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Abstract

The cross-shore variation in wind speeds influenced by beach nourishment, especially the dramatic changes at
the nourished berm, is important for understanding the aeolian sand transport processes that occur after beach
nourishment, which will contribute to better beach nourishment project design on windy coasts. In this paper, the
influencing factors and potential mechanism of wind speed variation at the edge of a nourished berm were
studied.  Field observations,  together with the Duna model,  were used to study the cross-shore wind speed
distribution  for  different  nourishment  schemes.  The  results  show  that  the  nourished  berm  elevation  and
beachface slope are the main factors controlling the increase in wind speed at the berm edge. When the upper
beach slope is constant, the wind speed at the berm edge has a positive linear correlation with the berm elevation.
When the berm elevation remains constant, the wind speed at the berm edge is also proportional to the upper
beach slope. Considering the coupling effects of nourished berm elevation and beachface slope, a model for
predicting the wind speed amplification rate at the nourished berm edge was established, and the underlying
coupling mechanism was illustrated.
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1  Introduction
Beach nourishment is an engineering and technical means

for rapidly widening beaches and stabilizing shorelines through
artificial sand filling (Finkl and Walker, 2002; Hu et al., 2008;
Zhuang et al., 2009, 2011; Cai, 2015). Beach nourishment changes
the original beach topography significantly and rapidly; for ex-
ample, after sand filling, beaches are elevated with rising berms
and slopes, and foredunes are restored (Qi et al., 2021). On windy
coasts, the beach topography change by beach nourishment will
significantly alter the wind field above the beach (van der Wal,
1998; Jackson and Nordstrom, 2011). The near-shore wind af-
fects the aeolian sand transport process, which is an important
factor that should be considered in beach nourishment. Under-
standing the characteristics of the cross-shore wind speed distri-
bution will benefit the design of beach nourishment projects in
windy areas and the efficiency of sand filling (Cai, 2015; Peterson
and Bishop, 2005). The cross-shore wind speed after beach nour-
ishment may vary significantly, especially at the edge of the
beach berm, which is mainly affected by two factors: the nour-
ished berm height (NBH) and the nourished beach slope (NBS)
(Nordstrom et al., 2006; Sloss et al., 2012; Pupienis et al., 2014; Liu
et al., 2016; Kaczkowski et al., 2018; Hojan et al., 2019). They in-
fluence each other naturally, but there are few studies on their re-

lative importance and their influence on wind speed at the edge
of a nourished beach berm. A number of simulations and meas-
urements have been carried out on wind field variations caused
by topography changes in inland hills, desert dunes and natural
beaches (Jackson and Hunt, 1975; Neuman et al., 1997; Miller
and Davenport, 1998; Bauer et al., 2009); however, there is little
research to compare the wind fields before and after beach nour-
ishment.

Numerical simulation is an important tool for studying the ef-
fects of topography on wind fields. It was initially based on the
use of two-dimensional computational fluid dynamics (CFD)
models (Abe et al., 1993; Byrne and Holdø, 1998; Nicholas, 2001;
Safarzadeh et al., 2009) but was later extended to three-dimen-
sional numerical simulations to simulate the distribution of wind
fields over complex terrain and to obtain and analyze complex
environments, such as the relationship between dunes and air-
flow fields on their surface (Lane et al., 2002; Lee et al., 2002; Lun
et al., 2003; Stangroom, 2004; Nguyen and Nestmann, 2004;
Inkratas et al., 2009; Feng and Ning, 2010; Jackson and Nord-
strom, 2011). However, this method cannot address dynamic
landscapes with strong interactions between processes and land-
forms, such as beach-dune systems. More recently, a series of
wind-sand-topography coupling models, such as AEOLIS (Hoon-
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hout and Vries, 2016), CS (Hallin et al.,  2019), and Duna
(Roelvink and Costas, 2019), have been developed to resolve this
problem. Among them, Duna is a comprehensive open-source
model based on the process of aeolian sand transport and
morphodynamics. It also has high computational efficiency;
therefore, based on field observations, Duna is used to simulate
the wind fields for different nourishing scenarios, with a focus on
the wind speed variation at the nourished berm edge.

2  Study area
The study area is located on the northeastern coast of Chang-

le, Fujian Province (Fig. 1a), where the wind is strong due to the
monsoon climate and “narrow valley effect” of the Taiwan Strait.
The strait is narrow in the north and wide in the south, with an
average width of 180 km and an average depth of 60 m. Most of
the mountains on both sides of the strait are over 1 500 m above
sea level, forming the pronounced “narrow valley” topography of
the Taiwan Strait (Pan and Lin, 2019). Dominated by the East Asi-
an monsoon climate system, the strong, northeast monsoon pre-
vails from October to April of the following year and the coastal
aeolian activity is intense, while the weak, southwest monsoon is
dominant from June to August (Fujian Provincial Meteorological
Bureau, 1981a; Kuang et al., 2015; Hong et al., 2017). Throughout
the year, the NE wind prevails, with an average wind speed of up
to 8 m/s and an average of up to 45 days of strong winds per year
(Fig. 1b). It is an ideal, experimental area for coastal aeolian re-
search in windy areas in China. The region is a subtropical ocean

monsoon with an average annual precipitation of 1 382.3 mm
from March to September and a dry season from October to Feb-
ruary of the next year (Fujian Provincial Meteorological Bureau,
1981b; Zhang and Li, 1995). In addition, the coastal terrain is flat,
and the tidal range is large, with an average spring tidal range of
up to 5.4 m (He et al., 2022). After the tide ebbs, a wide, sandy
beach forms.

In July 2021, sand filled this area, constructing a nourished
beach with a berm width of approximately 50 m and an elevation
range from 4.2 m to 5.2 m (Third Institute of Oceanography, Min-
istry of Natural Resources, 2020). After nourishment, the beach
profile was adjusted adaptively under the combined actions of
coastal wind and water, leading to corresponding changes in the
NBH and NBS.

3  Methods

3.1  Synchronous observation of cross-shore wind speed
Strong northeasterly winds and strong waves in the winter

resulted in severe erosion of the beach berm in the northern and
central sections of the nourished beach, while the berm formed
and widened due to aeolian sand accumulation in the southern
section. Considering that the topography of the south section is
more intact than that of the other parts, profile 1 (P1) with ap-
proximately the berm height of 4.18 m and the nourished slope of
1:10 was selected to observe the cross-shore wind speed change
(Fig. 1c). The wind speeds at the tidal flat, foredune toe, and fore-
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Fig. 1.   Location of the study area (a), the field observation profile before beach nourishment (b) and the profile after nourishment (c).
The year-round data of wind rose for the study area in b is sourced from He et al. (2022); the red dashed box in c represents the
nourished beach.
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dune crest were observed by three portable anemometers (Rain-
Wise Windlog) at a sampling rate of per min, represented as W1,
W2 and W3, respectively (Fig. 2). The anemometers were in-
stalled at a height of 1 m above the ground, and the observation
period was from 14:20 to 19:37 on April 16, 2022, according to the
exposure period in the intertidal zone. A handheld RTK (STONEX
S9Ⅱ GPS-RTK) was used with horizontal and elevation errors of
±0.5 cm and ±2 cm, respectively. A survey was conducted along
transect P1 from the lee slope of the foredune to the low tide wa-
terline.

3.2  Numerical simulation

3.2.1  Model introduction
The Duna model is an open-source model that simulates the

process of aeolian sand transport and landform evolution, incor-
porating several components, such as the wind model based on
Kroy et al. (2002), the sediment transport model based on
Bagnold (1936) and Sauermann et al. (2001), and the vegetation
growth model based on Durán and Herrmann (2006). Duna also
considers limiting factors for sediment transport, such as grain
size, vegetation, slope and moisture. To simulate wind field for
different nourishment scenarios, the effect of topography on the
wind field in the model is described as follows:
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where  is the beach surface shear stress,  represents the av-

erage surface shear stress (far away from any obstacle),  is the
onshore distance of the profile,  is the elevation of the section, 
is described the ratio of  to the characteristic length of the fore-
dune, and  and  are the wind speed calibration parameters re-
lated to the geomorphology. The larger the values of  and  are
the greater the variation range of surface shear stress increases
with topographic fluctuation changes (Kroy et al., 2002). The ef-
fect of wind direction on wind speed is calculated as
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where  is the horizontal component of the wind speed, that is,
wind parallel to the dune,  is the vertical component of the
wind speed, that is, wind perpendicular to the dune,  is the ac-
tual simulated wind speed,  is the incident wind speed, and

 is the angle of the wind relative to the beach normal.

3.2.2  Model calibration
The three portable anemometers ran synchronously for a

total of 318 min. The same wind speed and wind direction recor-
ded by the W1 anemometer in the mid-intertidal zone were
merged into one wind event, and 61 wind events were determ-
ined after amalgamation (Table 1).

To calibrate the model, the W1 wind speed and orientation
with respect to the beach normal are used as the incoming wind
speed (u0) and the incidence angle (φ0), respectively. The topo-
graphic profile (x0, zb0) of P1 is used as the topography setting in
the model. The wind speeds observed at the foredune toe (W2)
and the foredune crest (W3) are taken as the model validation
data.

3.2.3  Simulation scheme
The average wind speed recorded by the W1 anemometer is

approximately 8 m/s during the exposure period in the mid-in-
tertidal zone, which is consistent with the local annual average
wind speed (Fujian Provincial Meteorological Bureau, 1981a). In
this paper, several incident wind regimes (Table 2) were used for
scenario simulation.

Previous studies have shown that the variation in wind speed
at the edge of the nourished beach berm is affected by two main
factors, namely, NBH and NBS (Nordstrom et al., 2006; Pupienis
et al., 2014; Liu et al., 2016; Kaczkowski et al., 2018; Hojan et al.,
2019). This paper refers to the profile shapes of beach nourish-
ment on the west coast of the Taiwan Strait (Lei et al., 2013; Liu et
al., 2016; Third Institute of Oceanography, Ministry of Natural
Resources, 2020), combined with the practical experience of pre-
decessors who studied beach nourishment (US Army Corps of
Engineer, 2002; Dean, 2003; Cai, 2015), and the position of the
nourished berm edge remains unchanged. The shape of the
beach berm can be reasonably generalized from the NBH and
NBS (Table 3). Here, NBH is defined as the elevation of the edge
of the nourished beach berm relative to the mean sea level
(MSL), and NBS is defined as the ratio of the elevation difference
between the nourished berm edge and the slope break to the ho-
rizontal distance between them. In the case of the NBH design,
the corresponding NBS adopts the common value of a similar
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Fig. 2.   Geomorphology of P1 before and after nourishment and location of anemometers on P1 in nourished beach. The photo is the
W1 anemometer. HWL: high water level; LWL: low water level.
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beach nourishment project, that is, 1:10. The elevation value at the
mean high water level of spring tide (MHWS) in the study area is
3.28 m. In the case of slope variation and extreme hydrodynam-
ics, the design value of the NBH is usually 1–2 m higher than that
of the MHWS, which is set at 4.28 m in the model. The boundary
conditions and ideal beach profile information are input into the
Duna model to simulate the variation in cross-shore wind speed
caused by different shapes of nourished beach profiles.

4  Results

4.1  Field observations
During the observation period, the wind speed range in the

study area is approximately 5–12 m/s, with the prevailing wind
direction being NE (Fig. 3a). To quantify the wind speed at the
sites, the average wind speeds recorded by the three portable an-
emometers during this period are 7.71 m/s, 7.97 m/s and
8.70 m/s from the intertidal zone to the foredune crest. The gen-
eral trend in the data are that the wind speed recorded by the W3

anemometer at the foredune crest is the highest, the wind speed
recorded by the W2 anemometer at the foredune toe is in the
middle, and the wind speed recorded by the W1 anemometer in
the mid-intertidal zone is the lowest (Fig. 3b).

4.2  Calibration results
With the incident wind and topography settings mentioned in

Section 3.2.2, wind speeds at W2 and W3 for the 61 wind events
were simulated with different combinations of α and β paramet-
ers. In this paper, the coefficient of determination (R2) and root
mean square error (RMSE) are used to express the difference
between the simulated wind speed and the observed wind speed.
The results show that compared with other parameter combina-
tions, when α is 3 and β is 1, the simulated wind speed of the fore-
dune toe agrees with the observed value, the fitting R2 is 0.89, and
the RMSE is the lowest, namely, 0.39 m/s. The observed and sim-
ulated wind speeds at the dune crest are basically consistent,
with R2 values as high as 0.92 and RMSE values as low as 0.26 m/s
(Fig. 4). Overall, when α is 3 and β is 1, the simulated results are
highly consistent with the observed results, ensuring the applic-
ability of this model to our study site.

4.3  Simulated results
A total of 215 cases were simulated using the calibrated mod-

el. To better show the variation in the cross-shore wind speed,
only 55 representative cases were selected in Fig. 5. There are
three types: (1) when NBH is 2 m, 3 m, 4 m, 5 m and 6 m, respect-
ively, and the other conditions remain unchanged, the variation
in cross-shore wind speed on the nourished beach surface cor-
responds to the different incidence wind speeds (4 m/s, 6 m/s,
8 m/s, 10 m/s, 12 m/s) that are perpendicular to the shoreline (25
cases); (2) when NBS is 1:5, 1:10, 1:15, 1:20 and 1:25, and the oth-
er conditions remain unchanged, the variation in cross-shore
wind speed corresponds to the different shoreline-normal incid-

Table 1.   Configure model information

Wind event Time
Incident data Wind speed validation data

Wind speed of W1/(m·s−1) Wind direction of W1/(°) Wind speed of W2 /(m·s−1) Wind speed of W3 /(m·s−1)

1 2022/4/16 19:37 5.4 45 6.6 7.3

2 2022/4/16 18:16 5.5 45 6.4 7.4

2022/4/16 18:13 5.6 45 6.6 7.2

2022/4/16 18:14 5.6 45 6.5 7.7

2022/4/16 18:15 5.6 45 6.3 6.8

3 Average 5.6 45 6.5 7.2

4 2022/4/16 18:18 5.8 67 7.1 8.1

2022/4/16 18:17 5.9 45 6.4 7.0

2022/4/16 18:20 5.9 45 6.8 7.8

2022/4/16 18:39 5.9 45 5.7 7.0

5 Average 5.9 45 6.3 7.3
...

...
...

...
...

...
61 2022/4/16 16:54 10.1 22 9.6 10.6

Table 2.   Incident wind regimes at the model boundary
Incident wind speed/(m·s−1) Incident angle/(°)

4 0
6 0
8 0

10 0
12 0

Table 3.   Experimental schemes of beach nourishment
Design of NBH Design of NBS

The variration
range of NBH/m

Corresponding
NBS

The variration
range of NBS

Corresponding
NBH/m

2.0 1:10 1:25 4.28

2.2 1:10 1:24 4.28

2.4 1:10 1:23 4.28

2.6 1:10 1:22 4.28

2.8 1:10 1:21 4.28

3.0 1:10 1:20 4.28

3.2 1:10 1:19 4.28

3.4 1:10 1:18 4.28

3.6 1:10 1:17 4.28

3.8 1:10 1:16 4.28

4.0 1:10 1:15 4.28

4.2 1:10 1:14 4.28

4.4 1:10 1:13 4.28

4.6 1:10 1:12 4.28

4.8 1:10 1:11 4.28

5.0 1:10 1:10 4.28

5.2 1:10 1:9 4.28

5.4 1:10 1:8 4.28

5.6 1:10 1:7 4.28

5.8 1:10 1:6 4.28

6.0 1:10 1:5 4.28

      Note: NBH: nourished berm height; NBS: nourished beach slope.
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ence wind speeds (4 m/s, 6 m/s, 8 m/s, 10 m/s, 12 m/s), namely,
25 cases, and (3) the variation in cross-shore wind speed on the
natural beach surface corresponds to the different shoreline-nor-
mal incidence wind speeds (4 m/s, 6 m/s, 8 m/s, 10 m/s, and
12 m/s), namely, 5 cases.

The simulation results show that the cross-shore wind speed
is almost unchanged from the mid-intertidal zone to the dune toe
before beach nourishment. As there are many abrupt terrains
from the dune toe to the dune crest, and the cross-shore wind

speed on the dune changes violently, but with a general increase
trend. The wind speed at the three geomorphic feature sites (the
dune crest, the dune toe, and the mid-intertidal zone) shows sig-
nificant differences, with the maximum wind speed at the dune
crest, followed by the dune toe, and the minimum wind speed in
the mid-intertidal zone (Figs 5c– l). After beach nourishment, the
wind speed at the nourished berm increased rapidly, while the
wind speed at the break point decreased sharply (Figs 5c–l).

When NBH changes, other conditions remain unchanged and
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Fig. 3.   The wind roses of the three geomorphic feature sites (a) and observed value of cross-shore wind speeds along the beach profile
(average wind speed per 10 min) (b).
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Fig. 4.     Comparison of observed and simulated wind speeds at the foredune toe (a–c) and foredune crest (d–f) under different
parameter combinations of α and β.
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the shoreline-normal incidence wind speed is constant; higher

beach berm can lead to greater wind reduction at the slope

break, greater wind increase at the berm edge. When NBH is con-

stant, larger wind speed can cause more sudden decrease in wind

speed at the slope break, and more obvious wind speed increase

at the berm edge (Figs 5c, e, g, i, k).

When NBS changes, other conditions remain unchanged and

the shoreline-normal incidence wind speed is constant; the
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Fig. 5.   The shapes of different nourished beach profiles are designed when nourished berm height changes (a) or nourished beach
slope changes (b) and other conditions remain unchanged; the distribution of  cross-shore wind speed with shoreline-normal
incidence wind speed of 4 m/s (c), 6 m/s (e), 8 m/s (g), 10 m/s (i) and 12 m/s (k) corresponding to the shapes of different nourished
beach profiles in a; the distribution of cross-shore wind speed with shoreline-normal incidence wind speed of 4 m/s (d), 6 m/s (f),
8 m/s (h), 10 m/s (j) and 12 m/s (l) corresponding to the shapes of different nourished beach profiles in b. MHWS: mean high water
level of spring tide.
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steeper the NBS is, the greater the wind speed reduction is at the
slope break, and the greater the wind speed increase is at the
berm edge. When NBS is constant, larger wind speed can result
in greater the wind speed at the berm edge, but smaller wind
speed at the slope break (Figs 5d, f, h, j, l). Compared with NBH,
the wind speed at the berm edge is more affected by NBS.

5  Discussion
The evolution of beach morphology is a complex process,

which is constantly influenced by various driving forces such as
tide, waves and wind. Moreover, through the coupling effect of
various coastal forces, its evolution process is really difficult to
predict, and it has also attracted a large number of coastal re-
searchers and engineers to carry out a lot of exploratory research
(Bauer et al., 2009; Qi et al., 2010; Liu et al., 2011, 2017; Walker et
al., 2017; Bauer and Wakes, 2022). On the other hand, beach mor-
phology also acts on various coastal forces. The underwater topo-
graphy significantly affects the wave and flow field, and the topo-
graphy of the dry beach surface has an important influence on
the wind regime directly (Walker et al., 2017). Therefore, this
study mainly focuses on the cross-shore wind speeds response to
different nourished beach morphologies. Based on the result of
the rapid change in wind speed at the nourished berm edge, the
key elements of beach topography such as NBH and NBS, and
their relationship with wind speed variation at the berm edge will
be explored.

5.1  Variation characteristics of wind speed influenced by different
factors
The wind speed at the nourished berm edge and the wind

speed at the same horizontal position before beach nourishment
are used as the calculation parameters to quantify the effect of
beach nourishment on the cross-shore wind speed in this paper,
and the wind speed amplification index of beach nourishment is
defined below:

Sa =
ub

un
, (5)

Sa
ub un

where  is the wind speed amplification rate at the nourished
berm edge,  is the wind speed there, and  is the wind speed
corresponding to the same horizontal position before beach
nourishment (Fig. 6).

5.1.1  Direct effect of NBH on near-surface wind speed
In beach nourishment, the beach berm height is usually de-

signed according to local hydrodynamic conditions (such as tides
and waves under normal meteorological conditions) or local
coastal infrastructure. However, under windy conditions, due to
the change in coastal cross-shore topography, NBH directly af-
fects the response of the beach profile to wind speed, especially
the drastic change in the foreshore wind speed.

The variation trend of the wind speed amplification rate with
the NBH is shown in Fig. 7. Higher NBH of windy areas produces
greater wind power. By keeping the nourished berm position and
NBS unchanged within the range of the reasonable design of the
NBH (2–6 m), there is generally a positive correlation between
the wind speed at the berm edge and the NBH, and the wind
speed increases linearly with increasing NBH. This phenomenon
is related to the airflow field and the surface shear stress near the
nourished berm edge.

The variation characteristics of the airflow field on the dune
surface have been studied extensively by predecessors. When the
airflow approaches the dune, the positive pressure gradient de-

creases, and the airflow stagnates, resulting in a decrease in the
shear stress and wind speed near the dune toe. Along the stoss
slope, the airflow reaches the dune crest. As streamline compres-
sion produces a negative pressure gradient, the airflow acceler-
ates near the dune crest surface, where the surface shear stress
increases, as does the wind speed (Taylor and Gent, 1974; Jack-
son and Hunt, 1975; Mason and Sykes, 1979; Mason and King,
1985; Walmsley and Howard, 1985; Taylor et al., 1987; Wiggs et
al., 1996; Neuman et al., 1997; Walker and Nickling, 2002, 2003;
Parsons et al., 2004; Baddock et al., 2011; Weaver and Wiggs,
2011; Walker et al., 2017). The variation characteristics of the air-
flow field near the scarp are similar to those of the dune, but the
difference is that when the airflow approaches the bottom of the
scarp, the airflow separates and creates a vortex, and the negat-
ive pressure gradient at the bottom of the scarp is more obvious
than that at the dune toe, which also makes the upward airflow
from the bottom of the scarp more obvious (Bowen and Lindley,
1977; Pearson et al., 2013). The topography after beach nourish-
ment is somewhat similar to that of scarps and dunes. The vari-
ation in the airflow field is shown in Fig. 8. The aerodynamics
show that the distance from the slope break to the dune toe with
a higher nourished beach berm (solid red line in Fig. 9b) is longer

θ un

ub

beach berm edge

h

MHWS

MSL

original profile
nourished profile

 

Fig. 6.   Schematic profile after beach nourishment and the wind
speed parameters related to the geomorphology. h stands for the
elevation at the nourished berm edge relative to mean sea level
(MSL), and θ  represents the angle of the nourished beachface.
MHWS: mean high water level of spring tide.
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Fig.  7.     Variation trend of wind speed amplification rate with
nourished berm height.
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than that with a lower berm (solid red line in Fig. 9a); thus, the
airflow across the former is faster. According to the Bernoulli
equation,

p+


ρv + ρgh = C, (6)

p v
ρ g

h C

where  is the pressure at a point in the fluid,  is the velocity of
the fluid at that point,  is the density of the fluid,  is the gravita-
tional acceleration,  is the height at that point, and  is a con-
stant (Li et al., 2015). The density of the air flow at a certain point
on the beachface can be seen as close to infinitesimal, hence the
gravitational potential energy of the air flow within the reason-
able variation range of NBH is also close to zero in this study. Ac-
cording to this equation, there is a negative relationship between
the velocity of the fluid and pressure. When other conditions re-
main unchanged, higher nourished berm makes faster airflow,
which leads to deceasing local pressure and increasing shear
stress. Bauer and Wakes (2022) used a CFD model to study the
surface shear stress distribution of beach-dune systems with or
without scarps, the results show that the surface shear stress on
the top of the 2 m scarp is greater than that on the top of the 1 m
scarp, and the surface shear stress at the dune toe is minimal.
Similar to Jackson and Hunt (JH)’s results, the JH model shows
that for hills or dunes with a gentler slope, the surface shear
stress doubles with increasing crest height (Jackson and Hunt,
1975; Walker and Hesp, 2013).

In summary, under the condition that the wind speed is per-
pendicular to the coastline and the nourished slope remains un-
changed, with higher nourished beach berm, airflow at the slope
break has more obvious upward trend and surface shear stress at
the nourished berm edge is greater, which results in a larger wind
speed there (Fig. 9). In addition, previous studies of inland hills,
ridges, and desert dunes show that the wind speed amplification
rate is usually between 1.02 and 3.19 (Jackson and Hunt, 1975;
Neuman et al., 1997; Miller and Davenport, 1998; Ha et al., 1999;
Yang et al., 2006). In this paper, when the NBH changes while
other conditions remain unchanged, the range of the wind speed
amplification rate is 1.14 to 1.19 at the nourished berm edge,
which is not affected by the incidence wind speed (Fig. 7).

5.1.2  Effect of NBS on jet flow at the edge of the beach berm
Beach slopes are usually designed according to local wave

conditions and the sediment grain size on beach surfaces. From
the equilibrium profile model proposed by Dean (1977) to the
equilibrium beach slope method defined by Pilarczyk et al.
(1986), both methods suggest that the profile slope plays an im-
portant role in the reconstruction of the active profile for beach
nourishment. This study has been carried out based on the above
methods, and the results show that the variation in NBS greatly
influences the increase in cross-shore wind speed (Figs 5d, f, h, j,
l). Therefore, the rational design of NBSs can effectively use wind
to reshape the active profile for beach nourishment.

Figure 10 illustrates the variations of the wind speed amplific-
ation rate of the nourished beach berm with different NBSs.
Keeping the width and height of the nourished berm unchanged,
the wind speed at the berm edge has a positive correlation with
NBS and shows a linear increasing trend within the reasonable
design range of the beach slope (1:25–1:5). This phenomenon is
related to the jet flow formed at the nourished berm edge. The
angle of incidence and the stoss slope have a significant influ-
ence on the formation of surface jets, which are local flows show-
ing the maximum velocity. Jets usually occur in places where the
stoss slope is steeper (Walker and Hesp, 2013). Similarly, jets can
be generated at the nourished berm edge.

The variation characteristics of the airflow field between the
slope break and the nourished berm edge are shown in Fig. 8.
When the airflow approaches the slope break, the airflow is sep-
arated, a vortex is generated, and the wind speed decreases
slightly. At this time, the streamlines are compressed along the
nourished slope surface and the airflow is accelerated. Sub-
sequently, the airflow at the nourished berm edge is accelerated
to the maximum and expands, that is, the jet is generated, and
the wind speed is also increased to the maximum here. The
steeper the slope of airflow passing through the nourished beach
is, the larger the jet flow is at the berm edge, and the larger the
wind speed is here. This phenomenon is consistent with the re-
search results of Hesp et al. (2013) and Hesp and Smyth (2016). A
CFD model is used, and when the angle of the incidence wind is
more than 55°, a jet will not develop. As the smaller the angle of
the incidence wind is, the steeper the wind slope is across the hill
or dune, and the larger the jet is.

In summary, when the wind speed is perpendicular to the
coastline and the width and height of the nourished berm are
constant, steeper slopes can cause stronger jet flows at the berm
edge, which results in a larger wind speed at this location (Fig. 11).
Furthermore, when the nourished slope changes while other
conditions remain unchanged, the wind speed amplification rate
at the nourished berm edge is 1.08 to 1.30, which is not affected
by the incidence wind speed (Fig. 10).
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Fig. 8.   Variation characteristics of the airflow field from the slope
break to the nourished berm edge (drawing based on Walker et
al. (2017) and Bauer and Wakes (2022)).

wind wind
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Fig. 9.     Conceptual pattern of the airflow field from the slope
break to the berm edge and surface shear stress at the berm edge
during the evolution of the nourished berm height. The more ar-
rows there are between the slope break and the berm edge, the
greater the upward airflow trend is from the slope break; in the
local enlarged diagram,  represents shear stress, and longer ar-
row indicates larger shear stress.
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5.2  Coupling effect of NBH and NBS on wind speed
The above information indicates that the NBH and NBS dom-

inate the variation degree of the wind speed at the edge of the
beach berm. In this paper, a multiple linear regression (MLR)
model is used to analyze the synergistic effect and relative im-
portance of each factor on the variation in the wind speed at the
edge of the beach berm. A multivariate linear regression model
describing the wind speed amplification rate at the berm edge as
a function of NBH and NBS is established,

Sa = f (h, tan θ) = α + αh+ α tan θ, (7)

Sa
α α α h

where  is the wind speed amplification rate at the nourished
berm edge, , , and  are undetermined coefficients,  is the
NBH, and tan θ is the NBS. Duna was used to simulate the wind
speed at the nourished berm edge for 99 scenarios, i.e., 9 berm
heights (2.0 m, 2.5 m, 3.0 m, 3.5 m, 4.0 m, 4.5 m, 5.0 m, 5.5 m, and
6.0 m) by 11 beach slopes (1:25, 1:23, 1:21, 1:19, 1:17, 1:15, 1:13,
1:11, 1:9, 1:7, and 1:5). The results of regression analysis showed
that the regressed Sa values were in good agreement with the ori-
ginal values, with R2 = 0.977. The variance inflation factors (VIF)
of NBH and NBS were less than 10, indicating that there was no
multicollinearity between the two variables (Akinwande et al.,
2015). The values of t ratio indicated the significance test values
of the regression parameters, which tested the degree of influ-
ence of each independent variable on the dependent variable.
The larger the absolute value of the t ratio was, the smaller the p
value was, and the more significant the influence of the inde-
pendent variable on the dependent variable was. The signific-
ance levels of the two factors (p values) were 0.000, lower than

0.05 (Table 4), which indicated that the two factors had a signific-
ant influence on the wind speed of the nourished beach berm. In
addition, the standardized coefficients in Table 4 represent the
weights of the influencing factors; the larger the coefficient is, the
greater the impact is (Schroeder et al., 1986). Obviously, com-
pared with the NBH, NBS has a greater impact on the wind speed
at the berm edge.

Furthermore, by incorporating the unstandardized coeffi-
cients in Eq. (8), an empirical relationship can be obtained as fol-
lows:

Sa = f (h, tan θ) = .+ .h+ . tan θ. (8)

As inferred from the prediction model, the NBH and the
steeper NBS can contribute to the larger wind speed amplifica-
tion rate at the berm edge. Airflows with higher NBH or steeper
NBS are more compressed from the upper beach slope to the
berm edge and thus have greater tendency to be pushed upward.
Larger surface shear stress of the nourished berm edge can gen-
erate larger jets, which promote the sharp increase in wind speed
there. Therefore, beach nourishment projects carried out by
beach berm sand-filling on windy coasts are strongly recommen-
ded for the design of gentle beach slopes at reasonable berm
heights to decrease aeolian sand transport.

6  Conclusions
The difference in wind speed distribution and its intensity

variation on the beach surface caused by the topography before
and after beach nourishment is revealed in this paper, which can
provide a reference for clarifying the driving mechanism of the
variation in aeolian sand transport in nourished beaches. Based
on the field observations of different wind characteristics at typic-
al sites of the beach surface, including the mid-intertidal zone,
the foredune toe, and the foredune crest, the Duna model was
used to simulate the cross-shore wind speed distribution influ-
enced by the topography of the natural beach and nourished
beach. In addition, the influencing factors and potential mechan-
isms of the variation in wind speed at the edge of the nourished
beach berm were discussed, and the main conclusions are de-
scribed as follows:

(1) The wind speed increases at the berm edge after beach
nourishment by berm sand filling. NBH and NBS are the main
factors controlling the increase in wind speed near the beach
berm. When the position of the beach berm and the nourished
slope are constant, the wind speed at the edge of the beach berm
has a positive correlation with the elevation of the beach berm
and increases linearly with elevation. When the elevation of the
beach berm remains unchanged, the wind speed at the edge of
the beach berm is positively correlated with the nourished slope
and increases linearly with the latter.

(2) A coupling relationship between the wind speed amplific-
ation rate at the nourished berm edge and the two main influen-
cing factors (NBH and NBS) was established based on MLR ana-
lysis. The coupling effect of NBH and NBS on wind speed was il-
lustrated, and the results show that a higher beach berm and

Table 4.   Multiple linear regression analysis (99 samples)

Variable
Unstandardized

coefficients
Standardized
coefficients

t ratio p value VIF

Constant 0.980 – 264.113 0.000 –

NBH (h) 0.012 0.241   15.706 0.000 1.000

θNBS (tan ) 1.318 0.959   62.355 0.000 1.000
      Note: VIF: variance inflation factors; NBH: nourished berm height;
NBS: nourished beach slope; – represents no data.
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Fig. 10.     Variation trend of wind speed amplification rate with
nourished beach slope.
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Fig.  11.     Conceptual  airflow field from the slope break to the
berm edge during the evolution of nourished beach slope. Great-
er curvature of the arrows in the locally enlarged image indicates
stronger jets.

  Chen Xu et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 7, P. 149–159 157



steeper slope will generate a larger wind speed amplification rate
for beach nourishment. However, compared with the NBH, NBS
has a greater impact on the variation in wind speed at the nour-
ished berm edge. Therefore, it is better to design beach berms
with a gentle slope in the reasonable elevation range of nour-
ished beach berms when beach nourishment is carried out by
beach berm sand-filling on windy coasts.
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