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Abstract: Marsh vegetation dampens wave energy, providing protection to coastal com-
munities from storms. A new modeling framework was applied to study wave height
evolution over the saltmarsh bordering Newbury, MA. A regional Delft3D hydrodynamic
model generated wind driver waves in the open water portions of the study area, which
were then one-way coupled with an analytical model, the Marsh Transect Wave Attenua-
tion (MTWA) model, which tracked wave evolution along select transects throughout the
marsh. Field observations of vegetation and wave height evolution were used to calibrate
MTWA. Seven scenarios were run covering a range of possible future management and
environmental conditions, in addition to projected sea level rise. Results underscore the
importance of vegetation and elevation to wave attenuation.

Keywords: coastal protection; wave attenuation; saltmarsh; Delft3D; Spartina alterniflora;
Spartina patens; transect model; storm surge; sea level rise; vegetation

1. Introduction
Salt marshes are highly valued because they provide wide benefits to the marine

ecological community [1], as well as protecting the mainland during major storm events by
reducing surge and the effects of damaging waves [2]. The level of protection is variable
and depends on many factors including: 1. storm intensity, 2. wind direction, 3. timing with
respect to tidal elevation, 4. vegetation type, health, and seasonal elevation and density,
and 5. characteristics of the marsh edge (the height, slope, and width of fronting tidal flat)
as well as the bathymetry and extent of the adjacent open-water area. Like many marshes
in coastal plain settings [3], the Great Marsh behind Plum Island in the Merrimack River
Embayment (Figure 1) borders several towns, penetrating deeply into town interiors at a
number of locations. Moderate to large extratropical storms frequently cause flooding in
these communities, which is exacerbated during intense precipitation events, and in the
long term by accelerating sea-level rise (e.g., [4]). The higher occurrence of extratropical
storms in New England [5,6] is leading to more frequent coastal flooding and greater wave
erosion, particularly during periods of large astronomic tides. For example, slow moving
storms in January and March of 2018 contained gale-force winds with gusts greater than
60 mph, producing two of the three highest storm surges ever recorded in nearby Boston
Harbor [7]. Predicted SLR and increased storm surge elevations have the potential to
significantly impact coastal economies, facilities, and infrastructure.
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Figure 1. Digital elevation map of the study area with respect to m NAVD88. The position of the field
site within the Gulf of Maine coast and within the United States is shown in the upper left box. The
white square and inset aerial photograph (imagery copyright 2023 Maxar) depict the seven areas of
interest (numbered in white). White dots indicate where wave data were evaluated in the attenuation
model (MTWA).

Here, we explore how the marsh platform in the Great Marsh, Massachusetts, will
affect wave energy, particularly during storms, in a regime of accelerating SLR. Wave
processes at the edge of the marsh platform have been extensively investigated at the
Great Marsh [8–11]. Likewise, wave attenuation has been analyzed at specific marshes
in field experiments [12,13] and in lab experiments [14]. In this study, we examine the
timescale of a storm and how wave propagation changes under different storm magnitudes
and SLR conditions, including the effects of concentrated wave activity on specific marsh
environments. We do this by coupling a numerical model with an analytical model—
calibrated with field data to predict wave characteristics—and apply it to seven study sites
within the Great Marsh in northern Massachusetts. Because wave attenuation is not a
constant process, our modeling includes multiple scenarios using different hydrodynamic
conditions produced by variable storms, water levels, and rates of SLR. Additionally,
modeling allows us to explore possible outcomes for different intervening human actions
and environmental conditions. Understanding the current protection provided by the
adjacent marshlands and how this sheltering may change is key to preparing for future
conditions and increasing resiliency.

Physical Setting

The backbarrier of Plum Island is dominated by an elongate, north–southward trend-
ing shallow lagoonal estuary floored by intertidal and subtidal sand shoals. Mean depth
along the thalweg gradually deepens from less than 2 m in the upper northern section
of Plum Island Sound to greater than 10 m at the mouth (Figure 1). Extensive wetlands
border the estuary, particularly to the north and west. The region experiences semi-diurnal
tides with a mean range of 2.8 m, increasing to more than 3.7 m during perigean spring
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tidal conditions [15]. The vast majority of the backbarrier tidal prism (32 × 106 m3 [16]) is
exchanged through the Plum Island Sound inlet at the southern end of Plum Island, with
some additional tidal water discharged into the Merrimack Estuary through Plum Island
creek (2.3 × 106 m3 [17]).

Our study site, in the northern portion of the estuary, consists of broad platform
marshes dissected by several major channels including the Parker and Plum Island Rivers
and several smaller creeks (Figure 1). The high marsh is dominated by Spartina patens
and Distichlis spicata, and the less extensive low marsh is vegetated by short-form Spartina
alterniflora. Long- and short-form Spartina alterniflora are typically found along creek banks
and in poorly drained areas, respectively [18]. Low marsh areas have an average elevation
of 0.98 m above mean sea level; high marshes are about 40 cm higher and flood only during
spring tides [19,20]. Tidal channels and anthropogenic ditches dissect the entire marsh
and numerous large and small salt pannes and ponds spot the high marsh surface. Seven
representative marsh sites were selected throughout the study site and used as a framework
for analyzing model results (Figure 1). These sites were chosen to cover a range of exposures
to the magnitude and direction of wave energy and had similar vegetation characteristics.

2. Methods
We used a regional-to-local approach to evaluate wind-generated waves in Plum Island

Sound and assess wave attenuation on the marsh surface (similar to frameworks in [21,22]).
At the basin scale, a hydrodynamic model previously validated with deployments in Plum
Island Sound was used to simulate surge and wind-generated waves (see [7]). At selected
locations in the basin, output from the regional model was used to inform a local high-
resolution wave model along the marsh platform (Marsh Transect Wave Attenuation Model
(MTWA)), to better capture drivers, feedback, and controls on wave attenuation along the
marsh platform.

2.1. Data, Observations, and Analysis
2.1.1. Bathymetry and Topography

The model utilizes recent bathymetry available for the area and included the following:
(1) regional bathymetry for the coastal ocean based on the Coastal Relief Model from
NOAA [23], (2) regional LiDAR obtained from the US Army Corps of Engineers [24],
and (3) additional single-beam bathymetry (Teledyne Marine RiverRay Acoustic Doppler
Current Profiler – ADCP, Daytona Beach, FL, USA) with integrated real time kinematic
(RTK) differential Global Positioning System (GPS; Hemisphere V200 DGPS, Scottsdale, AZ,
USA) observations taken during the a previous study following Hurricane Sandy funded by
the National Fish and Wildlife Foundation (NFWF) in Plum Island Sound in 2015, to resolve
smaller tidal channels and marsh edge topography. Marsh surface elevations for future
SLR scenarios evaluated during the study were determined using projections of the marsh
surface from accretion measurements from the same study, where 15 cores throughout the
great marsh were collected and analyzed for accretion using 210Pb and 137Cs [25].

2.1.2. Vegetation

Vegetation was mapped along three transects at each of the seven sites using a Trimble
model 5800 RTK differential GPS (Westminster, CO, USA). Each transect was oriented to run
from the edge of a creek/water body toward the upland border with sampling occurring at
100 m intervals. At each sampling location, a GPS point and an elevation measurement were
recorded. In addition, vegetation attributes (species composition, percent cover, canopy
height, and shoot density) were collected using a 0.5 m2 quadrat and the habitat type
(e.g., creek edge, low marsh, high marsh, pool, panne, or upland) was described. Areas
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along the transect containing > 1.0 m2 of invasive vegetation (e.g., Leipidium densiflorum,
Phragmites australis) were delineated, as well as regions experiencing changes in species
composition due to increased tidal inundation. The type and character of the vegetation
was used to inform the MTWA model, but not the Delft3D model.

2.2. Regional Hydrodynamic Modeling

The use of wave models in coastal systems depends largely on the application. In
settings where wave reflections are present such as in harbors, near coastal structures (e.g.,
breakwaters, seawalls, and other structures), where ship-wakes are of concern, and along
rocky coastlines, Boussinesq models (e.g., FUNWAVE; [26,27]) are often used [28,29]. These
applications require fully non-linear models that can capture irregular waves, the effects
of wave reflections accounting for Bragg resonant conditions and Bragg reflection [30,31].
Plum Island has a large embayment flanked by marshes, and the absence of structures,
rocks, or other conditions allows for a reasonable representation of the incident waves
using spectral waves.

For wave generation and propagation within the Plum Island embayment, we used
the Delft3D modeling suite [32], a numerical process-based model that can resolve hydro-
dynamics (flow, D-FLOW, and waves, D-WAVES, which is based on SWAN; [33]), sediment
transport, and resulting morphology under the combined effects of currents and waves,
and that is widely used in coastal systems (e.g., [34–38]). The resolution of the regional
grid (flow) for Plum Island Sound varied from 2 to 3 km offshore to 20 m in the vicinity of
tidal inlets and throughout the backbarrier, while the regional grid for waves had similar
resolution offshore but was 60 m throughout the sound. Storm wave propagation used the
third-generation wave model SWAN [33] within the Deltf3D modeling suite and included
wind growth to accurately simulate water level setup (increase storm surge elevation) due
to waves.

2.2.1. Boundary Conditions

For tidal conditions at the open marine boundary, we used tidal constituents from the
East Coast tidal database [39]. For the selected storms used in the analysis, we used a time
series of storm surges and waves, from the North Atlantic Coastal Study (NACCS) [40], as
well as a re-analysis of storms from the Wave Information Study (WIS) [41]. Winds and
waves at the open boundary also leveraged the above studies (i.e., NACCS and WIS).

2.2.2. Calibration and Validation

The model was previously validated for tidal hydrodynamics using observations from
deployments throughout Plum Island in 2015 [7]. The regional wave model was validated
using a nearshore (~10 m) deployment northeast of the tidal inlet in Plum Island during the
same campaign. The model was tuned to reproduce observed conditions by an adjustment
of the bottom friction term.

2.2.3. Storm Characterization and Analysis

To select a suite of storms to run in the model, we used WIS station 63045 located
in 85 m of water depth east–northeast of Plum Island. Our analysis of all events in the
record shows that our study site is exposed to storms with wind and waves from ~20 to
180◦ azimuth, with additional exposure to high fetch conditions from 20 to 135◦. The most
frequent events occur from 78 to 145◦, and the top ten events on record were from 61 to
101◦. Hence, we selected four of the top ten events to simulate for our analysis (Table 1).
For each of these events, the wind speed, direction, offshore wave height and wave period,
and corresponding surge from NACCS, was forced at the open boundary.
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Table 1. Storm event analysis conducted by the US Army Corps of Engineers at WIS station 63045.
The table shows the events selected from the top ten ranked by Hmo.

Event Date Time (UTC) Hmo (m) Tpeak (s) θmean *

4 16 January 1980 12:00 6.37 12.79 80.0

5 14 March 2010 15:00 6.11 12.08 99.0

6 12 December 1992 08:00 6.08 12.77 93.0

7 9 February 2013 03:00 5.86 10.81 61.0
* Direction that waves are arriving from.

2.3. Marsh Transect Wave Attenuation Modeling

The MTWA model is a stand-alone wave attenuation model for coastal marshes that
operates on a shore-normal transect. It computes the evolution of wave heights along the
transect as a wave progresses from open water, over the marsh edge, and across the marsh
platform, and was calibrated with observations at the site (Supplemental Information).
MTWA includes four processes, which transform the wave height: interaction with scarps,
shoaling, drag from bottom roughness, and drag from vegetation. The model does not
include wave setup or wave regeneration due to wind, which could cause greater wave
propagation. MTWA evaluates cell by cell based on the underlying digital elevation model
(DEM). The DEM used here has a resolution of 1 m, and therefore, the MTWA resolution is
also 1 m. It is a one-dimensional model (i.e., the cell does not have a width). The MTWA
model was one-way coupled to the Delft3D model, which provides input information on
the wave characteristics and water level at the start of the transect (similar framework
as [42,43]). A conceptual diagram listing the criteria for determining the processes within
each cell is given in Figure 2, and more detail on each step is provided below.

Figure 2. Conceptual diagram of the Marsh Transect Wave Attenuation (MTWA) model. The color of
the box indicates the source of data inputs for that step. Elevation data reference: m to NAVD88.

2.3.1. Interactions with Scarps and Shoaling

If a cell is inundated, the elevation change between the previous cell and current
cell is calculated. If the elevation difference between these two cells exceeds 0.6 m, it is
determined to be a scarp. This threshold is an estimate based on observations in the field, as
well as data used to classify stable or accretionary marsh edges versus slumping or vertical
and abrading edges in Houttuijn Bloemendaal et al. [10]. If the ratio of the cell depth to the
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scarp height is less than 0.4 (i.e., the upper limit of our observations shown in Figure 3), the
following relationship is applied:

H = H0 × d × 2.366
(

h
hscarp

)1.698
(1)

where hscarp is the height of the scarp, H0 is the wave height in the previous cell, d
is the distance across the scarp, and H is the wave height in the current cell. This
empirical relationship was formulated from the wave data collected in this study
(Supplemental Information).

Figure 3. Empirical model used for wave transformation over a marsh scarp.

If the ratio of the cell depth to the scarp height is greater than 0.4, shoaling is applied
as follows [44]:

H = H0

(
h0

h

) 1
4

(2)

where h is the water depth and h0 is the water depth in the previous (seaward) cell.

2.3.2. Bottom Roughness

If the elevation of the cell is less than 0.1 m NAVD88 and it was determined to not be a
scarp, then drag from bottom roughness is applied, and the wave height is decreased. The
drag from bottom roughness is calculated for a flat bottom slope following [44]:

K f =

[
1 +

8 fw

6π

k2H0∆x
(2kh + sinh(2kh))sinh(kh)

]−1

(3)

where k is the wave number, and fw is the wave friction factor defined as follows [45]:

fw = exp

[
5.213

(
2πkb
TuB

)0.194
− 5.977

]
(4)

where kb is the roughness length scale, which was set to 0.01, and T is the wave period. The
wave height is then calculated as follows:

H = H0K f (5)
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2.3.3. Drag Due to Vegetation

If the elevation is greater than 0.1 m NAVD88, and it was determined to not be a
scarp, then it is considered vegetated (i.e., marsh). First, the stem Reynolds number, Re, is
calculated from the inputs from Delft3D and the vegetation survey:

Re =
ubbv

ν
(6)

where ν is kinematic viscosity (m2/s), ub is the bottom orbital velocity (m/s), and bv is the
stem diameter (m). The drag coefficient, CD, is calculated as follows and shown in Figure 4:

CD = −0.528 +
(

222.4
Re

)0.804
(7)

Figure 4. Relationship between Reynolds number, Re, and drag coefficient, CD, from field data (blue
x) and model fit (black line). As the Re gets larger, the drag coefficient decreases. For values of
Re outside of these bounds, constant values are used in the MTWA model. The lowest CD value
measured was 0.21, and the largest was 14.

This relationship was derived from field observations of wave height transformation
across the marsh in the study area (Areas 1 and 3 in Figure 1). Instruments collected data
from 27 November 2018 to 7 January 2019, at three stations along three cross-shore transects.
There were two tidal cycles where wave heights were between 0.1 and 0.2 m and water
depths on the marsh platform were 0.6–0.8 m. The remaining observations were of calmer
conditions with wave heights less than 0.1 m.

Equation (7) is used for values of Re in the range of those observed during the field
campaign. For Re below 21, CD is set to 6 (minimum from field observations), and for those
above 390 (maximum from field observations), it is set to 0.2. The drag coefficient is then
used as follows to calculate the wave height in the given cell:

H =
H0

1 +
∼
βx

(8)

where
∼
β =

1
3
√

π
CDbvNH0kp

sinh3kpαh + 3 sinhkpαh(
sinh2kph + 2kph

)
sinhkph

(9)

N is the number of vegetation stems in a square meter (m−2), α is the ratio of the water
depth to the vegetation height (hv/h), and kp is the wave number.
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2.4. Model Runs

Each of the four selected storms were run under two tide conditions, spring high tide
(herein “high”) and neap high tide (herein “low”), as well as with and without additional
SLR, creating a total of 16 Delft3D runs with different hydrodynamic conditions. The
MTWA was applied to three transects within each of the seven areas of interest (Figure 1).
The three transects chosen are representative of conditions of that area. For each of the
16 runs, the conditions with the largest wave that occurred at the start of each transect
were extracted and used as input to the MTWA model with base conditions (Table 2,
scenario 1). Base conditions reflect average conditions observed during the field campaign
(Supplemental Information), average properties for vegetation, and an unaltered DEM.
Additional runs were conducted where base conditions along the MTWA transects were
manipulated to reflect six additional environmental scenarios identified in discussion with
community stakeholders (Table 2, scenarios 2–7). These six scenarios were run using
non-SLR inputs from the Delft3D runs.

Table 2. Environmental scenarios and implementation descriptions for MTWA.

Scenario Parameters Used and/or Altered

1. Base Average vegetation characteristics; unaltered DEM

2. All Spartina alterniflora Spartina alterniflora characteristics; unaltered DEM

3. All Spartina patens Spartina patens characteristics; unaltered DEM

4. Tidal flat Vegetation drag switched off; unaltered DEM

5. Tidal flat, lower elevation Vegetation drag switched off; DEM lowered

6. Lower elevation Average vegetation characteristics; DEM lowered

7. Ditches filled Average vegetation characteristics; elevation of ditches increased

2.4.1. Environmental Scenarios

For the Sp. alterniflora and Sp. patens cases (scenarios 2 and 3), vegetation parameters
in the vegetation drag model (Equations (6)–(9)) were altered to reflect Sp. alterniflora (less
stem density, N, and larger stem width, bv) and S. patens (greater stem density, N, and
smaller stem width, bv). The values were taken from survey plots that contained over 50%
of these species (Supplemental Information).

To examine the conversion to a tidal flat, MTWA was run without the vegetation drag
option to simulate no vegetation (scenarios 4 and 5). For the tidal flat, lower elevation, the
marsh platform was lowered by 10% and the vegetation option remained off. To test only
a lower elevation, the platform was lowered by 10% with the vegetation drag option on
(scenario 6).

The study area contains drainage ditches, which segment the marsh platform while
increasing rate of tidal exchange. Managers have proposed filling the ditches as a means
of returning the marsh to its pre-anthropogenic condition and reestablishing the original
marsh hydrology. To simulate ditch filling, the DEM was altered prior to input into MTWA
(scenario 7). Cells with elevation less than 0.8 m NAVD88 on the marsh platform were
raised to the average elevation of the cells 3 m away in both the seaward and landward
directions. If more than three consecutive cells were below 0.8 m NAVD88, it was identified
as a channel (i.e., not a ditch), and the elevation was not changed. This elevation, 0.8 m
NAVD88, was identified as being the threshold for ditches.

2.4.2. Adjustment of Marsh Platform Due to Sea Level Rise

Forward projection indicates a very likely 21st century global sea level (GSL) rise
of around 135 cm under maximum range across all RCP scenarios [46]. We updated our
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existing bathymetry by incorporating an extreme projection of 21st century GSL rise to
evaluate future sea level rise impact on the Plum Island backbarrier marsh in 2100. Average
marsh accretion in Plum Island is ~2.8 mm/yr based on measurements obtained during an
earlier study [7]. The GSL rise rate at Plum Island is 2.85 mm/yr. We have calculated the
time varying acceleration rate for the extreme sea level rise projection from [46] and added
that acceleration rate on both GSL rise as well as marsh accretion rate. We considered
hundred percent of that constant acceleration for each future year projection of GSL rise
and only seventy percent acceleration on marsh accretion. We assumed that the marsh
could accrete a maximum of 7 mm/yr in future and five times more than the open-water
body, which was updated in our bathymetry calculation:

For marsh or any land,

Z f inal = Zi + (GSLR + Acr) (10)

For open water,
Z f inal = Zi + (GSLR + Acr/5) (11)

where, Z f inal = f inal depth;

Zi = initial depth;
GSLR = global sea level rise rate in meter/yr;
Acr = accretion rate in meter/yr.

3. Results
3.1. Largest Wave Heights at the Marsh Edge

Due to the variation in directions of approach, each storm impacted the areas of
interest differently. By examining the percent change in the largest wave heights at each
transect, we can understand how the wave conditions may change throughout the region
with SLR and tide levels. For each Delft3D model run, the waves within the areas of interest
were averaged together. The percent change was calculated comparing the same storm and
area of interest but with different tide or SLR cases. The percent change was then averaged
across the areas of interest and for the four different storms to produce average changes for
the following four comparisons: (1) impact of SLR at high tide, (2) impact of SLR at low
tide, (3) impact of the tide case without SLR, and (4) impact of the tide case with SLR.

The largest change was a 44% ± 4% increase in wave heights for the low tide case
with and without SLR. Wave heights only increased by 23% ± 1% for the high tide case
with and without SLR. Since the area is already inundated to a greater extent during high
tide, the additional inundation from SLR does not cause as large of an increase in wave
heights. There is less difference between the low and high tide cases. With SLR, the wave
heights were 26% ± 2% greater at high tide than low tide, and without SLR, they were
31% ± 6% greater.

3.2. Wave Attenuation

The distance needed for complete wave attenuation is a good metric of the level of
coastal protection provided. The longer distance required indicates waves are encroaching
farther inland. We defined complete attenuation within the MTWA model as the point
when the wave height is 0.04 m or less. The distance from the start of the transect to
complete attenuation was recorded and compared for the different scenarios (Table 2). For
some conditions, complete attenuation was not achieved. This occurred due to one of three
reasons: the wave reached a higher elevation (i.e., upland) where the marsh was no longer
inundated; the wave height never decreased to 0.04 m across the 1000 m transect; or the
Delft3D output had no wave activity at that location.
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The marsh width was sufficient to achieve complete attenuation in most locations and
scenarios. For the base high tide case without SLR, the waves were completely attenuated
before reaching the upland surrounding the marsh, except in two areas: Areas 1 and 5.
At these sites, wave heights were reduced from 0.53 m to 0.05 m and 0.26 m to 0.07 m,
respectively. The resulting breaking waves against the shore were very small, but not
completely attenuated because the marsh is quite narrow at these sites.

For comparison among the scenarios, an averaging scheme similar to the one for wave
heights at the marsh edge (described in Section 3.1) was conducted. Complete attenuation
distance was first averaged across the transects in each area of interest. Those values were
used to calculate the percent change per storm and per area of interest. The percent change
was then averaged across the areas of interest and storm, in that order. The results are
shown in Figure 5 and referenced in the subsections below.

Figure 5. The percent difference in distance to complete wave attenuation between different modeled
environmental scenarios. Scenarios in the rows are compared against those in the columns (e.g.,
compared to the base case, changing the vegetation to all be Spartina alterniflora increases the distance
needed for complete wave attenuation by 39% (value on the top left)). Details of the scenarios are
given in Table 2.

3.2.1. Sea Level Rise

The results with SLR show greater inundation than those without, as expected. Greater
inundation leads to less attenuation by vegetation. However, the Delft3D simulations
show that the waves generated in the model with SLR tend to have longer wavelength
(i.e., smaller wave number) and greater height. If all other conditions are held constant,
vegetation attenuates waves with longer wavelengths to a greater degree than shorter
wavelengths and attenuates larger wave heights more rapidly than smaller wave heights
(on a percentage basis). These effects are competing and depend on the degree of difference
in the inundation, wavelength, and wave height. The waves with SLR reach a height of
0.04 m closer or farther from the marsh edge than the waves without SLR.

While on average the distance to complete attenuation was 47% ± 5% greater with
SLR with high tide inundation compared to without, local conditions impact the magnitude
and direction of this difference. Figure 6A,B show example transects where waves persisted
for a greater distance primarily due to the increased inundation with SLR. The vegetation
in Area 2 (Figure 6A) filled most of the water column with or without SLR. Therefore, the
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difference between the two cases was negligible, and the waves attenuated less than 25 m
into the marsh. In Area 1 (Figure 6B), the water was deeper, and there was a 55 m difference
in the distance to complete attenuation. Area 7 is an example of where attenuation distance
is sensitive to storm direction and wave period. Figure 6C shows the outcome for storm
7, which approached from the east–northeast; the longer wave periods generated with
SLR caused a shorter attenuation distance than without SLR. The opposite was true for the
same location with storm 6, which approached from the east–southeast. Regardless, these
differences are small, less than 5 m.

Figure 6. Wave height change from open water (left) to vegetated marsh (right) with SLR (dark blue)
and without SLR (light blue) for three example transects in different areas of interest: (A) Area 2,
transect 3, storm 7; (B) Area 1, transect 3, storm 7; and (C) Area 7, transect 3, storm 7. All are with
high tide conditions. Complete wave attenuation is defined as a wave height of 0.04 m or less and is
marked by the asterisk. Refer to Figure 1 for locations of areas of interest.

3.2.2. Vegetation Type

Spartina alterniflora and Spartina patens are two common marsh vegetation species with
different morphologies. While complete conversion to either type is not likely, increased
inundation leads to the encroachment of Spartina alterniflora on Spartina patens [47]. Spartina
patens is shorter and has thinner stems in more dense stands of vegetation than Spartina
alterniflora. Spartina alterniflora has two forms: a short form that grows on the marsh
platform and a long form that grows at the mid-tide level and populates tidal creeks and
tidal flats. Here, we see these differences impact the wave attenuation in different ways
depending on the hydrodynamics. The drag coefficient is determined by Re, and Re is
directly proportional to the stem width. Therefore, Spartina patens tends to have a lower Re
and higher drag coefficient than Spartina alterniflora. On average, the waves on transects
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modeled with all Spartina patens reached complete attenuation over a 31% ± 2% shorter
distance than with all Spartina alterniflora (Figure 5). However, there were cases where
the reverse was true. This outcome occurred when the limits of the drag coefficient were
reached (described in Section 2.3.3), and the competing impacts of stem width, density, and
height (compared to water depth) impacted the outcome.

The impact of the larger drag coefficient with Spartina patens was greater, and on
average, compared to the base case, converting all vegetation to all Spartina patens caused
an 11% ± 3% decrease in distance to complete wave attenuation (Figure 5). Spartina
alterniflora had the reverse outcome compared to the base case, and on average, the distance
to complete wave attenuation increased on average by 39% ± 4%.

3.2.3. Conversion to Tidal Flat

Removing drag due to vegetation produced dramatically different results. In the
absence of vegetation, only drag due to bottom roughness reduces wave height. With-
out vegetation, 65% of the transects did not reach complete attenuation, whereas with
vegetation only 15% did not reach complete attenuation across all four storms simulated.
For those that did reach complete attenuation, the distance required was on average
407% ± 12% greater than the base case (Figure 5). Figure 7A is an example case with
complete attenuation occurring within 22 m of the marsh edge with vegetation and 191 m
without vegetation.

Figure 7. Wave height change from open water (left) to vegetated marsh (right) with base conditions
(dark blue) versus environmental scenarios (light blue): (A) no vegetation (scenario 4) at area 2,
transect 3, storm 4; (B) a lower elevation (scenario 6) at area 5, transect 2, storm 7; and (C) ditches
filled (scenario 7) at area 6, transect 2, storm 6. Brown lines are the base case bottom surface, and black
lines are the adjusted bottom surfaces (B,C). Complete wave attenuation is defined as a wave height
of 0.04 m or less and is marked by the asterisk. Refer to Figure 1 for locations of areas of interest.
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3.2.4. Conversion to Tidal Flat with Lower Elevation

Platform elevation has an important impact on wave energy, as lower elevation creates
deeper inundation. The combination of lowering platform elevation by 10% and converting
to a tidal flat (i.e., removing vegetation) had the largest impact on distance to complete atten-
uation of all of the scenarios, increasing on average by 583% ± 59% (Figure 5). Compared
to converting to a tidal flat and maintaining elevation, the added effect of lowering the
elevation increases the distance to complete attenuation by 88% ± 12% (Figure 5). Bottom
roughness does attenuate waves but has a decreased impact in deeper water.

3.2.5. Lower Marsh Platform Elevation

Lowering the marsh platform by 10%, while still maintaining the vegetation, caused
the waves to propagate farther inland for every transect and every storm simulation.
Lowering the elevation creates greater inundation, meaning the vegetation takes up a
smaller portion of the water column and has less impact on decreasing the wave height. For
the example shown in Figure 7B, lowering (black line) led to a 45 m difference in distance
for complete attenuation. Even though the same effect was observed elsewhere, the relative
difference between distances required for complete attenuation changed depending on the
hydrodynamic conditions. On average, the distance increased by 175% ± 9% compared
to the base case (Figure 5). The outcome of lowering elevation compared to removing
vegetation (3.2.3) varied depending on location; 60% of transects required a shorter distance
to complete attenuation with a lower elevation compared to removing vegetation, but
those transects with the reverse outcome required much greater distances. On average, the
distance required was 18% ±10% greater with a lower elevation compared to no vegetation
(Figure 5).

3.2.6. Filling in Ditches

Filling ditches had a mixed effect on the wave heights depending on the width of
the ditch, the number of ditches filled, and the hydrodynamic conditions, but this impact
was consistently small. For the transects that were impacted by filling ditches, the median
decrease in required distance was 3 m. Figure 7C shows an example with deeper and
wider ditches, where filling in one ditch (about 150 m from the marsh edge) caused a 30 m
difference in complete attenuation distance. On average, compared to the base case, the
required distance to complete wave attenuation was decreased by 1% ± 1% (Figure 5). For
all scenarios except the conversion to Sp. patens, filling in ditches caused a decrease in the
distance to complete wave attenuation (negative values in column 6 of Figure 5), with the
greatest difference of 62% ± 3% occurring when compared to conversion to a tidal flat with
lower elevation.

Note, no transects ran parallel to the ditches, but rather, cut across them. Also, the
inundation patterns were not altered in the model to reflect the lack of flow conveyance
from filled ditches; therefore, there may be effects that were not captured.

4. Discussion
4.1. Incident Wave Energy a Function of Tidal Regime and SLR

Given strong winds, waves grow larger in deep water, which is why we see an increase
in wave heights at the marsh edge for high tide versus low tide and with rising sea level.
The latter finding assumes that sedimentation in the backbarrier basin does not keep up
with rising sea level thereby deepening the water. For our study, the waves during a high-
neap tide (“low tide” condition) were on average 44% larger with SLR compared to without
SLR. This increase diminishes to 23% for waves during a high-spring tide (“high tide”
condition). This finding implies that under the present conditions, wave energy, which is a
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proxy for storm impact, is more dependent on tidal conditions (high versus low tide; spring
versus neap tide) than it will be in future SLR scenarios in which sea level rises only 10’s of
centimeters. It is also noted that the difference between neap and spring-tidal elevation
increases with increasing tidal range. Moreover, for Plum Island Sound where spring tidal
ranges exceed 3 m, a fast-moving extratropical storm that produces a meter storm surge
would produce waves having little effect at low tide, whereas that same storm impacting
the marsh at high tide would create significant wave energies. Under these conditions,
there would be close to a meter of water over the marsh platform, and thus the entirety of
backbarrier flooding would generate much larger waves than under normal high-water
conditions when much of the marsh is exposed [7]. In projecting the future of the marsh
platform, it is forecasted that the Great Marsh will succumb to SLR and the Spartina patens
high marsh will be transformed to Spartina alterniflora low marsh by 2070 [25].

4.2. Effects of Vegetation

The capacity of various plant species to attenuate waves is related to their resilience,
flexibility, biomass, geographic extent, planting density, and arrangement [48–55]. For
example, Cassalho et al. [56] investigated wave attenuation by Phragmites australis and
Spartina alterniflora using bay-wide modeling scenarios. The authors found that Phragmites
australis-dominated marshes can provide significantly more wave attenuation than native
Spartina alterniflora-dominated marshes during extreme hurricane events due to their high
biomass and rigidity. On the contrary, under high-frequency and low-intensity storm events,
Spartina alterniflora-dominated marshes are slightly more efficient than invasive Phragmites
australis marshes due to their high planting density. Despite the abundance of experimental
studies documenting the influence of biophysical properties of saltmarsh plants on wave
attenuation, few studies have used live coastal marsh vegetation (P. maritima [52,57–59];
Spartina anglica, [60,61]; Elymus athericus [52,59,60]; Atriplex prostrata [59]; Spartina alterni-
flora [62–64]; and Juncus roemarianus [65]) and additional research that develops knowledge
of species-specific attenuation capacity is needed.

4.3. Shoreline Wave Heights Impacted by Loss of Elevation

The attenuation of wave energy across the marsh is a product of hydrodynamic condi-
tions, characteristics of the vegetation, and the physiography of the marsh. When wave
attenuation is projected into the future, these factors along with rates of relative SLR and
the vertical accretion of the marsh surface must be considered. Several studies have in-
vestigated future levels of water on the marsh and how that will affect wave attenuation.
For example, Hijuelos et al. [43] used two modeling schemes SLAMM (Sea Level Affecting
Marshes Model [66,67]) and XBeach [68–70] to investigate sea level changes and wave
attenuation, respectively, at marsh systems in coastal Louisiana and the Dutch Wadden Sea.
For Louisiana, their modeling showed that rates of wave attenuation declined steadily up
to year 30 and then rapidly decreased after year 40, indicating a critical threshold had been
reached. In the case of the stable and high sediment supply Dutch Wadden Sea marshes,
minimal changes in wave attenuation were recorded over the projected 50-year period
through a variety of SLR and accretion scenarios [43]. In another study of San Francisco
Bay marshes, Taylor-Burns et al. [71] used field data and XBeach non-hydrostatic mode (XB-
NH; [72]), which incorporates different characteristics of the vegetation [70,73], to analyze
the effects of increasing water levels on the marsh. They found that a decreasing impact to
wave attenuation is a function of 1. offshore significant wave height, 2. drag coefficient,
3. water level, and 4. marsh width, and that the greatest reduction in HS due to vegetation
occurs with the largest waves and highest water levels. Foster-Martinez et al. [42] modeled
wave attenuation differences for Hydro-MEM [74,75] landscapes under intermediate-high
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and high SLR in Grand Bay, AL. The areas of wave influence for intermediate high were
smaller than that for high SLR in 2050. This difference was primarily driven by differences
in biomass productivity with the intermediate-high SLR case maintaining greater areas
with high productivity biomass [42]. Other studies take the analysis further by including
morphodynamics in the modeling framework. Chen et al. [21] and Marino et al. [22] calcu-
lated erosion reduction for scenarios with and without a nature-based solution intervention.
Chen et al. [21] tested a range of seagrass meadow configurations, showing the importance
of stem density and height to optimizing erosion reduction. Marino et al. [22] use a similar
approach to test the addition of dune revegetation and a seagrass meadow reconstruction
for a site in Italy with current and future environmental conditions. They found the positive
impact of the interventions diminished with greater sea level rise. For the seagrass meadow
erosion reduction efficiencies, the average across all transects decreased from 31% to 24%
between current conditions and projections to 2100 (0.78 m SLR). Although, some transects
had erosion reduction efficiencies greater than 50% with a seagrass meadow, showing the
importance of site-specific conditions. The results of our study further underscore the
importance of both vegetation and elevation to wave attenuation. Running the model
with no vegetation led to an average distance to complete attenuation over five times
longer, while running it with lower elevation and maintaining vegetation only led to an
increase of about 2.5 times. Combining these effects and running with no vegetation with a
lower elevation led to average distances nearly seven times larger compared to the base
case, which was the greatest average difference in distance to complete attenuation of the
scenarios tested.

4.4. Conservative Nature of Presented Modeling Approach

The conditions observed in the field were used to calibrate the model (i.e., set Equation
(7), the CD-Reynolds number relationship) and were less energetic than those modeled.
The largest wave height modeled under base conditions was 0.63 m, while the maximum
significant wave height in the field data used to calibrate Equation (7) was 0.45 m. We are
confident that even with this difference, the modeled results are relatively conservative
due to the method of setting the drag coefficient, CD, and due to the timing of vegetation
surveys, as discussed below.

Within MTWA, the CD-Reynolds number relationship (Equation (7)) relies upon input
from both the vegetation survey and the Delft3D model outputs. We use the orbital velocity,
ub, value calculated by Delft3D in open water at the start of the transect to calculate the
Reynolds number, which is then used to calculate CD. This CD value is then used for the
complete distance of the transect, even though as waves lose energy across the marsh, the
orbital velocity decreases. Our field observations showed that orbital velocity decreased
by about 75% (calculated from the pressure time series) over the 70 m transect. By using
the ub value from Delft3D in open water, we are overestimating the Reynolds number, and
therefore, underestimating the CD and wave attenuation. For example, a typical value of
ub in open water was 0.2 m/s, which, with our standard conditions, gives a CD of 0.028,
whereas a typical ub at the end of a transect was 0.05 m/s, which, under the same standard
conditions, gives a CD of 1.167. The higher CD value produces greater attenuation in a
shorter distance. Using the ub at the start of the transect to determine the CD reduced the
modeled wave attenuation. Even with this approach, the marsh was overall effective in
removing wave energy.

4.5. Wave Transformation over Scarped Edges Is Not Well Constrained

Most of the marsh edges in the study site are scarps, which is not a well-understood
transition regarding wave transformation. We relied on field observations (see Supplemental
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Information) and created a relationship between attenuation and the depth at the top
of the scarp normalized by the scarp height. Garzon et al. [76] took a similar approach
and formulated a relationship between wave height before the marsh edge and wave
attenuation for four classes based on the depth at the top of the scarp ranging from 0.55
to 0.90 m. The bounds of the depth conditions are not directly comparable since our
observations are for less inundated conditions. However, in 0.55 m of water with a 1.4 m
scarp, the empirical relationships show a similar result with a 0.3 m wave decreasing to
0.14 m and 0.18 m with the relationship presented here and in Garzon et al. [76], respectively.
Additional measurements under a range of depth and scarp height conditions would help to
understand the complex interactions between the wave processes at work (e.g., attenuation,
shoaling, and reflection).

5. Conclusions
The marsh platform in the Great Marsh, MA, effectively reduces wave energy, and

modeled wave heights were less than 0.1 m at all upland edges for the base case under the
selected storms run at high-spring tide. Six environmental scenarios, in addition to SLR,
were run to explore the attenuation capacity of the marsh changes. The largest reductions
were seen with lowering the marsh platform elevation and removing vegetation. Compared
to the base case, only conversion to all Sp. patens increased the wave attenuation capacity.
Wave heights increased at the marsh edge with increasing inundation, either from the
tidal case run or SLR. This study shows the relative change in the attenuation capacity of
different environmental manipulations, allowing for better comparison between them, and
it demonstrates how local conditions can produce outcomes that are not always expected.
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