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Abstract To quantify wave attenuation by (introduced)
Spartina alterniflora vegetation at an exposed macrotidal
coast in the Yangtze Estuary, China, wave parameters and
water depth were measured during 13 consecutive tides at
nine locations ranging from 10 m seaward to 50 m
landward of the low marsh edge. During this period, the
incident wave height ranged from <0.1 to 1.5 m, the
maximum of which is much higher than observed in other
marsh areas around the world. Our measurements and
calculations showed that the wave attenuation rate per unit
distance was 1 to 2 magnitudes higher over the marsh than
over an adjacent mudflat. Although the elevation gradient
of the marsh margin was significantly higher than that of
the adjacent mudflat, more than 80% of wave attenuation
was ascribed to the presence of vegetation, suggesting that
shoaling effects were of minor importance. On average,
waves reaching the marsh were eliminated over a distance
of ∼80 m, although a marsh distance of ≥100 m was needed
before the maximum height waves were fully attenuated
during high tides. These attenuation distances were longer
than those previously found in American salt marshes,
mainly due to the macrotidal and exposed conditions at the
present site. The ratio of water depth to plant height showed
an inverse correlation with wave attenuation rate, indicating
that plant height is a crucial factor determining the

efficiency of wave attenuation. Consequently, the tall shoots
of the introduced S. alterniflora makes this species much
more efficient at attenuating waves than the shorter, native
pioneer species in the Yangtze Estuary, and should therefore
be considered as a factor in coastal management during the
present era of sea-level rise and global change. We also
found that wave attenuation across the salt marsh can be
predicted using published models when a suitable coeffi-
cient is incorporated to account for drag, which varies in
place and time due to differences in plant characteristics
and abiotic conditions (i.e., bed gradient, initial water
depth, and wave action).
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Introduction

During the present era of sea-level rise and increasing
storminess, sustainable coastal protection is of growing
importance. The magnitude of wave energy that reaches the
coastline is one of the most important criteria in the design
of coastal defenses. It is widely recognized that salt marshes
are able to significantly attenuate waves (Wayne 1976;
Asano and Setoguchi 1996; Möller 2006). This buffering
function is of great environmental and engineering signifi-
cance (Leggett and Dixon 1994; Möller et al. 1999; Barbier
et al. 2009). Many salt marshes have been lost in recent
decades, mainly because of human activities (Goodwin et al.
2001). Furthermore, remaining salt marshes are at risk of
drowning (Roman et al. 1997; Reed 2002) as a result of
global sea-level rise (Douglas et al. 2001) and a local
reduction in (riverine) sediment supply (Yang et al. 2006).
The ability of salt marshes to accrete in response to sea-level
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rise by trapping sediment is strongly dependent on the
attenuation of waves and currents (Friedrichs and Perry
2001; Leonard and Reed 2002; Bouma et al. 2005a). Hence,
from the perspective of both coastal defense and salt marsh
management, an in-depth understanding is needed of the
way in which waves are attenuated by salt marshes.
Compared with the large number of studies that have
investigated currents in tidal wetlands (e.g. Leonard and
Luther 1995; Shi et al. 1995; Allen 2000; Christiansen et al.
2000; Neumeier and Ciavola 2004; Bouma et al. 2005b and
references therein), relatively few studies have focused on
wave attenuation.

Flume experiments have shown that wave damping by
salt marshes is strongly affected by vegetation character-
istics (e.g., Bouma et al. 2005a, 2010). Flumes are, however,
of limited use for studying the effect of flooding height on
wave attenuation. In the field, temporal fluctuations in water
levels (i.e., tides and storm surges) add to the complexity of
wave attenuation processes. In addition, vegetation charac-
teristics may vary seasonally and spatially. Such differences
emphasize the importance of analyzing multiple field sites
in order to obtain a general understanding of the role of
marsh vegetation in wave dissipation. The few available
field studies of wave attenuation have typically described
observations made with a combination of either (a) short
transects (20 m) with tall vegetation and relatively low-
energy waves (e.g. Wayne 1976; Knuston et al. 1982;
Bouma et al. 2005a) or (b) long transects (180 m) with short
vegetation and high-energy waves (e.g. Möller et al. 1999).
There remains, however, a lack of knowledge on what
stretch of vegetation is needed to attenuate large incoming
waves in combination with tall vegetation and how this
varies with flooding height.

In the present study on an exposed macrotidal coast in
the Yangtze Estuary (Fig. 1), China, we aimed to gain a
better insight of (a) the stretch of tall and dense Spartina
marsh vegetation needed to attenuate large incoming
waves; (b) the variability of wave attenuation in relation
to abiotic conditions (i.e., flooding height, wind climate,
and geomorphology); and (c) the applicability of current
models in predicting wave attenuation across the salt marsh.
A comparison is made with findings from microtidal and
relatively sheltered sites in the USA and some macrotidal
and exposed European sites colonized by much shorter
vegetation.

Field Setting

Field measurements were made in an exposed mudflat–salt
marsh transition zone, Eastern Chongming Island, Yangtze
Estuary (Fig. 1). The estuary is characterized by a large
quantity of fine-grained sediment from the Yangtze River

(Eisma 1998) and by irregular semidiurnal macrotides. At
the Sheshan gauging station (Fig. 1b), the average tidal
range is 2.6 m, reaching 3.5–4.0 m during spring tides.
Wind speed is ∼4 m/s on average, with a maximum
recorded speed of 36 m/s. At the estuary front (∼5 m
below the lowest astronomic tide), mean and maximum
wave heights are 1.0 and 6.2 m, respectively (Yang et al.
2001). The maximum width of the tidal wetland in Eastern
Chongming is 8 km, the upper portion (∼3 km) being salt
marsh (Fig. 1c). In 2001, Spartina alterniflora was
introduced to the northern marsh in Eastern Chongming
with the aim of enhancing sediment accretion. Since then,
Spartina has spread rapidly and replaced the much shorter
(∼50 cm in height), native pioneer species Scirpus
mariqueter (Yang et al. 2008). The border between mudflat
and marsh is indented, with tussocks occasionally found on
the seaward side (Fig. 1d).

Materials and Methods

Measurements

We deployed wave sensors along transects across the
transition of mudflat and marsh (Fig. 1d). In addition,
measurements were made along a longshore transect
designed to compare waves between a mudflat site (Site 3)
and a marsh site (Site 4). Because of the limited number of
available wave sensors (three), we measured five spatial
configurations: Sites 1-4-5, 2-3-4, 4-5-6, 1-5-6, and 7-8-9.
The elevation of each site was determined using a Real-Time
Kinematic Global Positioning System (Ashtech, USA).

Waves and tidal flooding depths were measured over 13
tides around spring tide in November 2007 using self-
logging wave sensors (Sea-Bird Electronics Inc., USA;
SBE 2007). The instruments were programmed to measure
(a) the water depth, by integrating 4 Hz pressure measure-
ments over a 1-min period; and (b) waves (wave height,
wave energy, and wave period) by taking 4-Hz pressure
measurements over a 128-s period (i.e., 512 measurements
per burst) every 10 min. The wave sensors were mounted
0.15 m above the sediment surface. Pressure-to-depth
conversion was automatically performed by the instrument,
and all relevant wave parameters were obtained using the
manufacturer’s software (SBE 2007). Testing among the
wave sensors on the mudflat (S1, Fig. 1d) showed that the
three instruments recorded equal water depths and that
wave heights varied only by 0–3%.

Plant height and stem density and diameter (basal,
middle, and terminal) were obtained by sampling represen-
tative of 0.5×0.5-m plots. During floods, the submergence
of the vegetation and wave propagation at high tides were
observed visually from a boat at a distance of ∼50 m. Mean
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wind speed and direction, and tide level data were collected
hourly from the Sheshan gauging station, located 20 km
seaward of the study site; maximum wind speed data were
collected from the Shiyanzhan weather station, located
15 km landward from the study site (Fig. 1b).

Calculations

Predictions of transmitted wave heights at the landward
side of marsh transect were made using the Dean (1978)
model and Knutson et al. (1982) model. Dean (1978)
suggested that marsh plants are much like an array of
vertical cylinders in a water column, expressed as follows:

H2 ¼ H1

1þ AH1L
ð1Þ

where

A ¼ CDD

6pS2d
ð2Þ

where H2 is the transmitted wave height; H1 is the incident
wave height; L is the length of the vegetation stand
(seaward to landward) through which waves propagate;
CD (approximately=1.0) is the drag coefficient associated
with smooth, rigid, vertical cylinder; D is the stem
diameter; S is the average spacing of stems (assumed to

be on square centers; i.e., S=1/(Pd)
1/2 where Pd is stem

density); and d is the water depth.
To make the Dean (1978) model more applicable in the S.

alterniflora marsh in Chesapeake Bay, USA, Knuston et al.
(1982) modified the Dean (1978) model by adding a plant
drag coefficient CP, which is assumed to be approximately 5:

A ¼ CDCPD

3pS2d
ð3Þ

Equation 3 differs from Eq. 2 not only because of the
introduction of CP in the numerator but also because 6π is
changed to 3π in the denominator.

In the present study, we found that the Dean (1978)
model underestimated and the Knuston et al. (1982) model
overestimated wave attenuation in the S. alterniflora marsh
in Eastern Chongming. Hence, we introduced a combined
drag coefficient associated with plants and bottom friction
(CC) into Eq. 2:

A ¼ CDCCD

6pS2d
ð4Þ

where CC=2 for the overall average water depth and CC=
1.3−3.8 for changing water depth (i.e., CC=2da/d, where
da is the overall average water depth (average of all the
tides and transects) and d is the specific single tide- and
transect-averaged water depth; CC=1.3 for the highest d

Fig. 1 Location of the study
area and observation sites. The
red square in (a–c) indicates the
area shown in the following
panel. The distances between
pairs of sites are as follows:
Sites 1–2=7.5 m, 2–4=7.5 m,
4–5=12.5 m, 5–6=31 m, 3–4=
13.0 m, 7–8=13.5 m, and 8–9=
7.5 m. Site 2 was on the
mudflat, near the marsh edge.
Site 8 was located at the center
of a marsh tussock that had a
diameter of ∼9 m. Elevations
above the lowest astronomic tide
were as follows: 2.73 m (Site 1),
2.74 m (Site 2), 2.75 m (Site 3),
3.01 m (Site 4), 3.01 m (Site 5),
3.37 m (Site 6), 2.73 m (Site 7),
3.02 m (Site 8), and 2.86 m (Site
9). A small cliff of ∼0.3 m in
height was present along the
marsh edge and around the
marsh tussock, which resulted in
an abrupt increase in elevation
from the mudflat to the marsh
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and CC=3.8 for the lowest d of the present study). CC=2
and CC=1.3−3.8 were empirical drag coefficients fittest to
the S. alterniflora marsh in Eastern Chongming. Consider-
ing that the basal stem diameter is significantly larger than
the terminal stem diameter, we employed the average stem
diameter for the water depth in our calculation. Similarly, we
used the depth-averaged spacing of grass stems because the
stem density decreases from the ground level to the canopy
(Fig. 2). We also used the average water depth along the
marsh transect; i.e., the average of the water depths at the
seaward and landward sides of the marsh transect.

The root mean square error was used to quantify the
average error between predicted and measured heights of
transmitted waves, expressed as follows:

RE ¼
Xn

i¼1

H2Pi � H2Mið Þ2
n

" #1
2

ð5Þ

where H2P is the predicted height of the transmitted waves,
H2M is the measured height of the transmitted waves, and n
is the number of runs.

Results

Temporal and Spatial Changes in Wave Height

The burst-based significant wave height ranged from 0.01
to 0.73 m (Fig. 3) and the tide-based maximum wave height
ranged from 0.02 to 1.50 m (Table 1). At each site, the
wave height tended to increase with water depth (Figs. 2
and 3). Along the transects, the wave height was almost
always lower at the marsh site than at the mudflat site and
decreased with distance from the outer marsh towards the
inner marsh (Fig. 3). For example, the tide-averaged

significant wave height was 30±12% lower at Site 4 than
at Site 2, 27±10% lower at Site 5 than at Site 4, and 58±
15% lower at Site 6 than at Site 5 (Table 1). The wave
height over the mudflat on the landward side of the marsh
tussock (Site 9) tended to be lower than that on the seaward
side (Site 7) but tended to be greater than that recorded over
the marsh tussock (i.e., Site 8; Fig. 3e). Specifically, the
wave height at mudflat Site 3 was almost equal to that in
front of the marsh cape (Site 2) but was significantly greater
than that over the parallel area of the marsh (i.e., Site 4;
Fig. 3a).

Relationship Between Wave Height and Water Depth

There was a strong correlation between significant wave
height and water depth (i.e., the correlation coefficients
ranging from 0.825 to 0.991; Fig. 4). The relative significant
wave height (ratio of wave height to water depth), ranged
from 0.11±0.01 to 0.44±0.07. Along the measurement
transect (Sites 1–6), the highest relative wave height was
always recorded at Site 4. Similarly, the relative wave height
was higher within the vegetation tussock (Site 8) than around
the vegetation tussock (Sites 7 and 9). In other words,
relative wave height appeared to be maximal at the marsh
front. From Sites 4 to 5, and to Site 6, the relative wave
height significantly decreased, and the relative wave heights
at both Sites 5 and 6 were lower than at the mudflat site.

Influence of Winds on Wave Height

Under comparable tide conditions, wave heights showed
marked differences in response to wind conditions (Fig. 4d).
For example, at Site 5, the relationship between wave height
and water depth differed strongly between days due to
differences in wind speed; the higher wind speed during Tide

Fig. 2 Plant heights (a) and cumulative distribution of plant heights
(b) of S. alterniflora in the study area (based on a 0.5×0.5 m sampling
plot). The total stem density of the sampled S. alterniflora of the
present study was 508 stems/m2 (a). The plant heights of the present
study ranged from 0.15 to 2.0 m, with a mean height of 0.97 m. 20%
of the plants were lower than 0.5 m; 39% of them were between 0.5
and 1.0 m in height; only 21% of them were taller than 1.5 m (b). In

other words, the stem density at the height of 1.0 m was only half of
the stem density at the height of 0.5 m above sediment surface, and
the stem density at the height of 1.5 m above sediment surface was
only 26% of the stem density at the height of 0.5 m above sediment
surface. Sprouts of less than 0.5 m in height accounted for 20% of the
stems. The projected coverage was about 95%
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10 resulted in waves that were twice as high as on other days
when wind speed was less (Fig. 5), for a given water depth.

Wave Attenuation Rate Across the Salt Marsh Vegetation

The wave attenuation rate, defined as the relative decrease in
wave height/energy per unit distance, varied significantly in

space and time (1.3%/m to 6.0%/m; Fig. 6). Temporally, the
wave attenuation rate tended to be greatest during low
inundation levels (Table 1). This could be characterized by a
close inverse-power correlation between the wave attenua-
tion rate and relative water depth (the ratio of water depth to
plant height); i.e., the lower the relative water depth, the
more effective the wave attenuation (Fig. 6). For each

Fig. 3 Time series of burst-
based water depth and signifi-
cant wave height for sequential
tidal cycles 1–4 (a), 5 and 6 (b),
7–9 (c), 10 and 11 (d), and 12
and 13 (e). The locations of
wave-measuring sites are shown
in Fig. 1d. Water depth was
always based on records taken at
the site with the lowest site
number (i.e., closest to the water
front), as indicated by the blue
line in each panel
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interval along the transect from Sites 2–6 (i.e., Sites 2–4, 4–
5, and 5–6), the same inverse-power relation pattern was
observed, albeit at a lower level. The tide-averaged signif-
icant wave height (and also wave energy) exponentially
decreased with landward distance from the marsh edge
(Fig. 7), which suggests the rate of wave attenuation
decreased as waves propagated through the marsh. Figure 5
also shows that the wave attenuation rate tended to be higher
in shallower water, because the coefficient K in Hx=Ae

−Kx is
greater at lower water depth. Nevertheless, for the tidal
maximum wave height, the exponential landward decrease in
wave attenuation was often less well defined, probably due
to a shoaling effect and wave breaking, which are significant
when wave height is similar to water depth (Table 1).

Comparison of Predicted and Measured Wave Attenuation

In the S. alterniflora salt marsh of Eastern Chongming, the
predicted height of transmitted waves, based on the Dean
(1978) model, tended to be overestimated; i.e., wave
attenuation across the marsh was underestimated by the
model. In contrast, the Knuston et al. (1982) model
overestimated wave attenuation in the S. alterniflora salt
marsh of Eastern Chongming. When a combined drag
coefficient (CC=2) was employed in Eq. 4, predicted heights
of the transmitted waves were typically closely correlated
with those measured in the field, with a correlation
coefficient (r) of 0.95 and a root mean square error of
1.9 cm (Fig. 8a). However, in this case (where CC=2), the

Table 1 Tide-averaged total wave energy, significant wave height, tide-based maximum water depth, and maximum wave height during
coinstantaneous submergence of tidal cycles

Tide Tide-averaged total wave
energy (J/m2)

Tide-averaged significant
wave height (m)

Maximum wave height (m) Maximum water depth (m)

Mudflat
(Site 2)

Mudflat
(Site 3)

Marsh
(Site 4)

Mudflat
(Site 2)

Mudflat
(Site 3)

Marsh
(Site 4)

Mudflat
(Site 2)

Mudflat
(Site 3)

Marsh
(Site 4)

Mudflat
(Site 2)

Mudflat
(Site 3)

Marsh
(Site 4)

Tide
1

22.2 19.6 4.9 0.144 0.136 0.079 0.347 0.343 0.181 0.80 0.76 0.67

Tide
2

27.6 23.6 16.9 0.168 0.151 0.125 0.493 0.327 0.348 1.20 1.16 1.07

Tide
3

20.1 18.9 8.1 0.132 0.130 0.091 0.277 0.299 0.189 0.89 0.85 0.77

Tide
4

26.9 25.1 23.3 0.176 0.159 0.147 0.507 0.453 0.315 1.71 1.67 1.56

Mudflat
(Site 1)

Marsh
(Site 4)

Marsh
(Site 5)

Mudflat
(Site 1)

Marsh
(Site 4)

Marsh
(Site 5)

Mudflat
(Site 1)

Marsh
(Site 4)

Marsh
(Site 5)

Mudflat
(Site 1)

Marsh
(Site 4)

Marsh
(Site 5)

Tide
5

14.0 7.46 4.48 0.112 0.085 0.056 0.267 0.243 0.174 0.83 0.62 0.62

Tide
6

46.1 34.5 23.6 0.212 0.179 0.143 0.591 0.743 0.497 1.60 1.39 1.39

Marsh
(Site 4)

Marsh
(Site 5)

Marsh
(Site 6)

Marsh
(Site 4)

Marsh
(Site 5)

Marsh
(Site 6)

Marsh
(Site 4)

Marsh
(Site 5)

Marsh
(Site 6)

Marsh
(Site 4)

Marsh
(Site 5)

Marsh
(Site 6)

Tide
7

6.25 2.36 – 0.091 0.045 – 0.205 0.122 – 0.54 0.54 –

Tide
8

77.3 56.7 20.0 0.274 0.218 0.127 1.18 1.14 0.389 1.62 1.62 1.30

Tide
9

52.6 23.1 1.03 0.228 0.146 0.038 0.771 0.466 0.063 0.78 0.78 0.47

Mudflat
(Site 1)

Marsh
(Site 5)

Marsh
(Site 6)

Mudflat
(Site 1)

Marsh
(Site 5)

Marsh
(Site 6)

Mudflat
(Site 1)

Marsh
(Site 5)

Marsh
(Site 6)

Mudflat
(Site 1)

Marsh
(Site 5)

Marsh
(Site 6)

Tide
10

230 117 28.5 0.482 0.330 0.144 1.50 1.45 0.571 1.57 1.34 1.05

Tide
11

3.99 0.236 – 0.07 0.016 – 0.161 0.019 – 0.48 0.19 –

Mudflat
(Site 7)

Mudflat
(Site 9)

Marsh
(Site 8)

Mudflat
(Site 7)

Mudflat
(Site 9)

Marsh
(Site 8)

Mudflat
(Site 7)

Mudflat
(Site 9)

Marsh
(Site 8)

Mudflat
(Site 7)

Mudflat
(Site 9)

Marsh
(Site 8)

Tide
12

120 113 98.2 0.361 0.313 0.307 1.03 1.09 0.925 1.42 1.27 1.08

Tide
13

4.70 1.57 – 0.079 0.044 – 0.167 0.080 – 0.44 0.29 –

The sites are shown in Fig. 1

– the wave sensor was not submerged or the water was too shallow for effective wave recording
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specific predicted wave attenuation tended to be lower than
that measured for shallow water depths and small wave
heights and higher than that measured for deeper water and
large wave heights (Table 4; Fig. 8a). For example, wave
attenuation predicted using the model for marsh Sites 5 and 6
was 26% higher than attenuation measured in the field
during Tide 8, when water depth (106 cm) was higher than

the average (Tables 2 and 4). In contrast, during Tide 9, when
the water depth (52 cm) was lower than the average,
predicted wave height attenuation was 20% lower than that
measured in the field (Tables 4 and 2). Overall, the relative
difference between predicted and measured wave attenuation
ranged from −44% to 60% (Table 2), and there was a
significant correlation between this difference and water

Fig. 4 Regression relationships between burst-based significant
wave height (Hs) and water depth (Hw) over various tidal cycles (all
significance levels are P<0.0001). The first three panels focus on the
effect of location, whereas (d) shows the effect of wind speed,
comparing (a) Sites 2, 3, and 4 during Tide 2; (b) Sites 1, 4, and 5
during Tide 6; (c) Sites 4, 5 and 6 during Tide 8; and (d) Tides 6
(slowest wind), 8 (medium wind), and 10 (strongest winds) at Site 5.

The hourly mean wind speed (wind direction) ranged from 4.6 to
5.5 m/s (133−144°) for Tide 2, 3.8 to 4.8 m/s (129−134°) for tide 6,
1.1 to 9.4 m/s (353−74°) for Tide 8, and 7.3 to 8.4 m/s (357−2°) for
Tide 10. Hourly maximum wind speed ranged from 4.7 to 14.8 m/s
for Tide 8, and 11.1 to 13.1 m/s for Tide 10 (wind speed and
direction data are shown in Fig. 5). n data number; r correlation
coefficient

Fig. 5 Hourly wind speed and direction during the period of wave
measurements. The mean wind speed was recorded at a marine
gauging station, whereas the maximum wind speed was recorded at an
inland gauging station. The wind direction corresponds to the mean

speed. Inverse values of wind direction represent the difference
between the actual wind direction and 360°. For example, –10° in
the ure represents 350° in actual wind direction
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depth (Fig. 9). The empirical equation suggests (Fig. 9) that
predicted wave attenuation tended to be higher (lower) than
the measured attenuation when the water depth was greater

(smaller) than 75 cm. When the drag coefficient CC in the
model was changed from 2 to 1.3−3.8 (according to relative
water depth), the root mean square error between predicted
and measured heights of transmitted waves was reduced to
1.1 cm (r=0.98) (Fig. 8b) and the range of relative difference
decreased to −28% to 25% (Table 2). For both CC=2 and
CC=1.3−3.8, the predicted and measured heights of trans-
mitted waves were equal (11 cm) (Table 3) and the relative
difference between predicted and measured wave attenua-
tions was on average less than ±3% (Table 2). Nevertheless,
when the change in water depth was considered in the drag
coefficient (i.e., CC=1.3−3.8), the specific predicted wave
attenuation was closer to that measured in the field, and the
correlation between the relative difference between predicted
and measured wave attenuation and water depth became
insignificant.

Comparison of Wave Attenuation Predictions across Sites

Although transmitted wave heights predicted using the
Knuston et al. (1982) model (Eq. 3, where CP=5) and data
derived for the S. alterniflora salt marshes of Chesapeake
Bay were either higher or lower than those measured in
the field (Table 4), the average predicted (5.7 cm) and
measured (5.3 cm) transmitted wave heights were very
similar (Table 3). Using the newly revised Dean (1978)
model (Eq. 4, where CC=2) to predict the transmitted
wave heights gave significantly larger values than those
measured in the salt marshes of Chesapeake Bay, indicat-
ing that the Knuston et al. (1982) model performed better
for this site. However, the Knuston et al. (1982) model
underestimated the transmitted wave heights (i.e., over-
estimated wave attenuation) in the Eastern Chongming salt
marsh (Tables 4 and 3). Overall, this comparison indicates
that selecting a proper drag coefficient is highly important
for predicting wave attenuation, and will be discussed in
detail in section Predicting Wave Attenuation in Salt
Marshes.

Discussion

Cross-Shore and Temporal Changes in Wave Attenuation
Rate in Salt Marsh

The significant difference between wave attenuation rates
across marsh stretches with different distance from the
marsh edge (Fig. 6) is in line with observations made in
flume studies (Bouma et al. 2005b, 2010). An earlier field
study also reported that the most rapid attenuation of waves
occurs over the most seaward 10 m of a salt marsh (Möller
and Spencer 2002). The present study clearly showed
temporal changes in wave attenuation due to the effect of

Fig. 6 Regression relationship between tide-averaged decreasing rate
of significant wave height and relative water depth (defined as the
ratio of water depth to significant plant height). Dr tide-averaged rate
of decrease in wave height (%/m); Hw water depth at high tide (m);
Hp average height of the tallest 33% of plant stems (m); r correlation
coefficient. Data are taken from Table 1 (Sites 2–4 during Tides 1–4,
Sites 4 and 5 during Tides 5–9, and Sites 5 and 6 during Tides 8–10)

Fig. 7 Exponential decrease in tide-averaged significant wave height
across the salt marsh. For Tides 5, 6, and 10, the measured water
depths and wave heights at Site 1 (7.5 m seaward from the marsh edge
and 1 cm lower in elevation than at Site 2 at the marsh edge) were
utilized as the initial conditions of wave height and water depth. The
wave decay across this 7.5 m mudflat was considered by referring to a
previously determined wave attenuation rate (0.006%/m) over a
mudflat 2 km north of the present study site (Yang et al. 2008). The
loss of wave height across the 7.5 m mudflat was calculated to be
<0.5%. d1 represents initial water depth. d1 initial water depth (at the
seaward of the transect); x landward distance from the marsh edge; Hx
wave height at x; r correlation coefficient
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water depth relative to plant height. This finding is
probably not only due to bottom friction (i.e., the lower
the water depth, the stronger the interaction between waves
and the marsh bottom), but mainly due to a higher plant-
stem density at lower levels in the vegetation. For example,
the stem density at 0.5 m is four times higher than at 1.5 m
above the sediment surface (Fig. 2). Consequently, the loss
of wave energy due to vegetation friction increases with
decreasing water depth. Thus, the present results confirm
earlier observations showing that water depth is an

important factor determining wave attenuation in marshes
(e.g., Möller et al. 1999).

Causes of Differences in Wave Attenuation between Salt
Marsh and Unvegetated Tidal Flat

Although we did not study wave attenuation across the
exposed mudflat in great detail, an earlier study at a site
located 2 km north of the present site showed an attenuation
rate of significant wave height of 0.06%/m over a 185 m

Table 2 Comparison of predicted and measured reductions of wave height in the salt marsh at Eastern Chongming

Tide Marsh stretch L (cm) d (cm) H1 (cm) CC (I=1; II=75 cm/d) D (cm) S (cm) 1−H2M/H1 (%) 1−H2P/H1 (%)I (II) Rd (%) I (II)

Tide 1 Site 2-4 750 53 14.4 1 (1.42) 0.36 4.4 45 25 (32) −44 (−28)
Tide 2 Site 2-4 750 78 16.8 1 (0.96) 0.39 5.8 26 21 (20) −19 (−21)
Tide 3 Site 2-4 750 57 13.2 1 (1.32) 0.37 4.8 31 22 (27) −29 (−12)
Tide 4 Site 2-4 750 114 17.6 1 (0.66) 0.43 4.8 16 17 (12) 6 (−28)
Tide 5 Site 4-5 1250 47 8.5 1 (1.60) 0.36 4.3 34 26 (38) −24 (13)

Tide 6 Site 4-5 1250 95 17.9 1 (0.79) 0.41 5.0 20 32 (22) 60 (8.6)

Tide 7 Site 4-5 1250 39 9.1 1 (1.92) 0.35 4.1 51 32 (47) −37 (−6.9)
Tide 8 Site 4-5 1250 112 27.4 1 (0.67) 0.43 4.6 20 32 (24) 60 (21)

Tide 9 Site 4-5 1250 63 22.8 1 (1.19) 0.37 4.3 36 41 (45) 14 (25)

Tide 8 Site 5-6 3100 106 22.9 1 (0.71) 0.42 5.4 42 51 (42) 26 (0.9)

Tide 9 Site 5-6 3100 52 14.6 1 (1.44) 0.36 4.4 74 59 (68) −20 (−8.7)
Tide 10 Site 5-6 3100 87 33.0 1 (0.86) 0.40 5.1 56 65 (61) 16 (9.7)

Average 1550 75 18 1 (1.13) 0.39 4.8 38 35 (37) 0.75 (−2.3)
Standard deviation 960 27 7.3 0 (0.41) 0.03 0.05 17 16 (17) 38 (18)

L length of the stand of S. alterniflora from seaward to landward through which waves propagate; d average water depth of the marsh stretch
(average of the water depths at seaward and landward); H1 measured incident wave height (significant wave height at seaward); CC drag
coefficient (I=2.0; II=2×75 cm/day, where 75 cm [or 22 cm below the average plant height] was the average water depth of the marsh transect for
all the measured tides, assumed to be around the average stem length); D average stem diameter (space and depth-averaged); S average spacing of
stems (assumed to be on square centers, based on depth-averaged stem density); H2m measured transmitted wave height at the landward side of the
marsh stretch; H2p predicted transmitted wave height based on our revised Dean (1978) model (Eq. 4); 1−H2m/H1 measured relative reduction of
wave height; 1−H2p/H predicted relative reduction of wave height; Rd relative difference between predicted and measured reductions of wave
height= 1� H2p=H1

� �� 1� H2m=H1ð Þ� �
= 1� H2m=H1ð Þ�

Fig. 8 Correlation between predicted and measured heights of
transmitted waves, showing a predicted values calculated based on
our revised Dean (1978) model (adding a combined drag coefficient
CC=2 to Eq. 2), and b predicted values calculated by changing the

drag coefficient in our revised Dean (1978) model from 2 to 1.3−3.8,
according to the relative water depth (Table 2). H2M: measured
transmitted wave height; H2P: predicted transmitted wave height; RE

root mean square error; r correlation coefficient; P significance level
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transect (Yang et al. 2008). As suggested in Table 1, the
wave attenuation rate over the S. alteniflora marsh at the
present study site was 1 to 2 magnitudes higher than that on
the adjacent mudflat. Although significant differences in
wave attenuation between salt marsh and unvegetated areas
have been well addressed (e.g., Möller et al. 1996; Yang
1998; Möller and Spencer 2002), little is known about how
much of the difference is attributed to the presence of
vegetation. Wave attenuation is sensitive to changes in
elevation gradient (Kurian and Baba 1987). The average
elevation gradient of the marsh transect (including the cliff
at Site 2) was 12‰ (caption to Fig. 1), which is 10 times
higher than that of the mudflat (Yang et al. 2008). In other
words, the higher wave attenuation rate over the marsh
transect (relative to the mudflat) is due to both the presence
of marsh vegetation and the increase in marsh elevation
gradient. Assuming that wave attenuation due to shoaling
effects (Y) is proportional to the bottom slope (X) (i.e., Y=
AXK with A and K being coefficients), we would expect K<
1 (i.e., less than linear) because bottom surface roughness
(which is related to sediment grain size and ripples, etc.)

would not increase linearly with slope. Indeed, wave decay
is typically a nonlinear process. Therefore, wave attenua-
tion due to shoaling would be significantly less than 0.6%/
m in the present study (i.e., 10 times higher than that over
the adjacent mudflat, considering the marsh elevation
gradient is 10 times higher than the gradient of the adjacent
mudflat), although it would be larger than 0.06%/m (the
wave attenuation rate over the adjacent mudflat). That is,
less than 26% (0.6%/m) of the observed wave attenuation
across the marsh transect (2.34%/m on average) could be
attributed to shoaling effects, or more than 74% (2.34%/m−
0.6%/m=1.74%/m) of the observed wave attenuation across
the marsh transect should be attributed to presence of
vegetation. This also suggests that more than 76% (1.74%/
m) of the increase in wave attenuation across the salt marsh
(relative to the mudflat) (2.34%/m−0.06%/m=2.28%/m)
should be attributed to presence of vegetation. We estimate
that more than 80% of the increase in wave attenuation
across the salt marsh (relative to the mudflat) was attributed
to vegetation friction.

Marsh Distance Required for Wave Elimination
in S. alterniflora Marsh

In an S. alterniflora marsh in the USA, wave height
decreased by 71% over a distance of 20 m (Frey and Basan
1985). In Chesapeake Bay, Knuston et al. (1982) found that
waves lost all their energy over a marsh distance of 30 m.
In the present study, we found that the tide-averaged
significant wave height had decreased by 30% across the
first 7.5 m of marsh, by 51% across the first 20 m of marsh,
and by 79% across the first 51 m of marsh. Data in Fig. 6
give the regression relationship Aswh (%)=10.96 D0.505, (r=
0.999), where Aswh = the attenuation of significant wave
height; D = the cross-shore distance (m) from the marsh
edge; and r = correlation coefficient. Extrapolating this
correlation, the mean significant wave height is predicted
to be completely eliminated over a distance of 80 m from
the marsh edge. Assuming that >80% of the wave
attenuation was due to vegetation friction (Causes of
Differences in Wave Attenuation Between Salt Marsh and
Unvegetated Tidal Flat), the transmission distance of the

Table 3 Comparison between Eastern Chongming and Chesapeake Bay

Locations Number of runs SL (%) d (cm) d1 (cm) L (cm) H1 (cm) H2M (cm) H2P-Knutson (cm) H2P-Dean (cm)

Chesapeake Bay 31 4.4 45 22 1050 16 5.3 5.7 11

Eastern Chongming 12 1.2 75 66 1550 18 11 5.1 11

Original data for each run are shown in Table 4

In terms of the average slope (SL) and water depth (d) of marsh transects, water depth at landward sites (dL), length of the marsh transect (L),
incident wave height (H1), measured transmitted wave height (H2m), predicted transmitted wave height (H2p) based on the Knuston et al. (1982)
model (H2p-Knutson), and predicted transmitted wave height based on our revised Dean (1978) model (Eq. 4) (H2p-Dean)

Fig. 9 Regression relationship between relative difference between
predicted and measured reductions of wave height (Rd) and average
water depth of the marsh stretch through which waves propagate (d),
based on the data in Table 2. r correlation coefficient; P significance
level
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Table 4 Average spacing of stems (S), stem diameter (D), water depth
(d), length of the stand of marsh vegetation (from seaward to
landward) through which waves propagate (L), incident wave height
(H1), measured transmitted wave height (H2m), predicted transmitted

wave height based on the Knuston et al. (1982) model (H2p-Knutson et al.),
and predicted transmitted wave height based on our revised Dean (1978)
model (Eq. 4, CC=2) (H2p-Revised Dean)

Locations Runs S (cm) D (cm) d (cm) L (cm) H1 (cm) H2m (cm) H2p-Knutson et al. (cm) H2p-Revised Dean (cm)

Eastern Chongming Site 2–4 1 4.8 0.36 53 750 14.4 7.9 5.3 10.8

2 5.0 0.39 78 750 16.8 12.5 7.1 13.2

3 4.9 0.37 57 750 13.2 9.1 5.4 10.2

4 5.2 0.43 114 750 17.6 14.7 8.8 14.7

Site 4-5 5 4.7 0.36 47 1250 8.5 5.6 2.9 6.1

6 5.4 0.41 95 1250 17.9 14.3 6.5 13.3

7 4.8 0.35 39 1250 9.1 4.5 2.7 6.2

8 5.4 0.43 112 1250 27.4 21.8 8.2 18.6

9 5.0 0.37 63 1250 22.8 14.7 5.0 13.4

Site 5-6 8 5.4 0.42 106 3100 21.8 12.7 3.7 11.0

9 4.8 0.36 52 3100 14.6 3.8 1.8 5.9

10 5.2 0.4 87 3100 33.0 14.4 3.3 11.7

Chesapeake Bay Wescoast 1 1 5.9 0.48 48 442 16 14 7.6 13.1

2 5.9 0.48 54 442 16 14 8.1 13.4

3 5.9 0.48 67 869 18 8 6.6 13.4

4 5.9 0.48 77 869 17 8 7.0 13.2

Wescoast 2 1 7.3 0.53 17 457 18 8 5.0 11.8

2 7.3 0.53 25 457 16 9 6.2 12.2

3 7.3 0.53 50 945 17 7 6.3 12.7

4 7.3 0.53 56 945 21 10 7.3 15.3

Wescoast 3 1 7.5 0.44 34 494 20 6 9.0 16.0

2 7.5 0.44 28 494 14 2 6.8 11.6

3 7.5 0.44 26 250 14 6 9.0 12.6

4 7.5 0.44 20 250 12 2 7.4 10.7

Wescoast 4 1 7.1 0.53 49 472 13 4 7.6 11.4

2 7.1 0.53 52 472 14 6 8.2 12.3

3 7.1 0.53 64 244 16 13 12.0 15.0

4 7.1 0.53 49 244 17 14 11.6 15.5

Kings Creek 1 1 5.8 0.48 61 2941 16 0 2.3 7.4

2 5.8 0.48 63 2941 18 1 2.4 7.9

3 5.8 0.48 49 1933 17 1 2.8 8.4

4 5.8 0.48 46 1935 16 1 2.6 7.9

5 5.8 0.48 46 869 15 3 4.7 10.5

6 5.8 0.48 43 869 17 2 4.7 11.1

Kings Creek 2 1 5.4 0.51 43 442 12 6 5.6 9.7

2 5.4 0.51 42 1012 15 2 3.4 9.0

3 5.4 0.51 47 2012 13 2 2.1 6.4

4 5.4 0.51 46 2012 12 3 2.0 6.0

5 5.4 0.51 41 1012 12 2 3.2 7.7

6 5.4 0.51 44 442 12 6 5.7 9.8

Kings Creek 3 1 6.3 0.46 34 954 21 1 4.5 12.1

2 6.3 0.46 37 1966 23 1 2.7 9.1

3 6.3 0.46 46 2987 20 2 2.2 7.6

The data of S, D, d, L, H1, and H2m in Chesapeake Bay are after Knuston et al. (1982)

Estuaries and Coasts (2012) 35:169–182 179



waves would be >400 m if there was no vegetation
present. Based on the Dean (1978) model and our revised
drag coefficient related to water depth (Table 2), we also
predicted that the waves would lose 91% of their height
and 99% of their energy when they propagate through the
S. alterniflora marsh over a distance of 80 m, assuming
the average incident significant wave height (0.27 cm) and
the average water depth (1.01 cm) at the low marsh edge
(Site 2). Assuming the maximum wave height (1.5 m) and
maximum water depth (1.9 m) observed at the low marsh
edge, wave height would decrease to 0.11 m (7%) over the
first 100 m of the marsh (0.7 m in water depth at the
landward limit). In other words, more than 99% of the
wave energy would be lost over this distance.

The efficiency of wave attenuation by S. alterniflora in the
present study is thus somewhat lower than that measured for
the S. alterniflora marsh in the USA described above. This is
probably caused by a greater water depth, larger incoming
waves, and a lower elevation gradient at the Eastern
Chongming coast compared with the USA coast. For
example, in Chesapeake Bay, the mean and spring tidal
ranges were 0.73 and 0.88 m, the mean and maximum water
depths at the low marsh edge were 0.67 and 0.95 m during
spring tides, the mean and maximum incident wave heights
at the low marsh edge were 0.16 and 0.23 m, and the mean
and maximum elevation gradient were 4.4% and 14%,
respectively (Knuston et al. 1982). In contrast, the spring
tidal range at Eastern Chongming was up to 4 m, the mean
and maximum water depths at the low marsh edge were 1.01
and 1.90 m, the mean and maximum incident wave heights
at the low marsh edge were 0.27 and 1.50 m, respectively,
and the mean elevation gradient was 1.2%. It is well known
that lower water depths and incident wave heights increase
the efficiency of wave attenuation by marsh vegetation (e.g.,
Knuston et al. 1982; Möller 2006). The marsh elevation
gradient is important for wave attenuation because it
determines the water depth at the landward edge of the
marsh transect. In Chesapeake Bay, the width of marsh
inundated by tides was usually less than 30 m (based on
Table 2 in Knuston et al. 1982). In the present study, for the
mean elevation gradient and mean water depth at the low
marsh edge (1.01 m), the water depth would be only 5 cm at
80 m landward from the marsh edge.

Difference in Wave Attenuation between S. Alterniflora
and Other Marsh Species

For a salt marsh comprising Limonium, Aster, Atriplex
(0.25 m high), Salicornia (<0.1 m high), and Spartina spp.
(<0.4 m high) in North Norfolk, UK, a decrease in
significant wave height was measured at a rate of 0.34%/
m (Möller et al. 1999). A comparative wave attenuation rate
(0.54%/m) was found across a salt marsh in Essex, UK,

formed of similar vegetation species (Möller and Spencer
2002). In the Yangtze Estuary, a significant wave height
attenuation rate of 0.95%/m was measured across a marsh
formed of taller (0.5 m) native S. mariqueter vegetation
(Yang et al. 2008). Comparatively, the present study
recorded much higher wave attenuation rates across a
marsh formed of the tall (up to 2 m high) introduced
species S. alterniflora (1.3%/m to 6.0%/m). This is not
surprising considering the importance of relative water
depth for wave attenuation (Fig. 6). Flume studies have
shown that in addition to vegetation height, shoot stiffness,
and overall standing biomass are important in determining
wave attenuation rates (Bouma et al. 2005a, 2010).

Predicting Wave Attenuation in Salt Marshes

The original Dean (1978) model underestimated wave
attenuation across salt marshes both in Chesapeake Bay
(Knuston et al. 1982) and in the Yangtze Estuary. This is
because the model considers marsh vegetation as an array of
smooth vertical cylinders. In fact, Dean did not use marsh
plants in his laboratory experiments, and no field measure-
ments were obtained (Knuston et al. 1982). However, the
results of Knuston et al. (1982) and the present study prove
that the Dean model is useful in predicting wave attenuation
across salt marshes when a suitable drag coefficient is
introduced. This drag coefficient is associated with plant
characteristics as well as bottom features. For the salt marsh
in Eastern Chongming, a drag coefficient of ∼2.0 on average
in Eq. 4 was suitable for predicting wave attenuation. The
significant difference in drag coefficients between Chesa-
peake Bay and Eastern Chongming is probably due to the
steeper slope of the bottom and lower water depth at
Chesapeake Bay marsh compared to the Eastern Chongming
marsh (Table 3). It is well known that the bed friction
encountered by waves in shallow waters is proportional to
elevation gradient and is inversely proportional to water
depth (Kurian and Baba 1987).

Although the predicted wave attenuation based on our
revised Dean (1978) model (Eq. 4, CC=2) was, on average,
in agreement with that measured in Eastern Chongming,
this model tended to underestimate wave attenuation in
shallower water and to overestimate wave attenuation in
deeper water (Fig. 9). This was also true for the Knuston et
al. (1982) model (Eq. 3) used in Chesapeake Bay (Table 4).
The underestimation of wave attenuation in shallower water
may arise because bed friction is insufficiently considered
in the predictive model. In fact, the Dean (1978) model
does not reflect the influence of elevation gradient. Because
the drag coefficient given by Knuston et al. (1982) is an
empirical value, it actually reflects the combined effect of
bed friction and plant drag. Interaction between the bed and
waves is greater in shallower water than in deeper water. In
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contrast, overestimation of wave attenuation in deeper
water was probably the result of inundation of the plant
canopy. The Dean (1978) model assumes that water depth is
lower than plant height, that stem density is vertically
unchanged, and that stems are rigid. In fact, stem density
usually decreases with vertical distance increasing from the
ground level (e.g., Fig. 2). According to our field
observations, when water depth is higher than stem length,
which is significantly lower than plant height (e.g., Knuston
et al. 1982), the plant leaves float on the water surface;
when water depth increased, all marsh vegetation is
submerged and waves were found to propagate across the
water surface. At high tides, the water depth of the marsh
transect can reach 1.5−2 times higher than the average plant
height in Eastern Chongming. As a result, the marsh plant
canopy was usually submerged during spring high tides,
which reduced wave attenuation by the vegetation. In
Chesapeake Bay, water depth at high tides can also exceed
average plant height (Knuston et al. 1982). Hence, at each
marsh, a changing drag coefficient should be employed with
respect to water depth for improving the prediction of wave
attenuation. The greater the water depth relative to the stem
length, the lower the drag coefficient should be employed.
As shown in Fig. 8, when the drag coefficient 2 was
replaced by a changing value of 1.3−3.8, the root mean
square error of wave attenuation decreased by 42%.

Conclusions

The rate of wave attenuation over a zone of S. alterniflora
marsh at the Yangtze Estuary was 1 to 2 magnitudes greater
than over the adjacent mudflat. Although this difference is
partly due to an increase in bed gradient across the marsh
margin, more than 80% of the increase in the rate of wave
attenuation was attributed to the presence of vegetation.
Wave attenuation showed an exponentially decreasing trend
with distance across the marsh. Due to the shoaling effect
and a higher stem density closer to the bed, wave
attenuation rate is inversely correlated to water depth. On
average, the distance over which significant wave height
was eliminated in the present study was ∼80 m, compared
with ∼30 m in a previous study of S. alterniflora marshes in
the USA (Knuston et al. 1982). This difference between
sites was probably due to the larger water depths and larger
incident wave heights, combined with a smaller elevation
gradient at the salt marsh in Eastern Chongming. At the
same site, the stretch of marsh vegetation needed to
eliminate the largest waves at spring high tides (under
storm conditions) can exceed 100 m. The wave attenuation
rate by the introduced S. alterniflora is several times higher
than that reported for the shorter, native pioneer vegetation
in the Yangtze Estuary and along European coasts. This

finding indicates that differences in wave attenuation rates
can be significant among marsh vegetation species. Com-
parisons thus show that wave attenuation across salt
marshes is determined by vegetation characteristics, hydro-
dynamics, and ground topography and can show marked
spatial and temporal variations. The models by Dean (1978)
and Knuston et al. (1982) can be employed to predict wave
attenuation across marsh vegetation. However, our calcu-
lations show that it is essential to derive a suitable empirical
drag coefficient, with respect to local plant characteristics,
and hydrological and topographical conditions. The use of
salt marshes for coastal defense requires sound knowledge
of wave attenuation across the marsh area. Hence, there is a
strong need for a more general understanding of how salt
marshes attenuate waves in the field, under various
hydrological and topographical conditions.
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