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Abstract Coastal wetlands are receiving increased consider-
ation as natural defenses for coastal communities from storm
surge. However, there are gaps in storm surge measurements
collected in marsh areas during extreme events as well as
understanding of storm surge processes. The present study
evaluates the importance and variation of different processes
(i.e., wave, current, and water level dynamics with respect of
the marsh topography and vegetation characteristics) involved
in a storm surge over a marsh, assesses how these processes
contribute to storm surge attenuation, and quantifies the storm
surge attenuation in field conditions. During the Fall of 2015,
morphology and vegetation surveys were conducted along a
marsh transect in a coastal marsh located at the mouth of the
Chesapeake Bay, mainly composed of Spartina alterniflora
and Spartina patens. Hydrodynamic surveys were conducted
during two storm events. Collected data included wave char-
acteristics, current velocity and direction, and water levels.
Data analysis focused on the understanding of the cross-
shore evolution of waves, currents and water level, and their
influence on the overall storm surge attenuation. Results indi-
cate that the marsh area, despite its short length, attenuates
waves and reduces current velocity and water level. Tides
have a dominant influence on current direction and velocity,
but the presence of vegetation and the marsh morphology

Communicated by David K. Ralston

P4 Anne-Eleonore Paquier
eleonorepaquier@ gmail.com

Civil, Environmental and Infrastructure Engineering, Volgenau
School of Engineering, Department of Civil, Environmental and
Infrastructure Engineering, George Mason University, 4400
University Drive, MS 6C1, Nguyen Engineering Bldg,

Fairfax, VA 22030, USA

@ Springer

contribute to a strong reduction of current velocity over the
marsh platform relative to the currents at the marsh front.
Wave attenuation varies across the tide cycle which implies
a link between wave attenuation and water level and, conse-
quently, storm surge height. Storm surge reduction, here
assessed through high water level (HWL) attenuation, is
linked to wave attenuation across the front edge of the marsh;
this positive trend highlights the reduction of water level
height induced by wave setup reduction during wave propa-
gation across the marsh front edge. Water level attenuation
rates observed here have a greater range than the rates ob-
served or modeled by other authors, and our results suggest
that this is linked to the strong influence of waves in storm
surge attenuation over coastal areas.

Keywords Storm surge attenuation - Water level - Waves -
Currents - Coastal wetland - Nature-based defenses

Introduction

Tropical cyclones are one of the most costly natural hazards in
the United States (Lott and Ross 2006), and examples in re-
cent history, such as Katrina (2005), Ike (2008), or Sandy
(2012), demonstrate the magnitude of infrastructure losses
and societal impacts in some of the most developed regions
of the country. Salt marshes, besides their well-documented
ecological functions (Lavoie et al. 2016; Xue et al. 2008),
have gained increased recognition as nature-based strategies
for reducing the risks faced by coastal communities from sea
level rise and coastal storms (Arkema et al. 2013; Spalding
et al. 2014b). The move toward integrating green infrastruc-
ture as a component of coastal resiliency efforts has gained
traction at the highest levels in the United States. For instance,
the US Executive Office of the President (National Science
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and Technology Council) has recently published a report
highlighting the research needs for coastal green infrastructure
(Committee on Environment, Natural, Resources, and
Sustainability, National Science and Technology Council
2015) and the United States Army Corps of Engineers
(USACE) included the use of Natural and Nature Based
Features (NNBF) in its risk management strategies for coastal
communities (Bridges et al. 2015).

The scientific community has been working on the interac-
tions of coastal vegetation and hydrodynamics for decades.
That body of research supports the idea that coastal vegeta-
tion, including wetlands and coastal marshes, has the potential
to act as a resilient defense system against the risks of flooding
and erosion. Several recent comprehensive reviews have
highlighted the ability of salt marshes to protect and stabilize
shorelines and the contribution of salt marsh vegetation in
wave attenuation (Gedan et al. 2011; Shepard et al. 2011;
Spalding et al. 2014a; Sutton-Grier et al. 2015). Several stud-
ies have investigated and demonstrated the ability of marsh
vegetation to attenuate waves (Anderson and Smith 2014;
John et al. 2015; Marsooli and Wu 2014) including laboratory
studies under storm surge conditions (Moller et al. 2014) but
much fewer based on field experiments (Coulombier et al.
2012; Tschirky et al. 2001). It has been demonstrated that this
attenuation can vary as a function of wave conditions and
water level (Marsooli and Wu 2014; Moller et al. 2014) but
is also dependent on plant biometric characteristics
(Coulombier et al. 2012) such as stem stiffness (Bouma
et al. 2005), stem density, or submergence ratio (Anderson
and Smith 2014). It has also been demonstrated through lab-
oratory experiments that vegetation with characteristics of a
typical marsh ecosystem reduces current velocity (Leonard
et al. 1995; Nepf 1999; Neumeier 2007; Neumeier and
Ciavola 2004; Leonard and Croft 2006; Peralta et al. 2008).

Several numerical modeling studies have also investigat-
ed the role of wetlands in storm surge attenuation.
Numerical studies have identified and tested the role of
morphological parameters. For example, Loder et al.
(2009) found that marsh discontinuity (defined by the pres-
ence of streams) increases storm surge height while
Wamsley et al. (2010) found that the presence of more com-
plex bed forms decrease it. Sheng et al. (2012) highlighted
the importance of vegetation characteristics on bottom fric-
tion and consequently on storm surge attenuation. It has
been demonstrated that the attenuation of storm surge by
wetlands is also highly dependent on the hydrodynamic pro-
cess of storm surge and the unique meteorological charac-
teristics of storms (Loder et al. 2009; Resio and Westerink
2008; Wamsley et al. 2010). Authors have proposed storm
surge attenuation rates from 4 to 25 cm.km™' over marshes
and mangroves during Hurricanes Andrew in 1992
(Lovelace 1994), Charley in 2004, Wilma in 2005 (Krauss
et al. 2009), and Rita in 2005 (McGee et al. 2005).

Attenuation rates from —2 to 70 cm.km ! over tides—

undermarsh tides, overmarsh tides, and storm tides—have
also been proposed during moderate and severe storms
(Stark et al. 2015). These results, reviewed by Stark et al.
(2015), to the best of our knowledge, document the majority
of field surveys available to evaluate attenuation of storm
surge over wetlands. Therefore, there remains a significant
need for storm surge measurements collected in marsh areas
during extreme events (Bouma et al. 2014; Thomas et al.
2014), particularly in the US Mid-Atlantic region (Hu et al.
2015; Shepard et al. 2011).

While most of the studies have tried to resolve the question
of storm surge attenuation over wetlands using a modeling
approach, this study focuses on field experiments. The aim
here is to reduce the existing knowledge gap by acquiring high
resolution field data and analyzing the non-linear interactions
of hydrodynamics, bed morphology, and vegetation character-
istics in a coastal marsh for two coastal storms. We thus have
collected and present here a field dataset composed of high-
resolution measurements of bed morphology, vegetation char-
acteristics, and hydrodynamics (wave, current velocity, cur-
rent direction, and water level). Our goals are to broaden the
understanding of hydrodynamics in marsh areas and to deter-
mine how and to what extent these natural areas effectively
attenuate surges. The hydrodynamics (waves, current velocity
and direction, and water levels) were observed during two
storm events within a coastal wetland located at the mouth
of the Chesapeake Bay to provide a basis for resolving the
key questions involving the importance and variation of pro-
cesses composing a storm surge, how these processes contrib-
ute to attenuation of a storm surge, and the quantification of
storm surge attenuation over a marsh area during storm events.

Methods
Study Area and Study Site

The Chesapeake Bay is the largest estuary in the US and is
located on the Mid-Atlantic coast (Fig. 1a). The study site is
located at the Eastern Shore of Virginia National Wildlife
Refuge (ESVNWR) managed by the US Fish and Wildlife
Service (USFWS) on the Southern end of the Eastern Shore
of the Chesapeake Bay, on the Delmarva Peninsula (Fig. 1c).
The tidal amplitudes are observed at the National Oceanic and
Atmospheric Administration (NOAA) s Chesapeake Bay
Bridge Tunnel (CBBT) station (Fig. 1¢) with a mean range
of tide of 0.77 m. Wind measurements at CBBT during 2015
(Fig. 1b) show that North winds (WNW to NE) and South-
Southwest winds (S to SW) are the most prevalent.

The coastal marsh area which encompasses the ESVNWR
lies on the ocean side of the Eastern Shore of the Chesapeake
Bay (Fig. 2a). The coastal marsh is located in a fetch-limited
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Fig. 1 Study area. a Location in the United States. b Wind rose
presenting the wind data collected from 2015/01/01 to 2015/12/02 at
Chesapeake Bay Bridge Tunnel (CBBT) NOAA Station. ¢ Chesapeake
Bay, location of the study site (marked by a black star), location of the
CBBT NOAA station (marked by a white circle)

area delimited by discontinuous barrier islands. The inlet
fronting the reserve allows the propagation of waves from
the southeast and currents from the open sea. The study site
is a wetland located within ESVNWR (Fig. 2b). It has a steep
front edge, a relatively flat topography, and is cut by a roughly
0.8 m deep and 5 m wide stream diverting into two shallow
tributaries as the depth of the main branch decreases further
inland. These streams occupy the lower marsh platform which
has elevations around mean sea level (MSL). The inland most
part of the wetland (upper marsh) shows a more significant
slope and is inundated only during particularly high tides or
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extreme events. The marsh is bordered by a forest further to
the West and North. As is the case for much of the Chesapeake
Bay region’s coastal marshes (Knutson et al. 1982; Perry et al.
2001), the dominant species of vegetation is Spartina
alterniflora in the lower marsh and Spartina patens in the
upper marsh. Distichlis spicata and Phragmites australis are
also present on the highest points bordering the forested areas.

The site, a natural setting highly exposed to tidal and surge
inundation, gives an opportunity to examine the impact on
storm-induced waves, currents, and water levels by a marsh
with vegetation typical for the Mid-Atlantic region.
Measurements of waves, current direction and velocity, and
water level were taken along a 500-m-long cross-shore tran-
sect for two successive storm events, from the 24th of
September 2015 to the 26th of October 2015. Figure 2b shows
the placements of instruments on this transect, with “W”
representing wave measurements, “AQP” representing the
current measurements, “WL” representing water level, and
green dots representing the vegetation measurements. This
transect was also characterized in terms of topography and
vegetation characteristics. While water levels and currents
were monitored throughout the period of survey, waves were
monitored only during the first event. Though tide ranges
were measured on site, the wind and tide records at CBBT
(located at the mouth of the bay) were used as proxies to
characterize these storms.

Environmental Context

Topography

A high-resolution topographic survey was performed on
the marsh area and the submerged beach using a differen-
tial GPS Trimble R4 (error lower than 0.02 m in eleva-
tion). Cross-shore and long-shore transects spaced at 15 to
30 m were recorded by walking surveys using the rover
GPS fixed on a backpack. The error associated with the
instrument is here increased as a result of the surveyor
and the backpack movement; to account for thus addition-
al uncertainty, we increased the final vertical error to
0.1 m. The point sampling density was increased for sig-
nificant features, such as bottom and top of marsh front
edge and significant streams. The transect topography was
surveyed using 1-s measurements with the rover GPS
mounted to a pole. Measurements are geo-referenced to
the NAVDS88 vertical datum and NADS83 horizontal datum
for easting and northing locations. The location of the
GPS base was corrected using the Online Positioning
User Service of the National Geodetic Survey (NOAA-
NGS). From the corrected data, a 1 m-cell digital eleva-
tion model (DEM) was computed using a Delaunay trian-
gulation method (Fig. 2b).
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Fig. 2 Study site, Eastern Shore
National Wildlife Refuge
(ESVNWR). a Location of
ESVNWR at the southernmost
end of the Delmarva Peninsula,
marked by a black star. b Study
site. Map showing the DEM
carried out in the wetland and the
location of the instruments
deployed during the Fall 2015.
AQPI1 and AQP2 (purple
squares) are Acoustic Doppler
Current profilers used for current
direction and velocity
measurements, WL1 to WL5
(light blue dots) are low
frequency pressure sensors used
for water level measurements and
W1 to W4 (dark blue stars) are
high frequency pressure sensors
used for measurements of wave
parameters. Green dots represent
the location of the vegetation
measurement stations

(0] 25 10)

Vegetation

On the 17th of October 2015, a non-destructive vegetation
survey was performed along the surveyed transect.
Vegetation biometry was measured at three stations between
WL2 and WL3, two stations between WL3 and WL4, and
three stations between WL4 and WLS5. At each station, photos
were taken to perform species recognition, and the stem den-
sity was counted in three quadrats of 25 cm?. In each quadrat,
five plant heights and stem diameters were also measured. For
each station, mean values were computed for stem density
(per m?), plant height (cm), and stem diameter (mm). The
variability associated with the measurements was evaluated
by standard deviations. The locations of the vegetation survey
quadrats were surveyed precisely using 1-s points with the
pole mounted rover GPS.

Hydrodynamics
Waves

Four high-frequency pressure transducers (Trublue
Measurement Specialties) were deployed along the transect
on wood posts and are identified as W1, W2, W3, and W4
(Fig. 2b). The accuracy of the sensor is 0.05 % of the instru-
ment full scale (0—50 psi) being 0.01 m in the present study.

Elevation in
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The locations of these sensors were surveyed by Differential
GPS (3-min point measurements). These sensors recorded
continuously at 4 Hz. The time series was cut in bursts of
4800 sample measurements (20 min) on which wave spectra
were calculated using Fast Fourier Transforms and a 600 s
Hanning window with 75 % overlapping (Sénéchal et al.
2001). The limit between the gravity and infra-gravity was
set at 0.06 Hz. As proposed by Horikawa (1988), a correction
factor was applied to account for the non-hydrostatic pressure
field. This induced a 0.5 Hz cut-off. For each burst, significant
wave height (H) and peak period (T,) were calculated in the
spectral window [0.06; 0.5] Hz. Several studies characterized
wave attenuation by an exponential decay process (Anderson
and Smith 2014; Coulombier et al. 2012; Jadhav and Chen
2012; Mdller et al. 1999) expressed as follows:

H = Hge ¥~

where H, is the wave height at the first station, A the wave
height at the second station, x the distance between the sta-
tions, and K; the wave height decay rate.

For this study, we limited our consideration to waves ex-
ceeding 0.05 m. Also, even if wind waves are expected in this
fetch-limited area, wind measurements were outside the scope
of this study. Moreover, in this area, swell is propagated from
the Atlantic Ocean through the inlet fronting the site. We thus
expected swell to be the dominant wave dynamic.

@ Springer



934

Estuaries and Coasts (2017) 40:930-946

Current Velocity and Direction

Two Acoustic Doppler Current Profilers (ADCPs), Aquadopp
Nortek 2 MHz, were deployed during both storm events and
geo-referenced by Differential GPS. These instruments have
an accuracy of 0.01 % of the measured value for current ve-
locity (maximum of 8 x 107> m.s"' in the present study) and
0.2° for current direction. One was deployed in the water
(station AQP1) and the other in the marsh (station AQP2),
as shown in Fig. 2b. The ADCPs were installed in up-
looking position on microfiber gridded structures fixed to
the bed. They were both configured to collect current velocity
and direction on 10 cm bins, with a 0.1 m blanking distance, to
obtain 1-min-averaged profiles every 10 min.

Water Levels

Five low-frequency pressure transducers (Hobo Onset U20L-
01) were continuously deployed a few centimeters from the
bed on the same posts used for wave measurements: WL1 to
WLS as shown in Fig. 2b. The accuracy of these sensors is
evaluated at 0.02 m by the manufacturer. Atmospheric pres-
sure was measured using the same instruments at a nearby
location. These sensors measured instantaneous pressure ev-
ery 6 min, which was corrected from atmospheric pressure
and converted to water levels above NAVDS88. The observed
instantaneous water levels were scattered, and the spread was
particularly significant at WL1 and decreased along the tran-
sect. Wave dynamics can increase the instantaneous water
level via passing of a wave crest or wave set-up and can
decrease it via passing of a wave trough or wave breaking.
These water level variations observed shore-ward can be a
source of uncertainty which has been evaluated by calculation
of standard deviations on moving averages (averaged on 5
values). The sum of the uncertainties for two stations was
consistently lower than the average of absolute differences
of water level between the same stations. The uncertainties
in water level gradients were evaluated as 0.19, 0.09, 0.02,
and 0.01 cm.m™! for each section from WLI to WL5, and
0.01 cm.m™ " over the entire marsh platform (WL2 to WLS).
Considering that we analyzed the general pattern of the ob-
served water surface slopes over the studied period (as de-
scribed below) and that these uncertainties were lower than
the values of water level gradients, we considered these results
valid. On the other hand, the variability of water level signals
(due to the passing of wave crest and trough, wave breaking,
and wave setup) can be used, on top of wave data, as an
element of interpretation of the implication of wave dynamics
on the water level variation.

The comparison of water level values along a cross-shore
transect for the evaluation of water surface slope or high water
level attenuation requires that storm surge direction is parallel
to the surveyed transect. Current measurements showed that

@ Springer

the current direction in the main part of the water column at
the entrance of the marsh was parallel to the surveyed transect
during the low energy period and was not or was slightly
reoriented by less than 20°N during storms (see Sect. 3.2.2.).
We thus considered the storm surge direction as parallel to our
transect.

The analyses of water level gradients, or slopes of the water
surface, provide information on water level dynamics.
Considering the short length of our instrumented transect (ap-
proximately 300 m), we calculated an instantaneous water
level gradient between stations in cm.m ', A positive value
indicates a positive slope of water surface (water level lower
shore-ward than inland), and a negative value indicates a neg-
ative slope of water surface (water level higher shore-ward
than inland). To analyze the water level gradient over the
entire marsh platform, an additional calculation was made
from WL2 to the most inland station (WL5) in cm.m ™"

Several authors have evaluated the capacity of a coastal
vegetated area to attenuate storm surge by a ratio of high water
level (HWL) diminution per distance in cm or m per km along
the entire marsh (Corps of Engineers, US Army Engineer
District 1963; Krauss et al. 2009; Lovelace 1994; McGee
et al. 2005; Wamsley et al. 2010; Zhang et al. 2012). HWL
is the highest point reached by the water for a given period of
time. We computed attenuation as a reduction of water level
per distance of marsh between two stations at HWL for each
tide cycle. For comparison with the literature, we also calcu-
lated an HWL attenuation rate over the marsh platform from

WL2 to the most inland station (WL5) in cm.m .

Results and Discussion
Environmental Context

During the fall of 2015, the marsh was characterized in terms
of topography and vegetation biometry which are shown in
Fig. 3.

Topography

The transect has elevations between —1.88 and 0.59 m and can
be separated into three main parts: the submerged beach, the
lower marsh, and the upper marsh (Fig. 3a). The submerged
beach, 49.1 m long with a mean slope of 3.6 %, is delimited by
the sharp marsh edge. The marsh platform edge forms a 0.7 m
tall step from the submerged beach and marks the beginning
of the lower marsh which extends to station 4 (WL4 and W4).
This section has a length of 105 m and has an average slope of
—0.01 %, representing a variation of 0 + 0.25 m. However, this
region of the marsh also contains the most important variation
of topography and can further be separated in two main sec-
tions: the flat lower marsh (from stations 2 to 3) which is flat
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Fig. 3 Topography and vegetation characteristics measured along the
transect. a Topography of the surveyed transect. Hydrodynamic
measurement stations are represented by purple squares (AQP1 and
AQP2), light blue dots (WL1 to WLS5), and dark blue stars (W1 to

and does not present much variety of forms, and the rugged
lower marsh (from stations 3 to 4) which is cut by two shallow
streams (tributary 1 and 2) and presents a variety of bed forms.
The upper marsh starts at station 4 and includes station 5. It is
350 m long presenting the highest elevations (0.15 to 0.59 m)
and a slope of 0.11 %.

Vegetation Characteristics

The vegetation in the lower and upper marshes is dominated by
Spartina species (Fig. 3b—d). The lower marsh (flat and rug-
ged) is dominated by Spartina alterniflora while the upper
marsh is dominated by Spartina patens. The S. alterniflora
has higher mean stem densities (Fig. 3b) in the flat lower marsh
(97 + 20 stems.m ) than in the rugged lower marsh by about
30 stems per m”. Mean plant heights of S. alterniflora (Fig. 3¢)
appeared to decrease overall along the lower marsh. However,
these heights are considered constant (about 75 cm) along the
lower marsh based on the wide variability observed. These
values are two to three times higher than those made for the
same species by Coulombier et al. (2012) in salt marshes in the
St. Lawrence Estuary (Quebec, Canada). We attribute this to
the warmer climate in Southern Virginia during the measure-
ment period, mid-October 2015. Considering the variability of
mean stem diameter in the lower marsh (Fig. 3d), we assumed
a constant value (about 5 mm) except for an exceptionally high
value landward of tributary 1 (7.52 = 1.56 mm).

S. patens, dominating the upper marsh, has homogeneous
mean stem densities of 217 + 28 and 191 + 30 stems.m >
(Fig. 3b), considerably higher than the lower marsh vegetation

W4). b Mean stem density per m”. ¢ Mean plant height in cm. d Mean
stem diameter in mm. Plant species are noted at the bottom of the figure
while marsh transect sections and hydrodynamic measurement stations
are noted at the top

(by about 200 stems per m?). Mean plant heights and stem
diameters (Fig. 3¢, d) increased between the two measurement
stations (from 26.87 + 4.81 c¢cm to 40.53 + 4.90 for mean
height and from 1.53 + 0.35 mm to 2.68 + 0.80 for mean stem
diameter) and are both lower than the assumed constant values
for S. alterniflora. The vegetation of the upper marsh is thus
denser than the vegetation of the lower marsh, but the plants
are shorter and the diameter of the stems are thinner.

Hydrodynamics

Hydrodynamics were surveyed during two storm events. The
first event lasted 5 days, from the 24th to the 29th of
September 2015, and was characterized by strong winds from
the North-Northeast (NNE) reaching 15.8 m s ! at the storm
peak (September 26th 2015, Fig. 4). The observed water
levels recorded by NOAA’s Tides and Currents Service at
CBBT station (Fig. 1) during this storm show a particularly
high tidal range of 1.3 m and a storm surge of 0.60 m above
predicted astronomical tide levels (MSL + 0.6 m).

The second event, which also lasted 5 days, from the 1st to
the 5th of October 2015, was a combination of an extra trop-
ical storm, a particularly high astronomical tide and the influ-
ence of Hurricane Joaquin passing seaward of the U.S. East
coast. During this event, the wind was blowing from the north
(N) and reached 16.6 and 17.8 m.s ' with two storm peaks,
October 2nd and October 4th (Fig. 4). The NOAA observed
tidal ranges at CBBT station for each storm peak were 1 and
0.7 m, respectively. The recorded storm surges at that station
were particularly high, at 0.84 and 1 m, respectively, above
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predicted maximum tide levels (MSL + 0.63 m and MSL +
0.51 m, respectively).

Wave Characteristics

Waves were only observed for the first storm event, storm 1.
During the peak storm tide cycle, Hg at W1 reached 0.34 m at
high tide (Fig. 5a), then decreased at W2 (0.24 m), W3
(0.15 m), and W4 (0.07 m). At low tide, Hg values reached
0.07 m at W1 while no waves were recorded at other stations.
The wave periods, T, (Fig. 5b) varied between 2.5 and 10 s at
W1. The wave periods increased across the storm, particularly
in the second part of the event after September 26th. At the
beginning of the event, waves have short lengths and are thus
wind waves generated locally. The increase of wave periods

across the storm indicates that a swell is propagated in the area
from the ocean through the inlet fronting the Eastern Shore
marsh. During the storm, periods are also increasing along the
tide cycle. Due to the deeper water column, which allows the
propagation of the swell over the marsh, wave periods in-
creased over the rising tide and are the longest at high tide.
Wave periods tend to be longer at ebb tide than at rising tide
because of a slightly higher water level which allows the
propagation of swell waves at the beginning of ebb tide.

The wave height decay rate (Fig. 5¢) was most significant
during the rising tide, followed by the ebb tide, and lowest at
high tide. During the rising tide, the maximum decay rates
were observed between W1 and W2 (K; = 0.045 for the peak
storm tide). Following the rising tide, the wave height decay is
greatest between W2 and W3. Wave height decay was
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observed between W3 and W4 during only two tide cycles
corresponding to the storm peak. The rates between these two
stations were equivalent to the decay rates observed between
W1 and W2 during high tide, although the wave heights in
these two sections were considerably different. We may thus
conclude that most of the wave energy is attenuated in the flat
lower marsh, between W2 and W3.

The increase of water level during the rising tide generates
a transition of the greatest rates of attenuation from the marsh
front edge (W1 to W2) to the flat lower marsh (W2 to W3). As
the water depth increases, wave setup and wave breaking oc-
cur more inland. For the same reason, there is an attenuation of
waves observed above the rugged lower marsh (W3 to W4)
only during the high tides corresponding to the storm peak. As
shown in Fig. 8a, there is a negative relationship between
wave attenuation and water level; wave attenuation
decreases when water level decreases. The greater wave
attenuation during the rising tide in comparison to the ebb
and high tide could be attributed to the increase of wave
lengths along the tide cycle. It is expected that longer waves
are less attenuated across the marsh. Bradley and Houser
(2009) have shown that wave attenuation over seagrass is
not uniform for all wave lengths as a function of the frequency
of plant oscillation and lower frequency in the spectra tend to
be more attenuated. No significant difference in vegetation
effect on wave attenuation over the different sections studied
was discernible since the vegetation had relatively similar
stem diameters and plant heights.

Current Velocity and Direction

Current velocity and direction were monitored at stations
AQP1 and AQP2 (Fig. 6). Mean velocity responded to the
tidal cycle at both stations. At AQP1 (Fig. 6a), during the
low energy period between storms, mean velocity over the
entire water column was greatest during high tide (reaching
0.8 m.s '), was slower during rising and ebb tides (between
0.2 and 0.4 m.sfl), and was slowest at low tide (less than
0.2 ms . During both events, the maximum mean velocity
did not exceed 0.8 m.s ', but its vertical structure and evolu-
tion along the tidal cycle changed. At high tide, mean velocity
was greatest in the top layer of the water column, hereafter
referred to as the subsurface, and decreased around 0.4 m
below the surface. These larger current velocities in the sub-
surface highlight the influence of wind shear stress at the water
surface. The current velocities are vertically homogeneous
under the subsurface due to the absence of vegetation in this
area fronting the marsh.

In the low-energy period between storms, the mean current
direction at AQP1 (Fig. 6b) is driven by the tide and is gener-
ally perpendicular to the WSW-ENE oriented shore (280°N).
During both storms, the current direction in the subsurface was
slightly redirected, about —20°N during storm 1 and —30°N

during storm 2, when compared to the low energy period be-
tween storms. Deeper in the water column, the redirection was
less significant (respectively —20° and —10°N for storms 1 and
2). Closer to the bed, currents had the same direction as during
low-energy periods. The reorientation of the mass of water is
attributed to wind shear stress at the water surface. The moder-
ate reorientation of the mass of water under the subsurface (less
than 20°N) indicates that surge propagation dominates currents
and is almost perpendicular to the shoreline.

Current mean velocity at AQP2, in the lower marsh, is
slower than at AQP1 (maximum of 0.5 m.s ' at the second
storm peak, see Fig. 6¢). During both events, higher current
velocities in subsurface than on the rest of the water column
were observed. Like at AQP1, we attribute this to wind shear
stress at the water surface. In comparison to AQP1, the current
velocities were strongly reduced in the entire water column
which may be broadly attributed to the modification of the
mass of water moving across the marsh by morphological
features and the presence of vegetation. The morphological
features along this transect which are expected to cause these
changes include the marsh front edge, the presence of streams,
and the presence of various small bed forms. We also expect
the vegetation present to have had an impact on the reduction
of mean velocities since Spartina species have been shown to
decrease water velocities in the lower part of the water column
(Leonard and Luther 1995; Neumeier 2007).

In the low energy period between storms, the mean current
direction at AQP2 was primarily ESE directed with a few
profiles heading WNW during the rising tide (Fig. 6d), indi-
cating that there was a complete inundation of the marsh dur-
ing rising tide followed by a complete draining for the rest of
the cycle which corresponds to a straightforward bi-
directional tidal movement in and out of the marsh.

During storm 1, we observed a similar cycle of filling and
draining, but the upper part of the water column was re-
orientated by the dominant NNE winds (maximum +20°N).
It is noteworthy that, during this storm, the lower part of the
water column seems dominated by tides and not impacted by
the surge as directions remained dominantly ESE, the direc-
tion of the tidal movement out of the marsh. This implies some
impact of vegetation, particularly as this zone of low surge
influence is about 0.6 m up the water column corresponding
roughly to the mean vegetation height in this section of the
transect.

During storm 2, the overall pattern observed during storm 1
remained, but the re-orientation of current impacted a thicker
part of the water column and the changes in current direction
through the water column were more progressive. The deeper
re-orientation of current may be attributed to the re-orientation
of water at the subsurface acting further downward due to a
stronger wind during storm 2 while the mild progression of
current direction through the water column could be due to the
motion of vegetation under water acting to mix the current
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Storm 2
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layers. With respect to the latter, several authors have ob-
served plant bending due to currents in macro-algae and
seagrass canopies (Boller and Carrington 2006; Fonseca
et al. 1982; Paul et al. 2012). Videos made during field exper-
iments (movie 1, accessible at https://vimeo.com/166043500)
while the canopy was still half emergent (low tide at the
beginning of storm 2) suggest that Spartina species can be
bent by the currents in a similar fashion and can be subject
to undulation under wave oscillation. The water level
observed at AQP2 shows that the entire canopy was
eventually submerged at high tide by at least twice the
canopy height and can thus be considered as submerged
vegetation. Ackerman and Okubo (1993) described an oscil-
latory movement of a seagrass canopy under unidirectional
flow due to the hydro-elasticity of plants and named it
“monami” which was supported by the results of others
(Fonseca and Kenworthy 1987; Ghisalberti and Nepf 2002).
As shown by Ghisalberti and Nepf (2009) and Nepf (2012),
the combination of monami and deflection induces a greater
flow speed within the canopy due to a better penetration of
turbulent flux closer to the bed. Though we are not sure that
monami can affect the more rigid Spartina canopies, we con-
sider that the observed canopy bending and canopy undulation
under current and wave effects (see movie 1) will allow a
similar phenomenon and thus, also allow a penetration of the
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NAVDS88 datum, and the red lines represent the water level measured
by the ADCP pressure sensor. Cell heights are represented by the black
doted lines

re-orientated subsurface currents lower in the vertical profile.
The fact that this process was not observed during storm 1 is
explained by the results of Fonseca et al. (1982) which show
that mean bending angle increases with current intensity. We
expect that a threshold of current velocity was reached during
storm 2 and not during storm 1.

In summary, the current velocity (i) is increased at the sub-
surface by wind shear stress at both stations and (ii) is strongly
attenuated between AQP1 and AQP2 which seems linked to
the roughness of the marsh (topography and vegetation).
However, the interpretation of current direction is more chal-
lenging. Still, our observations allow us to develop potential
hypotheses about the vertical distribution of the currents in the
marsh area: (i) the wind shear stress at water surface seems to
impact subsurface layer in terms of direction and speed and
(ii) a layer influenced by the presence of vegetation occupies
the lower part of the water column. The limit between these
two layers becomes less defined as a function of the vegetation
motion, itself controlled by current velocity and wave orbital
velocity.

Water Level

Water levels measured at stations WL1 to WLS are reported in
Fig. 7a. As for wave heights and currents, water levels are
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modulated by tides. As expected based on data from NOAA’s
CBBT station, during both storm events, the tidal range was
reduced compared to the low energy period between the
events.

The water level gradients in cm.m ' were calculated from
station to station (Fig. 7b) to analyze water surface slope over
the different sections of the marsh and then, allowing for an
understanding of water level dynamics. The majority of these
values correspond to high tide periods since this computation
requires recorded water levels at both stations. The water level
gradient values are as follows: (i) mainly negative between
WL1 and WL2 which translate to a negative slope of water
surface above the front edge, (ii) mainly positive between
WL2 and WL3 which translate to a positive slope of water
surface above the flat lower marsh, and (iii) around zero be-
tween WL3 and WL4 and WL4 and WLS5 which translate to
small variations above the rugged low marsh and the upper
marsh (from a negative slope of water surface at the beginning
of'the recorded tide cycle to a positive slope of water surface at
the end of the cycle). Water level at WL1 is the highest, among
other factors, because the wave heights (Fig. 5a) and wave
setup are highest at the entrance of the marsh. As waves prop-
agate across the marsh front edge, wave height (Fig. 5¢) and
wave setup (through wave breaking) should also decrease.
Wave attenuation, by the reduction of wave height and wave
setup, generates a reduction of instantaneous water level
across the marsh front edge and explains the negative water

surface slope observed over this section. Along the flat lower
marsh, the positive slope of water surface could be linked to a
local augmentation of the water level at WL3. As waves are
already attenuated over WL3 (except during the few tide
cycles corresponding to the first storm peak as shown in
Fig. 5c¢), wave setup is not a dominant process involved in
this increase of water level. This phenomenon is more likely
explained by the accumulation of water in the vicinity of WL3
due to surge propagating from the adjacent streams (ii). Over
the rugged lower marsh and the upper marsh, gradients of
water levels are small since wave dynamics are almost non-
existent (Fig. 5) and current velocities reduced (Fig. 6) (iii).
The decrease and inversion of water level gradients along the
same tide cycle imply links to the progression of the tidal
wave in and out the marsh.

Water level gradients in cm.m ™' have also been calculated
from WL2 to WLS, over the marsh platform to exclude the
effect of the marsh front edge (Fig. 7c). The water surface
slope above the marsh is slightly negative at the end of rising
tide, is flat at high tide, and is positive at the beginning of ebb
tide which reflects the movement of the tidal wave across the
marsh. The negative gradients (highest water level shore-
ward) have stronger absolute values than the positive gradi-
ents. As we observed a stronger wave attenuation during ris-
ing tide than ebb tide (Fig. 5¢), we expect the variation of
wave attenuation along the highest part of the tide cycle, even
if smallest, to influence the water level gradients. The water
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level gradients over such a small marsh are thus mainly linked
to the movement of the tidal wave and to wave attenuation. In
addition to waves and 3D circulation (here, progression of the
tidal wave across the marsh and surge propagated by streams),
wind could impact the water slope over the entire marsh plat-
form by pushing the mass of water and then tend to give a
negative slope to the water surface. However, we cannot dem-
onstrate this effect in our results. The atmospheric pressure
also certainly has a role in the augmentation of water level,
but it will not influence the slope of the water surface since
such a forcing will impact the entire marsh to the same extent.

Figure 8 shows scatter plots which illustrate the relation-
ships between water level, water level gradient, wave attenu-
ation, and wave height. Wave attenuation decreases when wa-
ter level increases (Fig. 8a). A higher water column reduces
the impact of the bed and submerged vegetation on wave
modification and thus on wave attenuation. The augmentation
of the submersion ratio (proportion of water column occupied
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by vegetation) could also be part of this process as shown over
seagrass meadows by others (Knutson et al. 1982; Koch 1999;
Koch et al. 2009; Paul and Amos 2011; Ward et al. 1984).

Wave attenuation rates are highly dispersed for the
lowest wave heights (0.05 to 0.2 m) and are low for wave
heights of 0.2 to 0.4 m (Fig. 8b). Mdller et al. (2014)
established a positive relationship between wave height
and wave attenuation for regular and irregular waves be-
tween 0.2 and 0.4 m. In our study, highest wave heights
(over 0.3 m) are observed during high tide and correspond
to the highest water level. Nevertheless, wave attenuation
decreases when water level increases. Wave attenuation is
thus lower for highest wave heights because of the high
water levels correlated with them. The differences in wave
attenuation values observed along the transect studied
here may be a result of the non-linear interactions be-
tween water level, wave height, and the variety of bed
forms of the natural marsh area.
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No relationship was discernible in our dataset between wa-
ter level gradients and a water level lower than NAVDSS +
0.7 m (Fig. 8c). For a higher water column, water level gradi-
ents were mainly positive. This suggests that for high water
levels, the water surface shows a positive slope possibly due to
an increase of the water level along the marsh, likely linked to
a movement of wave setup inland helped by the higher water
level as observed by Jago et al. (2007) over a coral reef flat in
Australia.

Our dataset also shows that water level gradients are neg-
atively correlated with wave height at the entrance of the
marsh (Fig. 8d). As expected, the wave dynamics have a
strong influence on water level height around the marsh front
edge since water level is higher shore-ward of the meadow
front edge due to the influence of wave setup and wave height
and decreases across the marsh thanks to, among other factors,
wave attenuation processes.

HWL attenuation rates have been calculated over the
same sections (from station to station and over the marsh)
for 24 high tide peaks (22 from WL4 to WLS). The HWL
attenuation values in function of incoming HWL and HWL
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Fig. 9 Scatter plots of high water level (HWL) attenuation rates in
cm.m”" from station to station in function of the incoming HWL, from
stations WL1 to WL2 (over the marsh edge) and WL2 to WL3 (over the
flat lower marsh) (a), from stations WL3 to WL4 (rugged lower marsh)

attenuation over the entire marsh in function of wave atten-
uation across the marsh front edge are presented in Fig. 9a—
d. From station to station, the HWL attenuation rates are
mainly positive (until 0.26 cm.m ' from WLI to WL2,
0.23 from WL2 to WL3, 0.13 from WL3 to WL4, and
0.06 from WL4 to WL5). The marsh front edge (from
WLI1 to WL2) and the flat lower marsh (WL2 to WL3)
exhibit the highest attenuation rates but also negative rates
(decreasing respectively until —0.1 and —0.18 cm.m™"). The
different sections of the marsh are efficient in reducing storm
surge. The shore-ward sections (marsh front edge and flat
lower marsh) have the most variability in HWL attenuation
values, attributable to the higher variation of water level
generated by waves which are not yet attenuated in the
shoreline area (Fig. 5c¢). The rugged lower marsh and espe-
cially the upper marsh are less efficient in storm surge at-
tenuation. The rugged lower marsh is slightly more efficient
at reducing water level than the upper marsh, though the
latter has a higher bed slope. This could be linked to the
more significant roughness of the rugged lower marsh due to
either the variations in topography, the characteristics of
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vegetation (denser but lower and more flexible considering
smaller stem diameters in the upper marsh), or a combina-
tion of both.

HWL attenuation over the entire platform is always
positive; the marsh platform always attenuates storm
surge in the limit of the surges we observed. The analysis
of the data did not demonstrate a relationship between
HWL attenuation and the incoming HWL or the incoming
water level relative to the marsh platform, like observed

Table 1
Stark et al. (2015)

by Stark et al. (2015). We did not find any relationship
with wave height at the entrance of the marsh. However,
we cannot also certify that no relationship exists, since the
number of values observed is significantly small com-
pared to our analysis of water level gradients. Moreover,
while it is not easy to relate HWL attenuation to wave
height or water level, Fig. 9d shows a positive relation-
ship between HWL attenuation over the entire marsh plat-
form and the wave attenuation observed across the marsh

Water level attenuation rates observed by other authors in the field or by modeling, based and expanding on the literature review conducted by

Authors Data Surge type Wetland type Location Length of Attenuation
source attenuation (km) rate (cm.km )
1. Lovelace 1994 in Field Hurricane Marsh/open Louisiana, USA 37 44t04.9
Wamsley Andrew, 1992 water
etal. 2010
2. In Stark et al. 2015,  Field Tides Tidal flat/marsh ~ Massachusetts, USA - —2.0to 11.0
calculated channel
from figures in Van
der Molen, 1997
3. Krauss et al. 2009 Field Hurricane Marsh/mangrove Florida, USA 55 94to015.8
Charley, 2004
4. Krauss et al. 2009 Field Hurricane Marsh/mangrove Florida, USA 14 4.0t06.9
Wilma, 2005
5. McGee et al. 2006, Field Hurricane Rita,  Marsh Louisiana, USA - 10.0
Wamsley et al. 2010 2005
6. Mc Gee et al. 2006,  Field Hurricane Rita,  Marsh Louisiana, USA - 25.0
Wamsley et al. 2010 2005
7. McGee et al. 20006, Field Hurricane Rita,  Marsh Louisiana, USA - 4.0
Wamsley et al. 2010 2005
8. Mc Gee et al. 2006,  Field Hurricane Rita,  Marsh Louisiana, USA - 7.7
Wamsley et al. 2010 2005
9. Zhang et al. 2012 Modeling Hurricane Mangrove Louisiana, USA 6-30 40 to 50
Wilma, 2005
10. Zhang et al. 2012 Modeling Hurricane Mangrove/open  Louisiana, USA 6-30 20
Wilma, 2005 water
11. Stark et al. 2015, Field Tides and storm  Marsh platform, Netherlands ~0.15 -2 to 70
evaluated from surge edge of a
figures small stream
12. Stark et al. 2015, Field Tides and storm  Marsh platform, Netherlands ~0.1 —2 to 60
evaluated from surge edge of a
figures small stream
13. Stark et al. 2015, Field Tides and storm  Marsh platform, Netherlands ~0.05 25 to 65
evaluated from surge edge of the
figures main stream
(~100 m
wide)
14. Present study Field Tides and storm  Marsh platform  Virginia, USA 0.25 15 to 60
surge
15. Present study Field Tides and storm  Marsh front edge Virginia, USA 0.02 —100 to 270
surge
16. Present study Field Tides and storm  Flat lower marsh  Virginia, USA 0.02 —280 to 230
surge
17. Present study Field Tides and storm  Rugged lower Virginia, USA 0.07 0to 120
surge marsh
(channels)
Present study Field Tides and storm  Upper marsh Virginia, USA 0.09 15 to 60

surge
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front edge. This trend reflects that wave attenuation across
the marsh front edge, by decreasing wave height (Fig. 5)
and subsequently reducing wave setup, induces a decreas-
ing of water level contributing to the attenuation of HWL
over the entire marsh.

The storm surge (or HWL) attenuation rates observed over
the marsh platform are higher than those observed in the field
or modeled by other authors in marshes under hurricane im-
pact (Table 1, lines 1 to 8). They are of the same order as the
values obtained through modeling by Zhang et al. (2012) re-
ported here in Table 1, lines 9 and 10 in a mangrove under
hurricane Wilma’s impact. We can expect that hurricanes gen-
erate higher surge than a seasonal storm but a mangrove has
higher capacity to attenuate a storm surge than a marsh.

The work of Stark et al. (2015), reported here in Table 1,
lines 11 to 13, in an estuarine tidal marsh on the North Sea
(Netherlands), allows the comparison of HWL attenuation
over short marsh sections. The sections for which Stark
et al. present HWL attenuation values are cut by streams
and include marsh edges. In our study, we observed higher
values than Stark et al. in the near-shore area, which also
present a marsh edge. The propagation of waves is poten-
tially less important in this estuary than at our field site
which is relatively exposed to the Atlantic Ocean. Our
study has shown that wave height reduction (Fig. 5) and
thereby wave setup reduction, occurring during wave
attenuation across the marsh front edge, are an important
process in HWL attenuation. Therefore, the more signifi-
cant wave propagation on our site could explain the higher
positive attenuation rates in the near-shore area as com-
pared to Stark et al. (2015). This higher positive attenua-
tion is associated to wave conditions in a more energetic
environment since wave setup is here increasing the water
level shore-ward. The HWL attenuation values observed
by Stark et al. (2015) are slightly lower than what we
observed in the rugged lower marsh (also cut by streams)
and close to what was observed in the upper marsh. Stark
et al. (2015) does not provide a detailed description of the
vegetation over the studied transect, but the mean canopy
height of their most abundant species is about 0.43 + 0.1 m.
This is lower than the height of Spartina alterniflora
observed in the rugged lower marsh (0.67 = 0.2 m). The
lower canopy height could explain why they observed low-
er attenuation values. The canopy height of their most
abundant species is slightly higher than the height of
Spartina patens observed in the upper marsh and where
we observed attenuation rates similar to theirs. However,
there is no major stream in the upper marsh. Marsh conti-
nuity could thus play a role in these variations of storm
surge attenuation, which lends field-data driven support
to the numerical modeling work done by Loder et al.
(2009) for an idealized marsh area, which included sensi-
tivity studies of marsh continuity.

Conclusions and Further Studies

The main goals of the present study have been to quantify
storm surge attenuation over a marsh area while improving
the understanding of the variability and interactions of the
processes involved and their contribution to storm surge atten-
uation. To that aim, we have collected a high-resolution
dataset in a natural environment over a cross-shore transect
in a coastal wetland at the mouth of the Chesapeake Bay
during two storm events in the Fall of 2015. The collected
data included marsh morphology, vegetation characteristics
across the transect, wave characteristics, and current velocity
and direction evolution along the marsh transect. These were
examined with the aim of understanding the evolution of
storm surge (water level) and its propagation along the marsh.
The main findings of this analysis can be summarized as
follows:

1. This marsh area, despite its short length, attenuates waves,
reduces current velocity, and attenuates high water level.

2. Current velocities and directions in front of the marsh and
at the marsh platform are driven by tides, while current
velocities beyond the marsh platform are strongly reduced
compared to the current in front of the marsh.

3. Wave attenuation varies with water level along the tide
cycle. The increase in water level decreases the modifica-
tion of the waves by the marsh. Wave attenuation is thus
less important at high tide than at low tide.

4. On one hand, the negative slope of water surface (highest
water level shore-ward) over such a short length of marsh
is linked to wave setup at the entrance of the marsh and,
thus, to wave attenuation across the marsh. As wave
height and wave setup are larger shore-ward than inland,
the instantaneous water level is higher shore-ward than
inland which explains the negative slope of water surface.
On the other hand, the wave attenuation across the marsh
is limited when the water level increases and can thus
limit the negative slope of water surface. The water level
gradients over such a small marsh are also linked to the
movement of the tidal wave in and out the marsh.

5. High water level attenuation is linked to wave attenuation
which, by decreasing wave setup across the marsh front
edge, induces a reduction of water level contributing to
the attenuation of high water level over the entire marsh.

6. The high water level attenuation rates observed here have
a greater range than the rates observed or modeled by
other authors and this may be linked to the strong influ-
ence of waves in storm surge attenuation over coastal
areas.

In the present study, the major challenge has been in

linking the attenuation of the different storm surge com-
ponents, including water level gradients, and attenuation

@ Springer



944

Estuaries and Coasts (2017) 40:930-946

with the vegetation and the morphology characteristics
along the marsh. Several studies have been conducted
by other authors to evaluate submerged or emerged vege-
tation biometry influence on waves (e.g., Tschirky et al.
2001), currents (e.g., Wu et al. 1999), and wave-current
interactions (Lara et al. 2016; Maza et al. 2015). To our
knowledge, the influence of marsh morphology and veg-
etation biometry on water level attenuation in realistic
conditions has been rarely explored and could give key
answers in the use of natural defenses in coastal manage-
ment. These questions could be addressed by future lab-
oratory and modeling studies including simulations of re-
alistic hydrodynamic conditions over non-vegetated beds
and vegetated beds presenting different biometric
characteristics to further explore the contribution of each
component in water level attenuation. Modeling studies
could also be used to evaluate if, aside from the
influence of the criteria discussed in this study,
particularly waves, the length of the marsh would
influence water level attenuation and, if yes, what
processes are involved. While this topic has been
assessed by Stark et al. (2016) in a recent publication
about a modeling study, there remains a need for better
parameterization of vegetation resistance in such models,
particularly in coastal settings. Field studies and lab stud-
ies which aim to quantify the relative contributions of
vegetative and bed-form drag can contribute to reach a
better parametrization. We hope that the observations of
the present study can provide insights into setting up and
executing future field and lab studies for this purpose, a
particular challenge in storm conditions. In the present
study, we hypothesize that, under strong hydrodynamic
conditions, the interactions between wind shear stress
penetration in the water column and vegetation motion
under hydrodynamic influence result in a modification
of the current vertical repartition. To our knowledge, these
questions have also not been explored in coastal marsh
areas.
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