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Spatiotemporal variation and generation mechanism of wave
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Abstract

Wave nonlinearity plays a critical role in modulating energy dissipation and sediment transport in vegetated
coastal zones, influencing shoreline stability and ecosystem-based defenses. This study analyzes 45 d of wave
observations from the Yangtze Estuary, including data collected during Typhoon Khanun, to investigate its spa-
tial variability and underlying mechanisms of wave nonlinearity across a mudflat-vegetation transect. Wave
skewness and asymmetry varied within tidal cycles, increasing at low tide and decreasing at high tide. During
typhoon conditions, nonlinearity intensified significantly, with skewness increasing by up to 346% and asym-
metry shifting toward more forward-leaning waveforms, both closely linked to elevated Ursell numbers.
Bispectral analysis at five stations across the transect revealed distinct energy transfer mechanisms: sum interac-
tions dominated over mudflats, whereas difference interactions prevailed within vegetated zones, indicating
vegetation-induced modification of nonlinear wave dynamics. Further analysis shows that shoaling and vegeta-
tion exerted opposing influences, amplifying and damping wave nonlinearity, respectively. Empirical formulas
proposed by Zhao et al. (Coastal Engineering 2024; 192:104543) from laboratory data were evaluated against the
field data, demonstrating reasonable performance under extreme conditions. These findings improve mechanis-
tic understanding of wave-vegetation interactions and support the development of nature-based strategies for
coastal resilience and sediment management.

Coastal salt marsh vegetation plays a crucial role in the sta-
bility and functionality of coastal ecosystems, acting as natural
buffers that reduce wave energy, protect shorelines, and pro-
vide vital habitats needed to sustain biodiversity. The dynamic
interaction between waves and salt marsh vegetation has gar-
nered significant attention due to its implications for coastal
defense, sediment transport, and ecosystem services. There are
plenty of studies on wave-vegetation interactions, covering
various aspects such as wave attenuation (Anderson and
Smith 2014; He et al. 2019), turbulence generation (Tang
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et al. 2019; Chen et al. 2020), wave setup reduction (Van
Rooijen et al. 2016), and changes in wave spectra (Yang and
Irish 2018) and velocity structure (Nepf and Vivoni 2000; Lacy
and Wyllie-Echeverria 2011). Despite substantial progress in
understanding wave-vegetation interactions, the variation of
wave nonlinearity as waves propagate through salt marsh vege-
tation remains inadequately explored. Incorporating nonlinear
processes is essential for predicting wave transformation (Peng
et al. 2009; Ma et al. 2017), attenuation (Wu and Cox 2015;
Phan et al. 2019), and sediment dynamics (Abreu et al. 2010;
Ruessink et al. 2012; Zhao et al. 2024). Moreover, studying
wave nonlinearity can contribute to the development of wave
propagation models (Chakrabarti et al. 2017).

Numerous studies into wave nonlinearity have employed
laboratory experiments to describe the variation of wave non-
linearity as laboratory experiments offer a controlled environ-
ment and simplified physical processes. Peng et al. (2009)
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investigated the wave nonlinearity variation over a low-crested
breakwater and provided empirical relationships between the
skewness (S), asymmetry (A), and local Ursell number (Ur, rela-
tive wave height multiplied by relative wavelength squared,
H SL; /h3, where H; is significant wave height, L,, is the mean
wavelength, and h is water depth). Changes in bed slope have
been found to affects the relationship between asymmetry,
skewness, and Ursell number (Dong et al. 2014; Chen et al.
2023). Rocha et al. (2017) discovered through physical exp-
eriments that skewness initially increases from near O and
then decreases, while asymmetry initially decreases and then
increases. In vegetated coastal systems, the interaction
becomes even more intricate. Experimental investigations
incorporating flexible vegetation have found that $ and A are
influenced not only by Ur, but also by vegetation properties
such as submergence ratio, stem density, and patch width.
Zhao et al. (2024) found that wave skewness increases with
increasing Ursell number and relative vegetation submer-
gence, but decreases with increasing relative vegetation
width and density. Additionally, wave asymmetry increases
with increasing relative vegetation submergence, density,
and Ursell number, but decreases with increasing relative
vegetation width. While laboratory experiments provide
valuable insights into wave-vegetation interactions, they are
inherently limited by scale effects, and factors such as con-
tinuous tidal fluctuations, wave-current interactions, spatial
variability in vegetation distribution, and the complex mor-
phology of tidal flats are challenging to replicate under con-
trolled laboratory conditions.

Field observation data effectively reflect real-time hydrody-
namic conditions on tidal flats, including the interactions
between tidal levels, currents, and wave patterns. Elgar and
Guza (1985) found that wave skewness increases from O to
maximum on natural beaches and decreases by 30%-60%
when wave breaking occurs. Wave asymmetry increases from
0 to the maximum and decreases continuously after wave
breaking. These findings are similar to the theory developed
by Herbers (2003) on a beach with a sand bar: wave skewness
increases seaward and decreases shoreward, while asymmetry
changes from a negative value seaward to a positive value
shoreward. Moreover, similar nonlinear wave variation occurs
in natural beaches with rocky platforms (Poate et al. 2018)
and coral reef areas (Cheriton et al. 2016). Nevertheless, a clear
knowledge gap remains regarding the evolution of wave non-
linearity within field-scale salt marsh vegetation. Salt marshes
are characterized by flexible vegetation and highly dynamic
hydrodynamic conditions. The interaction between waves and
salt marsh vegetation is modulated by multiple co-varying
forces, including tidal fluctuations, wave-current coupling,
and vegetation properties such as stiffness, stem diameter,
density, and height, which collectively influence wave attenu-
ation and energy transfer processes. These dynamic and
site-specific features result in complex and time-dependent
feedbacks between vegetation motion and wave deformation,
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which cannot be readily captured by existing models or mea-
surements derived from rigid or static environments such as
reefs. Therefore, new in situ measurements are essential to
accurately characterize wave transformation processes in
salt marshes and to improve parameterizations of wave
nonlinearity under such variable and biologically active
conditions.

This study focuses on the variation of wave nonlinearity
in a spring-neap tidal environment based on field observa-
tion data. First, the variations and mechanisms of non-
linearity at the vegetation edge under normal conditions
are discussed. Second, the variation of nonlinearity in vege-
tation during extreme events is analyzed. Finally, the appli-
cability of the laboratory formulae of wave nonlinearity
from Zhao et al. (2024) is validated using field data; the dif-
ferences between field conditions and flume experiments
are discussed.

Methodologies

This section provides an overview of the field measure-
ments and the data processing methods.

Field measurements

A 45-day field experiment (28™ June to 12" August 2023,
all-time series are in China Standard Time, UTC + 8) was con-
ducted at Chongming Island, Shanghai, as depicted in Fig. 1.
This region serves as a typical estuarine wetland in the Yang-
tze River Estuary (Li et al. 2014).

The tidal regime in the Yangtze Estuary is primarily char-
acterized as semi-diurnal, featuring an average tidal cycle of
approximately 12 h and 25 min (Zhu et al. 2016). Typically,
the average wind speed ranges from 3 to 4 m/s, with the
highest wind speeds recorded during the summer storm
seasons.

The study positioned five observation points (Fig. 1¢) across
the salt marsh vegetation from the sea to the land. The mea-
surement instruments used at Offshore, Edge, and Veg2 sites
(Table 1) include Nortek Vector Acoustic Doppler Velocimeter
(ADV), RBRvirtuoso® D|wave 16 (WAVE), and RBRconcerto*-C.
T.D|Tu (TU) (Fig. 1c,d) to measure water levels, waves, cur-
rents, and turbidity. In contrast, only the RBRvirtuoso®
Djwave 16 is deployed at Vegl and Veg3 for measuring water
levels and waves.

The ADV was employed in this study to measure three-
dimensional velocity at a position 10 cm above the seabed,
corresponding to a sensor head position 25 cm above the bed
(there is a blind zone of 15 cm). This configuration was cho-
sen to capture near-bed flow dynamics and sediment transport
processes. However, the velocity data were not utilized in this
analysis; the sensor’s position does not affect the results pres-
ented in the study. The sampling interval is set to S min, with
a sampling frequency of 64 Hz, and the duration is 32 s in
burst mode. Wave data are measured by RBRvirtuoso® D|wave
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Fig. 1. Overview of the study area and observation points. (a) Study area and the tracks of typhoon Khanun (http://typhoon.nmc.cn/web.html). Red
dots indicate the field observation locations. (b) Overview of the Yangtze River Estuary and Chongming Dongtan. The red square marks the Chongming
Dongtan observation area. (c) Locations of observation points. (d) Photograph of vegetation “Edge” location (121°56'2.5”, 31°27'32.15"N).

16 using pressure sensors, with the sensor positioned 10 cm
above the seabed, operating in continuous mode at 16 Hz.
Water depth data are obtained using a RBRconcerto-C.T.D|Tu,
with the sensor positioned 5 cm above the bed, providing a
water depth every 5 min. The wind data is downloaded from

Table 1. Instrument site information.

Relative
elevation, Relative

Location z (m) distance (m) Instrument

Edge 0 0 ADV, RBRvirtuoso® D|wave 16,
RBRconcerto®-C.T.D|Tu

Veg 0.44 35 RBRvirtuoso® Djwave 16

Veg2 0.63 75 ADV, RBRyvirtuoso® Djwave 16,
RBRconcerto®-C.T.D|Tu

Veg3 0.80 120 RBRvirtuoso® Djwave 16

the Climate Data Store (http://cds.climate.copernicus.eu/
#!/home), and the latitude and longitude of the central point
are 121.95°E, 31.45°N.

Vegetation survey

In the research area, the only vegetation species observed
along the cross-shore transect shown in Fig. 1 is Scirpus
mariqueter (Yuan et al. 2014), which can remain upright in
water and exhibit swaying movements. During the observa-
tion period, we measured vegetation parameters such as den-
sity, height, and diameter within the observed area, as
depicted in Supporting Information Fig. S1.

Four locations were evenly spaced along the transect bet-
ween the “Edge” and “Veg3” points shown in Fig. 1. At each
location, three 25 x 25 cm quadrats were randomly selected
to measure vegetation parameters, including vegetation stems,
diameter, and height. In total, 12 quadrats were surveyed;
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these data were then extrapolated to estimate stem density,
average diameter, and height per square meter.

Data processing

Wave skewness (S), representing the lack of symmetry in
the wave profile relative to the horizontal axis, and wave
asymmetry (4), indicating the lack of symmetry relative to the
vertical axis, have often been used to describe the evolution of
wave nonlinearity, as discussed by Elgar and Guza (1985),
Peng et al. (2009), Zou and Peng (2011), and Zhao et al.
(0-n*)

(2024). Here, wave skewness is defined as S= 0 _)2>3/Z, and
n-n
—\3
wave asymmetry is defined as A:%, where 5 is the
h—h

time series of surface elevation, 7, is the Hilbert transform of
surface elevation, and 7 represents the mean surface elevation
(Peng et al. 2009). Positive skewness indicates wave upward,
and positive asymmetry denotes wave pitch-backwards. The
bispectral analysis is employed to examine wave-wave interac-
tions to understand the variation of wave nonlinearity in the
vegetated area. This method helps reveal the degree of phase
coupling between different wave frequencies, with the real
part of the bispectrum related to wave skewness and the imag-
inary part to asymmetry (Elgar and Guza 1985). For a detailed
explanation of bispectral analysis equations and methodology,
please consult the works of Peng et al. (2009) and Zhao
et al. (2024).

In this study, the RBRvirtuoso® D|wave 16 device measured
pressure data at a frequency of 16 Hz, subsequently converting
them into instantaneous water depths containing wave, tide,
and surge information. To isolate wave signals, a filtering
approach focusing on the frequency range of 0.003 to 5 Hz,
assumed to represent waves, was employed. Spectral analysis
was conducted on these wave data to obtain significant wave
heights. Wave nonlinearity parameters, including skewness (S)
and asymmetry (A), were calculated using high-resolution free
surface elevation data sampled at 16 Hz. Each nonlinearity
value was computed from a continuous 10-min time series,
corresponding to 9600 data points. To ensure data quality and
minimize the influence of instrument noise under very low
wave energy conditions, only time series with significant wave
heights (H,) greater than 0.02 m were retained for analysis.

Results

During the observation period, the hydrodynamic parame-
ters at the measuring points were affected by Typhoon
Khanun. The typhoo’s path and the study area are shown in
Fig. 1a.

Typhoon Khanun, known as Typhoon Falcon in the
Philippines, was a powerful, erratic, and long-lived tropical
cyclone in August 2023. Typhoon Khanun (hereafter referred
to as typhoon) started as a low-pressure area in the Pacific
Ocean. It rapidly intensified into a Category 4-equivalent
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typhoon (Schauer and Allen 2021) on the Saffir-Simpson scale
over the Philippine Sea on 1°' August, before undergoing an
eyewall replacement cycle. Although the typhoon did not
make landfall in the observation area, its proximity coincided
with the astronomic spring tide. The combined effect of these
two conditions resulted in a maximum water depth of 1.87 m
and a maximum significant wave height of 0.58 m at the Edge
location (referred to Fig. 1), which is significantly higher than
during the spring tide alone, where the maximum water depth
was 1.27 m and the maximum significant wave height was
0.29 m, half of that during the typhoon period.

Figure 2 presents the water depth, significant wave height,
and near-bed velocity during the observation period. As
shown in Fig. 2, the observation points experienced three
complete spring-neap tide cycles. During the latter part of
the observation period, the location was subjected to strong
hydrodynamic conditions (high water depth, large signifi-
cant wave height, and high near-bed velocity).

Discussions

Evolution of wave nonlinearity over different tidal cycles

Based on the observational data in Fig. 2, it is evident that
while water depth varies according to a pattern (spring-neap
tidal), wave height does not exhibit a clear correlation with
changes in water depth (i.e., larger water depth does not
correspond to larger wave height). Therefore, in this sec-
tion, four different tidal cycles (tidal cycles in red in Fig. 2)
are selected for analysis: large depth-small significant wave
height, small depth-small significant wave height, large
depth-large wave significant height, and small depth-large
significant wave height, as shown in Fig. 3b,c. The
corresponding flow velocities are depicted in Fig. 3d, indi-
cating relatively high wvelocities at shallow depths. The
moments of maximum water depth for the four tidal cycles
are indicated by dashed lines in Fig. 3. Skewness and asym-
metry at these four moments are calculated and shown in
Fig. 3a. The results reveal that wave nonlinearity is greater
at shallow water depths than at deeper water depths
(i.e., the magnitudes of S/A are larger, indicating a higher
degree of wave deformation).

Figure 4 presents the bicoherence, the real parts (related to
wave skewness), and the imaginary parts (related to wave
asymmetry) of the wave bispectrum during four tidal cycles.
The results show that at shallow water depths, wave interac-
tions are significantly enhanced at high frequencies
(Fig. 4b,d), while at deeper water depths, interactions are more
pronounced at low frequencies (Fig. 4a,c). This implies that
difference interactions are stronger at deeper water depths,
while sum interactions are more prominent at shallow water
depths.

There are positive values in both the main frequency and
high frequencies of real parts (Fig. 4fh) at shallow water
depths, leading to increased positive skewness. While at
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Fig. 2. Time series data at the Edge location: (a) water depth, (b) significant wave height, and (c) near-bed velocity during the measurement period.
The shaded portion represents the period affected by the typhoon, while blank sections mark intervals when instruments were not submerged or signifi-
cant wave heights were below 0.02 m. All time series are in China Standard Time (UTC + 8). Four red tidal cycles are selected to analyze the influence of

hydrodynamic parameters on wave nonlinearity.

deeper water depths, negative values occur in the low fre-
quency of real parts (Fig. 4e,g), which offset the positive values
at the main frequency, thus reducing skewness. These findings
align with the skewness pattern shown in Fig. 3a. The imagi-
nary parts of the bispectrum at the main frequency and high
frequencies are negative at shallow water depths, resulting in
overall negative asymmetry (Fig. 4j,1). Conversely, at deeper
water depths, positive values at low frequencies counterbal-
ance the negative values at the main frequency, resulting in
positive (Fig. 4i) or near-zero asymmetry (Fig. 4k). The
bispectral results are consistent with the asymmetry variation
pattern shown in Fig. 3a.

In conclusion, despite differing hydrodynamic conditions
across the four tidal cycles, the correlation between non-
linearity and water depth remains strong. Nonlinearity is
greater at shallow water depths due to significant wave-wave
interaction at high frequency, where the real/imaginary parts
at high frequencies and the main frequency positively rein-
force each other. At deeper water depths, significant wave-
wave interaction at low frequency results in real/imaginary
parts at low and main frequencies counteracting each other,
leading to weaker nonlinearity.

Typhoon impact on wave nonlinearity

Figure Sa-h illustrates the relationships between wave non-
linearity indicators—skewness (S) and asymmetry (A)—and
hydrodynamic parameters including water depth (h), signifi-
cant wave height (H;), mean wave period (T,,), and the Ursell
number (Ur) under both normal and storm conditions at the
Edge location.

Under normal conditions, skewness generally decreases
with increasing water depth, while it increases with significant
wave height, mean period, and the Ursell number, showing
positive correlations. In contrast, asymmetry tends to
become more negative (indicating greater forward-leaning
waveforms) as wave height and mean period increase, with
storm conditions producing significantly more negative
values than under normal conditions. Furthermore, both
skewness and asymmetry exhibit strong correlations with
the Ursell number, suggesting that nonlinear wave behavior
intensifies with increasing nonlinearity index.

Figure 5i-p presents the relationships between wave non-
linearity indicators—skewness (S) and asymmetry (A)—and
hydrodynamic parameters, including water depth (h), signifi-
cant wave height (H;), mean wave period (T,,), and the Ursell
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Fig. 3. (a) Skewness and asymmetry at different hydrodynamic conditions; variation of (b) water depth, (c) significant wave height, and (d) near-bed
velocity at the Edge location. T16, T24, T28, and T44 represent four tidal cycles marked in red in Fig. 2.

number (Ur) at the Veg2 location, under both normal and
storm conditions.

Under normal conditions, skewness exhibits a decreasing
trend with increasing water depth, while it shows a positive
correlation with significant wave height, mean wave period,
and the Ursell number. In contrast, asymmetry tends to
become more negative with increasing Ur and mean period,
whereas its relationship with water depth and wave height
is less pronounced. During storm conditions, the magni-
tudes of skewness and asymmetry are positively correlated
with Ur; but the relationship with other hydrodynamic
parameters is weakened.

The Yangtze River Estuary, situated along the Pacific coast,
is frequently influenced by storms, particularly from July to
September. On average, 2-3 storms affect the estuary and its
adjacent waters annually, with some years experiencing up to
5-6 events (Ding and Ge 2013). In addition to examining
wave nonlinearity under normal conditions, it is crucial to
investigate how extreme weather events, such as typhoons,
modulate wave nonlinearity in the intertidal zone. During

typhoons, intensified hydrodynamic forces often lead to incr-
eased wave nonlinearity. Therefore, understanding wave non-
linearity in vegetated areas under extreme conditions, such as
during typhoons, is crucial for improving our knowledge of
these complex processes.

Figure Sa-h illustrates that wave nonlinearity is markedly
enhanced during storm events. The average skewness incre-
ases from 0.13 under normal conditions to 0.58 during
storms, representing a 346% increase. The maximum skewness
rises from 0.64 to 0.97, with standard deviations of 0.21 and
0.16, respectively. Similarly, the magnitude of asymmetry
increases sharply, with mean values shifting from —0.023 to
—0.15. The peak asymmetry changes from —0.27 to —0.33,
and the standard deviations are 0.078 and 0.11, respectively.
Figure Si—p presents a similar pattern at the Veg2 location:
average skewness increases from 0.29 to 1.17, representing a
fourfold increase during storms. The maximum skewness
slightly increases from 1.57 to 1.63, with standard deviations
of 0.35 and 0.17. Likewise, asymmetry shifts from 0.0074 to
—0.28, and the peak values change from —0.35 to —0.61, with

85U80|7 SUOWIWIOD BAEaID 3|qeoljdde aup Aq peuenob afe sajonte VO ‘8sn Jo se|ni Joj Aeiq1aulluO 48]/ UO (SUOTIPUOD-PUE-SULBY /W0 A8 1M AlRIq | U JUO//:SdNY) SUORIPUOD Pue s 1 8y} 88s *[6202/80/6T] Uo AriqiTauliuo AoIM ‘BRa AiseAlun Eowuyoe L Aq 89T0Z 0UI/Z00T 0T/I0p/L0o" A8 |1m Akeid 1 euluo'sqndose//:sdny wo.y pepeoumoq ‘0 ‘06556561



Zhao et al.

0.8 T24

Wave nonlinearity evolution over vegetation

T28 T44

0.6

¥ ]

o

N’

,_..,
{15

=]

b—‘

o

jan}'S

04 S ﬁ’ {
(0 (%
6

=
02 P :
iy ;{‘ 0
= N =y - A SELAFNS

f, (

U
<
D

A

G| | 0f-034Hz )

T

()£ =0.31 Hz / °<( (d) £ =0.34 Hz )
=0y

N, ﬁﬁg

Liad | 558

() $S=0.46
06 a1 0 1 2

-3
04l(e) s=0.13," *10

£, (H)

02 X AN

A N

(g) $=-0.22 (h) $=0.47

N

) N

(G) A=-0.122
0612 1 0 1
4 (i) A=-0.015"" 1073

(k) A=0.040 1) A=-0.113

@ W %
</

0
0 02 04 06 080

f, (H) f, (H2)

02 04 06 080

02 04 06 080 02 04 06 08
/, (He) f, (H2)

Fig. 4. Bispectrum of surface elevations at the Edge location. (a-d) the bicoherence, b(f;, f,), (e-h) the real part of bispectrum, R{Bs(f;, )}, and (i-I)
the imaginary part of bispectrum, S{Bs(f;, f;)}. T16 and T28 represent spring tidal cycles, while T24 and T44 represent neap tidal cycles.

standard deviations of 0.096 and 0.14. These results indicate a
pronounced enhancement of forward-pitched waveforms
under storm conditions.

Figure 5 illustrates that skewness increases with rising Ur
(more peaked waves), while the magnitudes of asymmetry
increase as Ur increases (more pitch-forward waves), consistent
with patterns observed on the incident side of smooth low-
crested breakwaters (Peng et al. 2009; Zou and Peng 2011).
Moreover, Fig. 5 shows that the relationship between the
Ursell number and both skewness and asymmetry is not
influenced by the presence of typhoons, indicating that the
same patterns persist under both normal and typhoon condi-
tions. Figure 51 shows that wave skewness (S) increases almost
linearly with the Ursell number (Ur) under normal conditions,
with a clear upward trend. During storm conditions, skewness
still increases with Ur; however, the increasing rate decreases.

Different mechanisms of wave nonlinearity generation
with and without vegetation

Although it is well established that nonlinearities, includ-
ing harmonic generation, commonly emerge as waves propa-
gate into shallow waters, the specific mechanisms by which

vegetation modulates these nonlinear wave characteristics
remain insufficiently explored. Compared to mudflats, vege-
tated shallow environments introduce additional complexity
due to vegetation-induced drag, flexibility, and spatial hetero-
geneity. These factors may fundamentally alter the generation
and evolution of wave skewness and asymmetry. Therefore, it
is essential to investigate different mechanisms of wave non-
linearity generation with and without vegetation.

Bispectral analysis reveals distinct mechanisms responsible
for the generation of wave nonlinearity with and without veg-
etation. For the amplitude of the bispectrum (Fig. 6a-e), the
transition from Offshore (Fig. 6a) to Edge (Fig. 6b) demon-
strates enhanced energy at both main and high frequencies,
indicating intensified sum interaction due to shoaling effects
over the mudflat. This pattern is consistent with previous find-
ings (Flgar and Guza 1985) and Fig. 4. In contrast, nonlinear
variations within the vegetated zone are driven by energy
changes and transfers among low- and high-frequency pairs,
influenced by vegetation. Due to the effects of vegetation
width and wavelength, the interaction between vegetation
and short waves within the wave group becomes more
pronounced. This leads to a weakening of high-frequency
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Fig. 5. Relationship between water depth (h), significant wave height (H), wave period (T,,), Ursell number (Ur) and skewness (S) and asymmetry (A) at

(a—h) Edge location (Fig. 1) and (i-p) Veg2 location (Fig. 1).

coupling (i.e., reduced sum interaction) while enhancing
low-frequency coupling (strengthened difference interaction)
(Fig. 6b—e), demonstrating a distinct wave nonlinearity genera-
tion mechanism compared to mudflats. A similar pattern is
observed in the spatial evolution of phase (Fig. 6a—e), con-
firming the different underlying mechanisms. Furthermore,
the phase analysis (Fig. 6f-j) indicates that the lower-
frequency wave component is bound to the incident waves,
with a phase difference of approximately 180° (around —90°
at main frequency in Fig. 6g, and about 90° at low-frequency
in Fig. 6j).

Variations of wave nonlinearity across the vegetation

Vegetation is an important component of the intertidal
zone. In our study, under normal conditions, the inundation
period in the vegetated area is short and hydrodynamic forces
are weak, making the investigation of wave nonlinearity less
meaningful.

Figure 7a,b shows the spatial variation of wave skewness
and asymmetry across the mudflat and vegetated zone. As
waves propagate landward, wave skewness increases from the
offshore mudflat toward the front of the vegetated region,
reaching a peak at Veg2 before slightly decreasing toward
Veg3. Wave asymmetry also increases in magnitude along the
vegetated transect, becoming most pronounced at Veg2, and
then slightly declining at the rear end of the vegetation. This
pattern suggests that vegetation exerts a location-dependent
modulation on nonlinear wave characteristics.

The red lines in Fig. 7a,b illustrate the variation of wave
skewness and asymmetry during the maximum water depth
period during one tidal cycle across five observation points.
Wave skewness increases steadily from the mudflat (Offshore)
to the front part of the vegetated area (Veg2), with a slight
decrease from Veg2 to Veg3, but remains significantly higher
than the initial value. Wave asymmetry shifts from positive to
negative over the mudflat, with increasing magnitude. Upon
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Fig. 6. Bispectral analysis at five observation points. (a—e) the amplitude of bispectrum; (f—j) the phase of bispectrum, arctan(R{Bs(f1, f2)}/S{Bs(f1, f2)}).
The arrow direction indicates the cross-shore transect from offshore mudflat to saltmarsh. In regions where the amplitude is low (indicated by deep blue),
the signal-to-noise ratio is too low to yield reliable phase information, and the corresponding phase values are excluded (NaN).
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Fig. 7. Changes in (a) skewness and (b) asymmetry during the tidal flat. The red lines represent the variation of wave skewness and asymmetry during
the maximum water depth period during one tidal cycle. (c) Relative bed elevations at the observation points (as detailed in Table 1). This figure is not to
scale; the green patch is a schematic representation of salt marsh vegetation. (d) Wave spectra; (e) normalized wave spectra; (f) proportion of energy in
the low-, peak-, and high-frequency bands relative to the total energy during the maximum water depth period.

entering the vegetated region (from Edge to Vegl), the magni-
tude of asymmetry further increases, followed by a reduction
between Vegl and Veg3.

Figure 7d presents the power spectra at the five locations,
with a dominant peak at approximately 0.11 Hz. Wave energy
slightly increases from Offshore to Edge due to shoaling
effects on the mudflat but decreases rapidly upon entering the
vegetated area (from Edge to Veg3). To highlight the relative
energy distribution, spectra were normalized by their maxi-
mum values (5(f)/S(f)max), as shown in Fig. 7e. The results
indicate a gradual increase in both low- and high-frequency
energy proportions during wave propagation, with the most
prominent changes observed at Veg2 and Veg3. To quantify
this evolution, the spectral energy is divided into three fre-
quency bands: low-frequency (0-0.5f;), main-frequency
(0.5fp—2fp), and high-frequency (2f,—8 Hz). The corresponding
energy proportions are shown in Fig. 7f. The results reveal a
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consistent decrease in main-frequency energy and a pro-
nounced increase in high-frequency energy, while low-
frequency energy generally increases but slightly declines at
the rear of the vegetated zone.

By integrating Figs. 4, 6, and 7, the mechanisms underlying
the variation of wave skewness and asymmetry within the vege-
tated region can be further clarified. Moreover, the difference
between nonlinearities induced by decreasing water depth and
those caused by vegetation can be elucidated. Fig. 6 shows that
vegetation suppresses sum interactions while promoting differ-
ence interactions between wave components, which ultimately
leads to a reduction in wave nonlinearity. In contrast, Fig. 4
reveals that a decrease in water depth tends to enhance sum
interactions and suppress difference interactions, thereby
amplifying wave nonlinearity. These findings suggest that vege-
tation and depth exert opposing influences on wave-wave
interactions and the development of nonlinearity.
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Along the observational transect (from Edge to Veg3), wave
propagation is simultaneously affected by variations in water
depth and the presence of vegetation. In the front section of
the vegetated zone (Edge to Vegl), the influence of vegetation
is minimal, allowing water depth to dominate the evolution
of wave nonlinearity, which results in a rapid increase in
skewness and asymmetry. Further along the transect, in the
rear part of the vegetated zone (Veg2 to Veg3), vegetation-
induced damping becomes more prominent, gradually reduc-
ing wave nonlinearity. Overall, as waves propagate through
the vegetated region, the relative influence of water depth
weakens while the vegetation effect strengthens, with a bal-
ance achieved in the middle of the vegetated zone. This inter-
pretation is consistent with the results shown in Fig. 7.

Application of wave nonlinearity formula by Zhao
et al. (2024)

In prior research, empirical formulas for wave skewness and
asymmetry are frequently derived based on the Ursell number
in scenarios without vegetation (Doering and Bowen 1995;
Zou and Peng 2011; Ma et al. 2017). Recently, Zhao et al.
(2024) found that vegetation characteristics significantly influ-
ence wave nonlinearity based on data from two sets of flume
experiments. They observed that wave skewness increases
with increasing Ursell number and relative vegetation submer-
gence, but decreases with increasing relative vegetation width
and density. Additionally, wave asymmetry increases with
increasing relative vegetation submergence, density, and
Ursell number, but decreases with increasing relative vegeta-
tion width. Building on these findings, they proposed a modi-
fied Ursell number, Uryg, and further fitted empirical formulas

Wave nonlinearity evolution over vegetation

for wave skewness and asymmetry within vegetation. To vali-
date the applicability of their formulas and conclusions using
field observation data, we plotted the relationship between
Uryeg and measured skewness and asymmetry, as shown in
Fig. 8, including data during normal conditions and typhoon
events. The black lines in the graph represent the empirical
formulas proposed by Zhao et al. (2024).

Figure 8 illustrates that, under typhoon conditions, the
empirical formulas by Zhao et al. (2024) perform reasonably
well in capturing the observed trends in wave skewness
and asymmetry. Most of the storm-event data points cluster
around the fitted lines, suggesting that the formulas are effec-
tive in characterizing enhanced nonlinearity during extreme
hydrodynamic forcing. However, under normal conditions,
the formulas tend to slightly overestimate wave asymmetry in
the Ur,eg range of 0.9 to 1.5. This discrepancy may arise from
differences in vegetation type and field variability. First,
Spartina alterniflora is used in the flume test, while the actual
field observation involves a more flexible type of vegetation,
S. mariqueter. The difference in the forces exerted by the vege-
tation roots and leaves on the waves is greater, with a signif-
icantly greater obstruction to wave troughs than wave
crests, leading to increased forward tilting of the waves. The
discrepancies in results can also be attributed to the com-
bined effects of multiple hydrodynamic drivers—such as
waves, currents, and winds—in natural field conditions, as
well as variations in the ranges of vegetation parameters
employed across different studies. Second, the dispersion of
data points can be attributed to the rapid changes in water
depth during tidal environments. While the water depth
between adjacent data points can vary significantly due to

2 T T T T T
O Measured S (normal) o
O  Measured S (storm) ) o
1.5F| A Measured A (normal) 0 4
+  Measured A (storm)
Predicted S by Eq.3 in Zhao et al. (2024)
1= Predicted A by Eq.4 in Zhao et al. (2024) i
<
=
g 051 .
<
4]
oF il
-0.5 .
\
\
- 1 | | | | |
0 0.5 1 1.5 2 2.5
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Fig. 8. Relationship between Ur.q and measured skewness and asymmetry, with black lines representing the empirical formulas proposed by Zhao

et al. (2024).
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rapid ebb and flood tides, the wave height and wavelength
tend to change more gradually, resulting in substantial vari-
ations in the Ursell number.

This application significantly enhances the practical utility
of the wave nonlinearity formulae proposed by Zhao et al.
(2024) by transitioning from controlled laboratory conditions
to complex, real-world environments. The validation through
comprehensive field observations, including data collected
during extreme events like Typhoon Khanun, suggests the for-
mulas are effective in characterizing enhanced nonlinearity
during extreme hydrodynamic forcing.

This study investigates the variation of wave non-
linearity under a tidal environment using field measure-
ment data collected in the Yangtze Estuary. Spectral and
bispectral analyses are used to examine the mechanism of
wave nonlinearity in the tidal flats. Results reveal that non-
linearity is greater at shallow water depths due to stronger
high-frequency interactions, where the real/imaginary parts
at high frequencies and the main frequency positively rein-
force each other. At higher water depths, stronger low-
frequency interactions result in real/imaginary parts at low
and main frequencies counteracting each other, leading to
weaker nonlinearity. Wave nonlinearity is higher during a
typhoon event than under normal conditions, with an
increased upward and forward. Wave skewness gradually
increases and remains positive as the waves propagate
through the vegetation area. Wave asymmetry decreases
along the vegetation, reaching its minimum within vegeta-
tion, followed by a slight increase. Vegetation suppresses
sum interaction while amplifying difference interaction,
revealing a distinct wave nonlinearity generation mecha-
nism compared to mudflats. Within salt marshes, vegeta-
tion and wave shoaling exert opposing effects on wave
nonlinearity. Meanwhile, the validation of empirical formu-
las extent confirms their accuracy and provides insights
into the factors contributing to errors. The findings of this
study improve our understanding of the spatiotemporal var-
iation of wave nonlinearity in the intertidal zone and pro-
vide a tool for engineers to quickly calculate wave
nonlinearity over salt marsh vegetation.
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