wave data measured by instruments T2–T7
are selected for verification. The results show that the Pearson
correlation coefficients between the simulated wave height of the
instrument arranged on the P1 section and the measured wave
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Fig. 2.   Profile of observation and instrument layout. MSL: mean
sea level.
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Fig. 3.   Measured boundary driving conditions.
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height are all greater than 0.7, and the results are credible.
To verify the accuracy of the XBeach numerical model to sim-

ulate the profile morphology, the Brier Skill Score (BSS) empiric-
al coefficient was used to evaluate the rationality of the beach ter-
rain simulation and to analyze the sensitivity of parameters such
as facua (Liang et al., 2021; Li, 2017). The BSS evaluation method
is widely used in evaluations of the dynamic simulation of coastal
geomorphology. Values ranging from 1.0 to 0.5 are excellent, 0.5
to 0.2 are good, 0.2 to 0.1 are reasonable, 0.1 to 0.0 are bad, and
<0.0 are poor. The BSS is calculated using the following formula,

BSS = − MSE(Y,X)
MSE(B,X)

, (1)

MSE (Y,X) =

J

j∑
i=

(yi − xi)
. (2)

In the formula, parameter B represents the initial profile to-
pography data, X represents the measured profile topography
after 24 h of simulation, and Y represents the profile morphology
simulated by the XBeach model (Fig. 5). The profile morphology
and the corresponding BSS value under different parameter
values are calculated. The corresponding BBS value is 0.863.
Thus the simulated topography agrees with the measured P1
profile topography, indicating that the XBeach model estab-
lished in this paper can describe the actual beach topography
change well.

3.2  Model settings
In this paper, we mainly simulate the dry beach profiles for

different profile arrangements of nourishment sizes and nour-
ished sand volume per unit width, which were set to nourish dry
beach sizes of 20 m, 40 m, and 80 m (Gong, 2019; Fan, 2018), and
nourished sand volume per unit width of 7.86 m3/m, 26.11 m3/m,
and 79.3 m3/m, respectively (Fig. 6). Considering the effect of dif-
ferent nourished sand volume per unit width, the nourished sand
volume per unit width increases to 174 m3/m on the basis of the
initial size of an 80 m dry beach alone (Fig. 7). The sediment size
is 0.368 mm, and the slope is designed according to 1:10, which is
consistent with the slope design of the beach nourished project.
The dynamic conditions under normal weather and different
storm conditions are simulated separately, where H0 and H2 rep-
resent normal weather conditions with no water enhancement
effect, while S1, S2 and S3 represent different degrees of storm
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Fig. 4.   Wave verification at different sites.
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Fig. 5.     Verification of the profile morphology. MSL: mean sea
level.
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conditions with different degrees of water enhancement, and the
specific working conditions are shown in Table 1.

4  Analysis of model results

4.1  Results of beach evolution after dry beach nourishment
During the long-term evolution of the nourished dry beach

under normal weather conditions, the degree of dry beach
erosion gradually increases, its morphology is destroyed, a large
amount of sediment is lost from the dry beach, and some sedi-
ment is carried to accumulate above the dry beach (Figs 8a, b).
Under the action of H0W3 and H0W4 conditions for a long time (as
shown in Table 1, H0W3 and H0W4 conditions indicate that the
ocean hydrodynamic force under normal weather conditions
continues to act on the dry beach profile with different nour-
ished sand volume per unit width for 90 days), the nourished dry
beach profile suffers certain changes of washout and siltation, the
ocean hydrodynamic force crosses the dry beach, the nourished
dry beach is eroded landward, part of the eroded beach sand is
carried to accumulate above the dry beach (Fig. 8a), the maxim-
um accumulation thickness is 0.55 m, the slope form of the dry

beach is changed, and the maximum erosion thickness of the
nourished dry beach is 1.15 m (Fig. 8c). As the nourished sand
volume per unit width of the nourished dry beach increases, the
degree of erosion of the dry beach increases under the influence
of ocean hydrodynamics and the gravity of the dry beach itself,
and the maximum erosion thickness of the nourished dry beach
is 1.53 m. The eroded beach sand is transported offshore and ac-
cumulates in the lower beach surface with a convex accumula-
tion of 0.88 m (Fig. 8c).

4.2  Simulation results for a nourished beach under storm condi-
tions

4.2.1  Simulation results of nourishment profiles with different dry
beach sizes

Under the extreme hydrodynamic impact of the storm, with
sediment erosion on the slope above the beach backshore under
extreme storm hydrodynamics, and the degree of sediment
erosion increases with increasing storm action. Under the im-
pact of a weak storm, sediment erosion and deposition changes
are relatively small, and dry beach morphology is preserved,
whereas under stronger storms, the morphological response of
the nourished dry beach increases, and the sediment migrates
offshore. The lower beach surface is eroded to different degrees,
and the eroded sediment migrates offshore. The sediment
eroded with different dry beach widths is deposited at almost the
same location on the lower beach, and the sediment deposition
thickness is basically the same (Fig. 8).

Under storm condition S1, the thickness of sediment erosion
and deposition along the nourished profile varies for different dry
beach widths (Figs 9a, d). When the size of the nourished dry
beach is 20 m, the maximum erosion thickness of the backshore
slope is 0.97 m. As the size of the nourished dry beach increases,
the erosion degree decreases. At this time, the maximum erosion
thicknesses of the backshore slope are 0.92 m and 0.80 m, and the
eroded sediment is deposited at the bottom of the slope above
the backshore. The nourished dry beaches of different sizes are
all eroded under the impact of the storm, and the maximum
erosion thicknesses of the sediment are 0.15 m, 0.54 m, and
0.61 m. The eroded sediment is deposited at the bottom of the
slope above the nourished dry beach.

Under storm condition S2, the sediment erosion along the
nourished profile of different dry beach sizes is similar to the
former (Figs 9b, e). For the nourished dry beach size of 20 m, un-
der the impact of S2, the maximum erosion thickness on the
backshore slope is 1.33 m. When the sizes of the nourished dry
beach are 40 m and 80 m, the maximum erosion thicknesses of
the backshore slope are 1.27 m and 1.23 m, and the maximum
erosion thicknesses of the nourished dry beach are 0.56 m and
0.62 m, which are not much different from the effect of working
condition S1. The sediment deposition at the bottom of the slope
in front of the nourished dry beach decreases, and the sediment
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Fig.  6.     Morphology  of  nourished  profiles  with  different  dry
beach sizes (Point A is the boundary of the model, Point B is the
outer edge of the dry beach shoulder of the nourished profile,
and Point C is the toe of the backshore). MSL: mean sea level.
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Fig. 7.   Topography of nourishment profiles with different nour-
ished sand volumes per unit width (Point A is the boundary of the
model, Point B is the outer edge of the dry beach shoulder of the
nourished profile, and Point C is the toe of the backshore). MSL:
mean sea level.

Table 1.   Numerical simulation conditions

Conditions
Maximum significant

wave height/m
Maximum increase

water/m
W1 W2 W3 W4

20 m (7.86 m3/m) 40 m (26.11 m3/m) 80 m (79.3 m3/m) 80 m (174 m3/m)
H0 0.8 0 – – 90 d 90 d
S1 3.5 1.0 72 h 72 h 72 h –
S2 4.5 1.5 72 h 72 h 72 h 72 h
S3 5.5 2.0 72 h 72 h 72 h –
H2 0.8 0 – – 30 d 30 d

      Note: The significant wave height and storm water increase are both time series changes. – represents no data.
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deposition position on the lower beach migrates forward and in-
creases. Subsequently, the beach sediment is in a state of erosion.

Compared with S1 and S2, under the storm condition S3, the
response degree of the nourished profiles with different dry
beach sizes is the largest (Figs 9c, f). At this time, the maximum
sediment erosion thicknesses of the slope above the backshore
are 1.89 m, 1.81 m and 1.68 m, and the sediment deposition at the
bottom of the slope increases. When the nourished dry beach
size is 20 m, the nourished dry beach sediment is less affected.
When the nourished dry beach sizes are 40 m and 80 m, the max-
imum erosion thicknesses of the dry beach are 0.57 m and 1.12 m,
respectively. There is more sediment erosion on the beach sur-
face below the dry beach. Some eroded sediment deposits on the
beach surface and the sediment at the boundary of the beach are
slightly eroded.

4.2.2  Simulation results of nourishment profiles with different
nourished sand volume per unit width

For the nourishment effect of different nourished sand
volume per unit width profiles, this section mainly uses S2 storm
conditions for simulation analysis. Under the strong storm ocean
hydrodynamic action, for the profile with a small nourished sand
volume per unit width, under the combined action of storm wa-
ter and storm waves, the seawater can easily cross the nourished
dry beach, forming a more obvious diffuse beach process and
causing making the backshore slope sediment erosion with a
maximum erosion thickness of 1.23 m and nourished dry beach
landward erosion (Figs 10a, c). As the nourished sand volume of
the nourished dry beach increases, the storm hydrodynamic
force is consumed more at the location of the front slope of the
nourished dry beach, the seawater slightly crosses the dry beach,
and a small amount of sediment accumulates in the upper part of
the dry beach, and the maximum erosion thickness of the nour-
ished dry beach is 1.28 m at this time (Figs 10b, c).

4.3  Simulation results of beach evolution after storms
In the fully dissipative beach profile after the storm, under

normal weather conditions, the sediment migrates in part of the

beach profile, and the overall evolution degree of the profile is
small. At this time, the beach profile recovery after the storm is
not obvious (Fig. 11). Under the H2W3 working condition, the
overall response of the storm profile is small, and the sediment at
the dry beach continues to erode. Compared with the storm pro-
file, the maximum erosion thickness increases by 0.22 m, and
part of the eroded sediment is alluvial in the upper part of the dry
beach. The maximum deposition thickness is 0.18 m (Figs 11a, c).
Compared to the nourishment profile with a larger nourished
sand volume per unit width, the entire storm profile responds to
a lesser extent under the action of working condition H2W4, with
almost no change in the beach profile and a small amount of sed-
iment transported slightly offshore by ocean hydrodynamics
(Figs 11b, d). In general, after the storm, the storm profile recov-
ers under normal wave conditions, while for fully dissipated
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Fig. 9.   Simulation results of the nourished dry beach profile and
the thickness of sediment intrusion along the profile route under
different working conditions. Simulation results of S1W1,  S1W2

and S1W3 working conditions (a, d); simulation results of S2W1,
S2W2  and S2W3  working conditions (b, e); simulation results of
S3W1, S3W2 and S3W3 working conditions (c, f).
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beaches, after a period of recovery, the recovery effect is less ob-
vious, the dry beach morphology recovers less, the overall sedi-
ment is in an erosion state, the beach profile morphology is ba-
sically unchanged, and the beach sediment is still in a deficit
state compared with the initial nourishment of the dry beach
profile.

5  Discussion

5.1  Storm response of nourished dry beaches with different profile
arrangements
There are significant differences in the responses of different

profile arrangements of nourished dry beach profiles under
storm action, and the change in the profile (MPC) is introduced
here to explore the degree of change in beach migration under
storm action for different profile arrangements of nourished dry
beach profiles (Qi et al., 2010).

MPC =

∫ x

x

|za − zb|dx, (3)

ω =
MPC

Δt× (x − x)
, (4)

za zb
x − x

ω
Δt

where  and  represent the initial profile before the storm ac-
tion and the beach profile elevation after the storm action, 
represents the total beach length,  represents the rate of change
of beach migration, and  represents the time of storm action.
The calculated rates of change in migration of different profile ar-
rangements of nourished dry beach profiles are shown in Table 2.

When dry beach nourishment is finished on a fully dissipat-
ive beach, storm waves start to dissipate on the lower beach sur-
face and on the dry beach. At this time, the dry beach sediment is
easily eroded and carried by seawater and deposited in different
locations. There are differences in beach storm responses under
different storm conditions. When there is a stronger storm in-

Table 2.   Rates of changes in the migration of different profile ar-
rangements of nourished dry beach profiles under the effect of
storms

Numerical
simulation
conditions

Different profile
arrangement of

nourished dry beaches ω

Rates of changes in the
migration of nourished
dry beach profiles ( )

S1 20 m (7.86 m3/m) 0.017

40 m (26.1 m3/m) 0.024

80 m (79.3 m3/m) 0.032
S2 20 m (7.86 m3/m) 0.027

40 m (26.1 m3/m) 0.032

80 m (79.3 m3/m) 0.043

80 m (174 m3/m) 0.036
S3 20 m (7.86 m3/m) 0.055

40 m (26.1 m3/m) 0.061
80 m (79.3 m3/m) 0.072

Table 3.   Characteristic values of the variations in intrusion and
silting variation in nourished dry beaches of different sizes

Numerical
simulation
conditions

Dry beach
size/m

Amount of
change per

unit width/m3

Dry beach
erosion

distance/m
S1 20 26.8 7

40 37.8 23

80 50.4 36
S2 20 42.5 0

40 50.4 18

80 67.7 42
S3 20 86.6 0

40 96.1 18

80 113.4 51

MSL

nourished sand volume per unit width of 79.3 m3/m
S2W3 working condition under storm condition

S2W4 working condition under storm condition

S2W3 working condition under storm condition
S2W4 working condition under storm condition
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Fig.  10.     Simulation  results  of  profiles  with  nourished  sand
volume per unit width and sediment erosion thickness along the
course under the action of S2 storm conditions.
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Fig.  11.     Simulation  results  of  storm  profiles  and  sediment
erosion thickness of dry beaches with different nourished sand
volume per unit width. Simulation results of S2W3 and H2W3 con-
ditions (a, c);  simulation results of S2W4  and H2W4  conditions
(b, d). MSL: mean sea level.
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tensity and larger storm wave, the change in the beach morpho-
logy increases. For a nourished dry beach in a completely dissip-
ative beach, during the storm impact, it carries more con-
sumptive wave energy, which is often greatly affected. Based on
Tables 2 and 3, it is given that there is a difference in the degree of
the response of different nourished dry beach size profiles under
storm action, the stronger the storm action is, the greater the in-
crease in the beach migration rate and erosion degree of differ-
ent widths of nourished dry beach profiles, while the average
amount of change in beach profiles increases gradually as the dry
beach size increases under the same storm action. Increasing the
nourished sand volume of the nourished dry beach, the dry
beach has sufficient sand source, and the erosion of the nour-
ished dry beach increases under the influence of continuous
storm hydrodynamic force and the self-weight of the dry beach
(Table 3), Fig. 10b shows that the beach backshore is basically
unaffected, and the overall migration rate of the beach at this
time is slightly lower than that of the nourishment profile with a
small nourished sand volume (Table 2).

Dry beach nourishment sizes have a significant effect on the
degree of beach storm response, providing an abundant source
of erodible sand during storm action when the nourished dry
beach is wider and larger in size, thereby enhancing the beach
defenses to some extent (Liang et al., 2021). In contrast, under ex-
treme storm conditions, there is also dry beach sand loss. For the
storm response characteristics of fully dissipative beaches, when
the sand source on the beach is more abundant, the storm wave
energy is more fully dissipated on the dry beach, and the degree
of its storm response is more significant (Table 3).

5.2  Analysis of energy consumption for nourished dry beaches
with different profile arrangements
The model results show that the storm response degree of the

nourished dry beach with different sizes and nourished sand
volume per unit width are also different. With the increase in the
dry beach sizes and nourished sand volume per unit width, the
nourished dry beach is eroded. Erosion continues to increase
and the morphology of the nourished dry beach changes. From
the perspective of dynamics, waves are the main controlling
factor affecting the evolution of dry beach. Therefore, it is neces-
sary to further analyze the wave weakening ability and disaster
reduction efficiency of nourished dry beaches with different
widths under the impact of storms.

The wave height attenuation rate (Rwl) refers to the wave
height H0 in the process of shore propagation, passing through
the beach of width L. Then, the ratio of the wave height attenu-
ation (H0−HL) to the original wave height H0 is calculated accord-
ing to the following formula (Qi et al., 2020),

Rwl =
H − HL

H
× %, (5)

where H0 and HL are the wave height inside the wave breaking
zone and the wave height outside the wave breaking zone, re-
spectively, and the units are m.

Under different storm intensity conditions, the wave energy
attenuation rates from the outer edge of the dry beach shoulder
(Point B) to the bottom of the backshore slope (Point C) were cal-
culated respectively (Fig. 6). The energy dissipation effect of dif-
ferent profile arrangements of nourished dry beaches under the
impact of storms was studied through comparative analysis, and
when combined with the wave difference at Points B and C of dif-
ferent profile arrangements of nourished dry beaches, the dis-

aster reduction efficiency of nourished dry beaches is discussed.
Under different storm conditions, from Point B on the outer

edge of the beach shoulder to Point C at the bottom of the back-
shore section, the wave attenuation rates of the nourished dry
beach are different (Table 4). The wave attenuation rate from
Point B to Point C on the outer edge of the dry beach shoulder in-
creases and the dissipation process is more significant when the
nourished sizes of the dry beach increase with the same intensity
of storm action (Table 4). This relationship occurs because when
the beach profile is subjected to storm impact, the wider the
nourished dry beach is, the less wave energy is consumed on the
beach between the bottom of the dry beach slope and the model
boundary. When the storm wave reaches the slope of the nour-
ished dry beach, more wave energy is dissipated. As the size of
the nourished dry beach increases, the storm waves acting on the
dry beach become stronger, and more storm wave energy is con-
sumed as the storm waves interact with the nourished dry beach.
When the size of the nourished dry beach is constant, the smaller
the intensity of the storm action is, the greater the wave attenu-
ation rate from Point B of the nourished dry beach to Point C of
the backshore, and the wave mitigation effect is more obvious
(Table 4).

As the nourished sand volume per unit width of the nour-
ished dry beach increases, the degree of energy consumption of
the nourished dry beach storm increases. Compared with the
nourished sand volume per unit width of the small profile, the
difference in the degree of energy consumption of the beach be-
low the dry beach at this time is not significant. With the action of
storm waves on the dry beach, the greater the nourished sand
volume per unit width, the more abundant the sand source and
the relative increase in storm waves and the degree of action of
the dry beach, so the degree of energy consumption of the dry
beach increases (Table 4).

During a storm, the storm waves are dissipated on the beach
surface. Under the same storm conditions, when the storm waves
are not interacting with the nourished dry beach, there is little
variation in the attenuation rate of the wave height along the
beach surface below the dry beach. When the storm wave inter-
acts with the nourished dry beach, the degree of wave dissipa-
tion increases. As the nourished dry beach size and nourished
sand volume per unit width increase, the degree of wave dissipa-
tion increases and its wave attenuation rate increases. As the
storm waves interact with the nourished dry beach, the nour-
ished dry beach has a certain wave dissipation effect, and the de-
gree of storm wave attenuation is enhanced. Compared with
weak storms, the nourished dry beach has a weaker effect on
wave dissipation during stronger storms (Fig. 12).

5.3  Evolution model of a fully dissipative beach after dry beach
nourishment
The fully dissipative beach has a relatively wide and flat sur-

Table 4.   Characteristic values of wave attenuation rates for dif-
ferent profile arrangements of nourished dry beach profiles

Different profile arrangements of
nourished dry beaches

B to C wave height
attenuation rate/%
S1 S2 S3

Dry beach size/m 20 52 37 32

40 67 49 42

80 72 56 54

Nourished sand volume
per unit width/(m3·m−1)

79.3 − 56 −

174 − 62 −

      Note: − represents no data.
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face, and the waves generated under normal weather and during
storms are largely dissipated on the beach surface. After analyz-
ing the nourished effect of the fully dissipative dry beach, under
the normal hydrodynamic action of H0W3 and H0W4 conditions
for a long time, the response of the beach profile is larger, the
amount of sediment erosion of the nourished dry beach gradu-
ally increases, the local erosion of the beach surface deepens,
some sediment is lost, and the morphology of the nourished dry
beach is damaged (Figs 13a, c and 14a). After the short-term ef-
fect of the storm, the existence of the nourished dry beach can
play an important role in reducing waves and in protection and
disaster reduction for the backshore, which is mainly realized by
redistribution of sediment erosion in the beach system and the
dynamic adjustment of the dry beach (Fig. 14b). After the storm,
under normal weather conditions, the nourished dry beaches
showed a certain recovery trend, but the recovery effect is not ob-
vious (Figs 13b, d and 14c). Therefore, although dry beach nour-
ishment on fully dissipative beaches can protect the backshore,
the nourished dry beach effect is slightly worse, and the nourish-
ment of dry beach sand can be easily lost and not easily re-
covered.

6  Conclusions
In this paper, based on the topographic and hydrodynamic

data of typical fully dissipative beach profiles measured in the
field, an XBeach numerical model is established to verify the pro-
file elevation evolution model of Pingtan TM beach under the in-
fluence of Typhoon In-Fa. Based on the analysis of the pattern of
different widths on nourished dry beaches in dissipative beaches
under normal and storm weather conditions, the nourished ef-
fect and disaster mitigation efficiency of dry beaches are dis-
cussed, and the following conclusions are obtained.

(1) The morphology of the profile changes with different
storm hydrodynamic conditions of the storm. The stronger the
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Fig. 12.   Variation in the wave attenuation rate for different pro-
file arrangements of nourished dry beach profiles. Wave energy
dissipation  for  different  dry  beach  size  nourishment  profiles
(a–c);  wave  energy  dissipation  for  different  nourished  sand
volume profiles (d).
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Fig. 13.   Long-term evolution of the initial profile and the storm beach profile under normal weather conditions. Evolution of the
profile with a nourished sand volume per unit width of 79.3 m3/m (a, b); evolution of the profile with a nourished sand volume per
unit width of 174 m3/m (c, d).
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storm is, the greater the dry beach response and the more sedi-
ment loss that occurs, while at the same storm intensity, as the
dry beach size increases, the beach surface consumes less storm
energy, and the degree of nourished dry beach response in-
creases.

(2) The existence of the nourished dry beach in front of the
beach efficiently mitigates wave energy. Under the same storm
conditions, as the size and nourished sand volume per unit width
of the nourished dry beach increases, the wave height attenu-
ation rate of the nourished dry beach increases. As the waves in-
crease under the effect of stronger storms, the wave height atten-
uation rate of the same size of the nourished dry beach de-
creases, and at this time, when the intensity of the storm is smal-
ler, the effect of the nourishment dry beach wave elimination is
more obvious.

(3) The existence of nourished dry beach plays a certain pro-
tection and disaster mitigation role in the backshore, but the dry
beach sediment is subject to much erosion, weakening the stabil-
ity of the dry beach. After a storm under the action of normal
waves, although the nourished dry beach has been restored, the
effect is less obvious. From the model results.The model results
reveal that fully dissipative beaches are less suitable for dry beach
nourishment, with easy loss of beach sand and poor recovery
ability; this finding has reference value, but should be analyzed in

conjunction with beach monitoring data to fully explain the ef-
fect of dry beach nourishment for fully dissipative beaches.
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