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Storm Impacts on Mineral Mass Accumulation Rates of
Coastal Marshes

L. Cortese! ©, X. Zhang1 , Marc Simard®> ©, and S. Fagherazzi1

chpartmcnt of Earth and Environment, Boston University, Boston, MA, USA, 2Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA, USA

Abstract Coastal marsh survival may be compromised by sea-level rise, limited sediment supply, and
subsidence. Storms represent a fundamental forcing for sediment accumulation in starving marshes because
they resuspend bottom material in channels and tidal flats and transport it to the marsh surface. However, it is
unrealistic to simulate at high resolution all storms that occurred in the past decades to obtain reliable sediment
accumulation rates. Similarly, it is difficult to cover all possible combinations of water levels and wind
conditions in fictional scenarios. Thus, we developed a new method that derives long-term deposition rates from
short-term deposition generated by a finite number of storms. Twelve storms with different intensity and
frequency were selected in Terrebonne Bay, Louisiana, USA and simulated with the 2D Delft3D-FLOW model
coupled with the Simulating Waves Nearshore (SWAN) module. Storm impact was analyzed in terms of
geomorphic work, namely the product of deposition and frequency. To derive the long-term inorganic mass
accumulation rates, the new method generates every possible combination of the 12 chosen storms and uses a
linear model to fit modeled inorganic deposition with measured inorganic mass accumulation rates. The linear
model with the best fit (highest R%) was used to derive a map of inorganic mass accumulation rates. Results show
that a storm with 1.7 £ 1.6 years return period provides the largest geomorphic work, suggesting that the most
impactful storms are those that balance intensity with frequency. Model results show higher accumulation rates
in marshes facing open areas where waves can develop and resuspend sediments. This method has the advantage
of considering only a few real scenarios and can be applied in any marsh-bay system.

Plain Language Summary To offset sea-level rise and sinking land, coastal marshes need to
increase their elevation through sediment deposition. Thus, sediment availability, which controls the deposition,
represents a vital parameter to evaluate the resilience of these delicate ecosystems. The Terrebonne basin
(Louisiana, USA) is an example of a coastal area isolated from sediment sources that is rapidly losing land.
Here, storms are a vital process because they can resuspend and transport significant volumes of sediment from
the ocean and coastal areas to the marshes. However, quantifying their contribution is not trivial because of their
intermittent and variable nature. In general, the more intense the storm, the lower its frequency. We simulated 12
storms and calculated the amount of sediment deposited by each of them. Then, we combined deposition with
frequency and found that storms bringing the largest volume of sediments are not the most intense ones, but
those that balance intensity with frequency. Using a combination of our simulations, we derived long-term
deposition rates (i.e., how much sediment is deposited on a yearly basis), which allow us to identify areas where
marshes are resilient. This study shows that storms are fundamental for the survival of coastal marshes with
limited sediment supply.

1. Introduction

The value of coastal marshes has been widely recognized. Carbon and nutrient uptake, refuge for unique wildlife,
and storm surge buffering are among the many ecosystem services that they provide (Barbier et al., 2011, 2013;
Chmura et al., 2003; Costanza et al., 1997; Hopkinson et al., 2012; Shaw & Fredine, 1971; Wamsley et al., 2010).
However, the vulnerability of coastal marshes is increasing because of higher sea levels (Church & White, 2006;
Sweet et al., 2022), decreased riverine sediment supply (Syvitski et al., 2005; Syvitski & Kettner, 2011), sub-
sidence (Syvitski et al., 2009), and salinity intrusion (White & Kaplan, 2017; Wilson et al., 2018).

Marsh resilience is linked to its ability to maintain elevation against rising waters, which is achieved through a
combination of inorganic sediment deposition and burial of organic matter. For the inorganic component, storms
represent a fundamental driver of sediment supply (Ma et al., 2014; Mariotti & Carr, 2014; Mitchell et al., 2017).
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The importance of storms has been observed for different tidal regimes. For example, storm-related deposition
has been shown to be orders of magnitude higher compared to the deposition generated during tidal cycles in both
microtidal and mesotidal marshes (Turner et al., 2006; Yang et al., 2003). Storms also alter intertidal flat
morphology in macrotidal marshes, and therefore sediment fluxes to the marsh (De Vet et al., 2020).

During storms, the combination of enhanced sediment resuspension by wind waves and marsh inundation
augment deposition over the marsh platform (Cahoon, 2006; Castagno et al., 2018; Tognin et al., 2021; Walters &
Kirwan, 2016). However, storms also have a negative effect on coastal marshes. Storm generated waves can cause
marsh edge erosion (Leonardi et al., 2016; Leonardi & Fagherazzi, 2014, 2015; Marani et al., 2011; Priestas
etal., 2015) and trigger the loss of low salinity marshes (Howes et al., 2010). Sediments that are brought over the
marsh during a storm can originate from rivers or the bottom of nearby bays, channels, and mudflats. In addition,
during storms, marshes themselves can act as a source of material (Pannozzo et al., 2023). In this case, the lateral
erosion generated by waves impacting marsh edges provides additional material to the system (Hopkinson
et al., 2018). This mechanism can be a non-secondary contribution to sediment deposition on marshes (Luk
et al., 2021) at the expense of total marsh area.

Deriving deposition rates from storms is not trivial because these events are intermittent (Chen et al., 2021; Zhong
et al., 2014) and are characterized by different magnitudes and return periods. It is not realistic to simulate all the
storms occurring during long-term accumulation measurements at high temporal resolution, since they can span
decades. Moreover, data necessary for modeling (e.g., water level, wind speed) are seldom available for such long
periods.

In a storm, wind speed and direction, water level, and wave height vary in time, making it difficult to analyze the
parameter space of these variables and run simulations covering all possible scenarios. Therefore, our goal is to
use a limited set of real storms to produce a deposition pattern similar in terms of spatial variability to long-term
mass accumulation rates. In this parsimonious approach, we use storms that cover the possible range of surges and
wind conditions of the study area. We then determine which linear combination of the storms better predicts long-
term inorganic mass accumulation rates. The storms represent a vector of independent events that we assume
represent all the forcing of the system. As such, they are chosen during periods when extensive hydrodynamic
measurements are available, and do not have to overlap the sediment accumulation measurements.

We set our analysis on the Louisiana coast along the northern Gulf of Mexico. This area includes around 40% of
the total United States marshes (Penland et al., 1990) and represents a hot spot of marsh loss (Couvillion
et al., 2017) with nearly 5,000 km? of marshland converted to open water in recent decades. A relative sea-level
rise rate of 13 £ 9 mm/yr and a diminished sediment supply have been indicated as key factors for marsh
deterioration (Day & Templet, 1989; Tornqvist et al., 2020; Yu et al., 2012). For instance, the proliferation of
dams along the Mississippi River has reduced the suspended sediment load from 400 to 500 MT/year to 205 MT/
yr (Blum & Roberts, 2009) and a sediment deficit of 9.34 + 23.5 MT/year indicates a lack of material to sustain
the current marshes (Sanks et al., 2020).

We focused our analysis on the inactive Terrebonne basin (Louisiana, USA). Here, the microtidal regime makes
tidal currents less relevant for resuspension and transport of sediment over the marsh platform due to the short
hydroperiod (Reed, 1989). Wang et al. (1993) found that marsh sedimentation in Terrebonne Bay is largely driven
by strong winds. Therefore, only storms have the ability to remobilize and transport substantial volumes of
sediment into the marsh platform. Consequently, the role of episodic storms and related surges needs to be
addressed to quantify the long-term sediment deposition in the region.

This study shows that, in order to quantify the geomorphological effect of a storm, both magnitude and return
period (i.e., frequency) must be accounted for. The proposed method can be implemented in any setting where
storms represent a fundamental driver for sediment deposition on marshland and provide a general framework to
account for storm impact on inorganic mass accumulation rates.

2. Methods
2.1. Study Area

The Terrebonne basin is located along the Louisiana coast between the Barataria and Atchafalaya basins
(Figure 1). Tides are diurnal, with an average range of 40 cm (Georgiou et al., 2005). The western portion of the

CORTESE ET AL.

2 of 18

8519017 SUOLULLOD SANER.D B|qedt|dde au) Aq pausenob a2 sapie YO B8N JO S3InJ 10J AkeiqiT 8UljUO 4811 UO (SUOIPUOD-PUE-SWRI0D" A3 1M AReIq 1 [Bul JUO//SaNY) SUORIPUOD puUe SWe 1 31 39S *[7202/e0/v0] uo AriqiTauliuo As|Im ‘de uosindoid 1er eseN Ag S90200-40€202/620T 0T/I0p/wiod A8 | Are.q 1 putiuo'sgndnbe//sany wouy papeojumod '€ ‘vZ0z ‘TT0669TZ



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface

10.1029/2023JF007065

ﬂ? NOAA Port Fourchon

@ USGS Caillou Bay
SW of Cocodrie

@ CRMS stations

I:l Model domain

- Marsh edge
Elevation (m NAVDS88)

[ X

29.6

29.5

29.4

29.3 —
| XS

29.2 0 1087
-16.30

29.1

29.0

911 -91.0 -909 -90.8 -90.7 -90.6 -90.5 -90.4 -90.3 -90.2

Figure 1. Terrebonne Bay, Louisiana, USA. The red rectangle outlines the domain of the numerical model and the red dots are
the CRMS stations used for model validation. The USGS and NOAA stations are also indicated. The orange contour line
delineates the edge of the marsh. The red star on the bottom right inset indicates the location of Terrebonne Bay in Louisiana.

bay has a slightly larger range compared to the eastern area close to Grande Isle (Hiatt et al., 2019). The entire
coastal Louisiana is a hotspot for relative sea-level rise with rates in the range of 8—10 mm/yr (Sweet et al., 2022).
Subsidence rates are variable across the bay and range between 3 and 8 mm/yr in the southern part and 3—5 mm/yr
in the northern part (Byrnes et al., 2023). After the diversion of a Mississippi river distributary in 1903
(LBSE, 1904), the bay has no significant riverine sediment input supplying the adjacent marshes (Twilley
et al., 2016). However, minor freshwater inputs are still present and control the salinity gradients between the
coastal salt marshes and the inland freshwater marshes (Twilley et al., 2019). In turn, salinity gradients affect
vegetation distribution with Spartina alterniflora dominating the saline marshes and Spartina patens dominating
brackish areas (Sasser et al., 2014).

2.2. Storm Surges Selection

We computed each storm surge by subtracting the astronomical tidal signal from the measured water levels,
both of which were provided by the National Oceanic and Atmospheric Administration (NOAA) station
8762075 located in Port Fourchon in the south-eastern portion of the Terrebonne basin. We assigned a
10 m/s wind speed and a 0.3 m residual water level as thresholds to identify a significant storm surge.
These two thresholds allowed us to isolate tropical storms and depressions typically occurring during the
hurricane season (01 June-30 November) and winter cold fronts. We also considered two surges below the
0.3 m threshold in order to account for small events, with water elevations close to the astronomical signal.
Overall, we selected a total of 12 events covering different ranges of surge magnitude (Figure 2 and
Table 1). All storms hit Terrebonne Bay between April 2019 and August 2021, apart from one event in
2008. The maximum surge and wind speed varied from 0.09 to 1.15 m and from 11 to 25.44 m/s
respectively. To account for major events, we simulated Hurricane Zeta on 29 October 2020, which made
landfall in Louisiana near Cocodrie as Category 3, and Hurricane lke on 12 September 2008. The latter
made landfall in Galveston (Texas); however, its passage generated a significant surge along the Louisiana
coast.

The magnitude of a storm can be described in terms of surge, namely, the higher the surge, the stronger
and more intense the storm. Another parameter used to characterize a storm is its return period. This
parameter is defined as the average time between two events with same magnitude. High values indicate
low frequency and large storm surge. To retrieve the return period, we used time series of water levels at
the NOAA station in Port Fourchon. As a proxy for storm surge, we extracted the maximum water-level
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Figure 2. (a) Surge timeseries with the selected storms (red dots). The dashed red line indicates the 0.3 m threshold. The surge
on 12 September 2008 is omitted for better visualization. (b) Wind speed timeseries with the selected storms. The dashed red
line indicates the 10 m/s threshold. (c) Example of the storm surge in June 2021 (red rectangle in (a)). Note that predicted and
verified in the legend refer to the water level.

value in each year (from July 2003 to November 2022), sorted them from smallest to largest, and computed

a logarithmic fitting against the return period (Figure 3a). Then, we used the log equation to infer the return
period of the 12 selected storms (Figure 3b).

Date and Time of Surge Maximum, Maximum Water Level, Maximum Wind Speed, and Return Period for the 12 Selected Storm Surges

Storm ID Storm date and time (dd-mm-yyyy hh:mm) Max surge (m on NAVDSS) Max wind speed (m/s) Return period (years)
Storm1 12-09-2008 08:00 1.15 21.90 13.42
Storm2 19-04-2019 00:00 0.41 16.36 1.69
Storm3 25-07-2019 16:00 0.15 14.31 0.82
Storm4 26-10-2019 10:00 0.52 15.78 2.3
Storm5 18-01-2020 18:00 0.32 13.50 1.52
Storm6 13-04-2020 01:00 0.5 13.86 2.17
Storm7 07-06-2020 20:00 0.7 18.78 3.79
Storm8 15-09-2020 17:00 0.71 19.80 3.90
Storm9 09-10-2020 19:00 0.48 15.87 2.05
Storm10 29-10-2020 00:00 0.95 25.44 7.50
Storm11 08-12-2020 16:00 0.09 11.00 0.68
Storm12 19-06-2021 07:00 0.45 18.28 1.89
Note. Time is expressed in US Central Time Zone.
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Table 2

Manning Coefficients Used in the Model to Compute Bottom Friction
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Figure 3. (a) Relationship between maximum surge by year and return period derived from the NOAA station in Port
Fourchon (ID: 8762075). Data started from 2003. Log equation, R, and confidence interval are indicated at the bottom right.
The surges generated by a few major events are indicated. The red bar in the lower left corner indicates the range of return
periods explored in the simulations. (b) Detail of the relationship between surge and return period for the storms simulated in
this study.

2.3. Models Set Up and Validation

For each storm, we developed a sediment transport model using the 2D depth-averaged Delft3D-FLOW module
(Lesser et al., 2004) fully coupled with SWAN (Simulating Waves Nearshore, e.g., Booij et al., 1999; Holthuijsen
etal., 1993; McLoughlin et al., 2015; Ris et al., 1999). In each simulation, we included 4 days before and after the
surge peak (Figure 2b), so we were able to account for sediment removal immediately after the passage of the
storm. Major storms can resuspend and transport large fluxes of sediments during the flood phase of a surge.
However, it has been shown that the subsequent ebb phase might export a comparable volume of sediment
(Fagherazzi & Priestas, 2010). The same research shows that moderate storms do not trigger the fast ebb flows
responsible for sediment export and yield a positive net sediment input. For each model, we changed boundary
conditions, wind speed, and wind direction without modifying the other parameters such as bottom friction, initial
bathymetry, and sediment properties. The domain (Figure 1) covers the coastal area of the Terrebonne basin and
consists of 1,139 x 686 cells with a 90 X 90 m resolution. Elevation data are referred to NAVD88 and available
from NOAA (Love et al., 2010). Boundary conditions were imposed as water levels offshore the barrier island in
the Gulf of Mexico. Water levels were taken from the United States Geological Survey (USGS) station
073813498 located near Pelican Lake in Caillou Bay (see Figure 1), as this station is close to the center of the
domain. Only for the 12 September 2008 storm (Hurricane Ike), we used water levels recorded at the NOAA
gauge at Port Fourchon. We calibrated the models by adjusting the water levels at the boundary (Abbott &
Cunge, 1975; Cunge, 2003; Mariotti et al., 2010; Wiberg et al., 2015). The signal was delayed, and the amplitude
was modified to reproduce the correct water levels at the USGS station. Wind speed and direction data were taken
from the same station and applied homogeneously on the entire domain with hourly time resolution. Bottom
friction was applied by imposing the Manning coefficient (Table 2), whose values are based on the USGS
Louisiana Gap Analysis Project (LA-GAP) classification of vegetation cover (see Table 2, Hartley et al., 2000).

We considered two sediment types at the bottom of the bay: sand and mud. For each simulation, initial conditions
were derived from the usSEABED database (Williams et al., 2006), which provides the fraction of mud and sand
in several coastal locations. Overall, the bottom of the bay is mainly composed of mud, whereas sand is found
along the barrier island system. For both fractions, sediment parameters are based on Liu et al. (2018) (Table 3).

The hydrodynamic models were validated by comparing the water levels
with measurements recorded at 11 stations within the Coastwide Reference
Monitoring System (CRMS). We selected stations in channels with a width

Marsh type

Water

Saline

of at least 270 m (3 mesh elements) (see Figure 1). Model performance was

Brackish Intermediate  Fresh

Manning coefficient

0.02

0.035

evaluated using three parameters: Nash-Sutcliffe Model Efficiency (NSME),

Ditas Percentage Bias (PBIAS) and Root Mean Square Error (RMSE) (Allen

0.05 0.055
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Table 3
Parameters Used for Sand and Mud Fractions in the Sediment Transport Model
Parameter Density (kg/m3) Ds, (mm) Settling velocity (mm/s) Critical shear stress for erosion (N/m?)
Mud 1,600 - 0.25 0.1/1.0
Sand 2650 0.14 - -

Note. If no value is specified, the corresponding parameter was not used in the formulation. For the critical shear stress for
erosion, the smaller value was set in the channels and bay bottoms, while the larger value was used on the marsh surface.

et al., 2007). For additional validation, we ran the model from 25 March 2021 to 18 April 2021 and compared
modeled water discharge with ADCP measurements collected during the Delta-X campaign (Christensen
et al., 2022) and from 9 March 2012 to 25 March 2012 to compare modeled significant wave height with field
measurements (Parker, 2014). The location of ADCP transects and wave gauge is indicated in Figure S1 in
Supporting Information S1. Furthermore, since Mariotti et al. (2018) measured wind spatial variability in the
area, we compared wind data between the USGS station selected for this study and the weather station located
in Terrebonne Bay and maintained by the Louisiana Universities Marine Consortium (LUMCON). To address
the effect of different wind timeseries on sediment deposition, we also ran a simulation of one storm using wind
data from LUMCON. The location of the LUMCON station is reported in Figure S4 in Supporting
Information S1.

2.4. Derivation of the Inorganic Mass Accumulation Rates

We considered a total of 37 CRMS sites (Table S1 in Supporting Information S1) where deposition is regularly
measured using feldspar marker horizons in different plots. In this technique, a layer of at least 5 mm white
feldspar clay is deposited on the marsh surface. Then, once or twice a year, the thickness of the newly deposited
material is measured from the feldspar layer to the marsh surface. Measurements were taken from three cores at
each plot. Cores were collected at each sampling site using a 10.2 cm inside-diameter core tube sharpened at the
end and a PVC coring handle for insertion to a depth of about 30 cm. The collection started between 2006 and
2009. Despite the presence of gaps, values are collected twice per year until 2020 and once per year after 2020.
We extracted and averaged deposition rates for each plot at each site. Given that the oldest plots are 10 years old,
we considered only plots with a record of at least 8 years. In addition to deposition, soil bulk density (BD) and
average percentage of organic matter (OM) were measured every 4 cm until a 24 cm depth on two dates: during
plot establishment and in 2018. We averaged the values from the two dates to obtain a mean BD and OM. BD is
measured from samples dry weight (oven dry at 60°C for 48 hr), while OM is measured with the loss-of-ignition
technique (550°C for 2 hr) using the relationship (Folse et al., 2018):

OM =Wt BGO — Wt A550 /Wt Bﬁ() (1)

where Wt By, is the weight of the soil sample dried at 60°C and Wt Ass, is the weight of the soil sample after
ashing at 550°C. We refer to Wang et al. (2017) for more details on soil sample analysis.

The separation of mineral and organic mass accumulation rates was performed following Neubauer (2008). First,
the organic bulk density (BD) was calculated as the product between BD and the OM fraction, so that the mineral
bulk density (BDy) was computed as the product between BD and (1-OM). Then, the inorganic mass accumulation
rates (IMAR) were computed as the product between the average deposition from the feldspar marker horizon and
BD;. IMAR values for the stations included in the study are reported in Table S1 in Supporting Information S1.

2.5. Geomorphological Impact of Storms

In this study, we always refer to the sediment deposited by the storms as inorganic sediment, opposed to the
organic material that is the result of local plant productivity. In particular, we use the term inorganic mass
deposition (IMD, measured in g cm™) to indicate the amount of sediment deposition computed by the model.
Consequently, to indicate long-term rates of deposition, we use the term inorganic mass accumulation rates
(IMAR, measured in g cm™2 yr™").
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The impact of each storm on the marsh was evaluated in a two-fold process. First, we directly related the total
inorganic deposition to the maximum surge during each storm to observe the morphological impact on the event
scale. Then, we computed the geomorphic work (sensu Wolman & Miller, 1960) by calculating the product of the
total modeled deposition and the frequency of each event.

2.6. Linear Combination of Storms

First, we analyzed the deposition in each storm. Since there are no measurements of mineral deposition for each
storm, to evaluate the goodness of the modeled deposition, we used the long-term inorganic mass accumulation
rates derived from deposition measurements at each CRMS site. The comparison is carried out as a linear
regression between the modeled inorganic mass deposition and the measured inorganic mass accumulation rates
to capture the long-term spatial gradients in mineral deposition rates. Despite the comparison involves two
different quantities measured on different time scales, this procedure can provide an indication of the goodness of
the depositional pattern provided by the models.

Then, we extracted every possible combination of the 12 surges using m elements without repetition C(12, m),
where m = 2,...,12 is the number of surges considered for a generic combination. For each combination, we
computed the total inorganic mass deposition (IMD) in each CRMS site by summing the modeled inorganic mass
deposition of each surge (imd). For instance, when m = 3 the total IMD for one combination can be generally
written as

IMD = w; -imd; + w; - imd; + wy -imdy,i, j, k=1, ..., 12 & i #j # k 2)

The term w is a weighting coefficient based on the return period and allows to give more weight to surges with
high frequency. Given a combination of m surges, the generic coefficients can be written as

Wp zfp/Z:l:]fp 3

where f,, is the frequency of the p-th surge and it is defined as the inverse of the return period (i.e., 1/yr). We also
note that ZZ‘:] w, = 1. An explicit example of IMD derivation is reported in the Supporting Information S1. For
each combination, we compared the total IMD to the inorganic mass accumulation rates to obtain a linear model
that reads

IMAR = x, - IMD + x, @)

where x,, and x, are the intercept and slope respectively. We selected the linear model that provided the best fit
(i.e., highest R?) with measurements in 16 of the 37 selected CRMS sites (Table S1 in Supporting Information S1)
and applied it across the Terrebonne domain to derive a map of inorganic mass accumulation rates. Finally, we
validated the model by comparing its results to measured IMAR in other CRMS stations not used in the model
derivation (Table S1 in Supporting Information S1).

3. Results
3.1. Hydrodynamic and Sediment Transport Models Validation

The comparison between the simulated and measured water levels indicates that all 12 models reproduced the
storm surges with satisfactory performance (Figure 4).

Given the high NSME (>0.65) and low PBIAS (<=%10) the performance level for all models can be categorized as
excellent (Allen et al., 2007). We also observed a negative PBIAS in all cases, with an average underestimation of
1.6%. The comparison between measured and modeled water discharge (Figure S2 in Supporting Information S1)
showed that the model was able to reproduce the water flow in five different cross sections with an RMSE of
56.756 m*/s despite one case of large underestimation. In addition, the simulation of March 2012 showed that the
model can reproduce the significant wave height (Figure S3 in Supporting Information S1) with a RMSE of
0.082 m. Finally, wind data from the USGS station were comparable to those from the LUMCON station (Figure
S4 in Supporting Information S1) with an RMSE varying between 1.92 and 3.46 m/s.
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Figure 4. Comparison between modeled and measured water levels. In each subplot, all 11 CRMS stations are included. Each station has 192 points, thus a total of 2112
points in each subplot. The corresponding storm date is written on top of the subplot. In each subplot, the model performance indices RMSE, PBIAS and NSME are

indicated.

The comparison of the modeled deposition with the inorganic mass accumulation rates allowed us to evaluate
whether the models capture the deposition pattern (Figure 5). Overall, 8 out of 12 simulations showed a significant
correlation. We found no correlation in the three simulations with the lowest surges and Storm 12 (Figures 5a, 5Se,
5f, and 51), indicating that if storms are not included, many areas of the marsh remain unflooded and do not receive
sediment. We also ran a simulation of Storm 2 using the LUMCON wind data, since it was the case with the
highest RMSE (see Figure S4c in Supporting Information S1) between the USGS and LUMCON wind speed
timeseries. The simulation returned 2.12 MMT (Million Metric Tons) of deposited sediment. Since the simulation
with USGS wind data returned 2.03 MMT, we concluded that the different source of wind data does not make a
significant impact on the deposited sediment.

3.2. Sediment Deposition Analysis

To integrate event frequency into the inorganic deposition rates, we computed the geomorphic work. This
parameter is the product between deposition and event frequency. By considering the surge level as independent
variable, we interpolated both deposition and frequency with log equations (Figure 6a). The geomorphic work is
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Figure 5. Comparison between measured

Measured inorganic mass accumulation rates (g cm=2 yr—1)

long-term inorganic mass accumulation rates and the modeled deposition for all 12 models. In each subplot, the storm date is

indicated on the top. Regression lines are drawn only in cases of statistical significance (p-value < 0.05).

displayed with the solid black line in Figure 6b. The result showed a relationship with a maximum value that does
not correspond to the highest surge (Figure 6b). We found that the surge of 19 April 2019 (0.41 m above
NAVDSS, green dot in Figure 6b) represents the highest geomorphic work. The lowest geomorphic work cor-
responds to storms with low magnitude and high return period or storms with high magnitude and low return
period. Moreover, when we only considered the simulations that provided a significant correlation between
measured accumulation and modeled deposition, a power law provided the best fit.

3.3. Linear Combinations of Storm Surges and Inorganic Mass Accumulation Rates

The combination of Storms 2, 6, and 8 provided the best fitting with the long-term inorganic accumulation mass
rates measured at the CRMS sites (Figure 7a, with an R? of 0.79). The weights (computed with Equation 3) were
0.45, 0.35, and 0.2 for the first, second, and third storms, respectively. The linear equation reads:

IMAR = 1.44 - IMD + 0.12 6))
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Figure 6. (a) Relationship between surge and deposition (in red) and surge and frequency (in blue). (b) Relationship between
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geomorphic work expressed as the product of the two equations in panel (6a), while the dash-dotted line represents the power
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where IMAR (g cm™2 yr™ ') is the inorganic mass accumulation rate and IMD (g cm™2) is the combined inorganic
mass deposition from the storm surge models. We also explored how different combinations tend to represent the
measured IMAR (Figure 7b). The two highest values of R’ were found for a combination of 2 and 3 storms; as we
increased the number of storms, the regressions were increasingly less representative with a lower R?. After
applying the linear model for every point in the domain (Figure 8), we validated the model by comparing its
results to inorganic mass deposition rates measured in other CRMS stations not included in the analysis. The
validation (Figure 7c) provided an RMSE of 0.19 g cm™ yr~'. We also observed that the model is both
underestimating and overestimating the measured inorganic mass accumulation rate, in particular around 0.2 and
0.6 gem™>yr .
From Figure 8, we observe that the inorganic mass accumulation rates range from 0.12to 1 g cm™2 yr_1 in the
model domain. The highest rates of accumulation are found along the bay and areas bordering open water, while
moving inland and to high elevations, the inorganic accumulation rates drop drastically.
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Figure 7. Results from the combination of storm surges. (a) Linear regression between the combined modeled inorganic
deposition and the measured inorganic mass accumulation rates. On the lower right, the three selected storm surges are
indicated. (b) Maximum R? for each category of combined storms and model confidence interval. (c) Validation of the linear
model applied to other CRMS stations.
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Figure 8. Modeled inorganic mass accumulation rates in Terrebonne. The map is obtained by applying Equation 5 to the
entire domain, which includes the combination of three storms (19 June 2019, 13 April 2020, and 15 September 2020).

4. Discussion
4.1. Geomorphological Impact of Storms on Inorganic Accumulation Rates

Modeling sediment deposition is the key to determine the fate of coastal marshes affected by sea-level rise and
land subsidence (Fagherazzi et al., 2020). Spatial maps of inorganic accumulation can indicate more resilient or
vulnerable areas. However, in marshes where sediment transport is controlled by intermittent events, this task
becomes problematic as there is no regular pattern and running numerical simulations at high temporal resolution
for decades is not possible. In this study, we addressed the issue by simulating a prescribed set of storm surges and
combining them to produce a realistic forecast that accounts for both magnitude and frequency of storms. This
approach differs from the more traditional methodology of running a limited number of fictional scenarios in
which a set of parameters such as surge, relative sea level, and wind speed are changed (e.g., Mariotti et al., 2010;
Pannozzo et al., 2021). Note that our simulations are short, lasting 8 days, while the inorganic mass accumulation
rates are measured in years. Therefore, our proposed method implicitly assumes that our simulations capture the
general physics of storm surges and their long-term effects on depositional rates.

To fully reproduce storms, it is fundamental to include both the surge and waves (Zhu & Wiberg, 2022). Under
stormy conditions, wind waves enhance bottom shear stresses and entrain more sediment in the water column
(Carniello et al., 2005; Green & Coco, 2014). Higher water levels generate longer hydroperiods and consequently
a higher suspended sediment volume over the marsh (Wiberg et al., 2020). A surge further contributes to sediment
entrainment due to enhanced currents. Waves can also influence the maximum surge and the inundation distance
depending on storm characteristics, especially during weak events (Wu et al., 2018).

We found that the deposition is correlated with the surge maximum elevation (Figure 6a), indicating that at the
event scale, higher surge events contribute more in terms of deposition.

The Louisiana coast is well-known to be affected by tropical cyclones (Georgiou et al., 2005). Previous research has
highlighted the beneficial role of these extreme events for salt marsh accretion. Cahoon et al. (1995) analyzed the
impact of Hurricane Andrew in the Terrebonne, Barataria, and Pontchartrain basins and found high contributions to
short-term deposition (1-3 orders of magnitude higher than in the pre-storm conditions). Turner et al. (2006)
estimated a contribution of 131 x 10° metric tons along the entire Louisiana Coast from Hurricanes Katrina and Rita
in 2005. Liu et al. (2018) computed 27 metric tons of sediment imported from Hurricane Gustav in 2008 between
the Terrebonne and Barataria basins (10.8 and 16.2 tons respectively). However, the above-mentioned events have
high return periods, and therefore low temporal frequency. For instance, the logarithmic model in Figure 3a shows
that despite having the highest short-term impact in terms of surge, Hurricane Gustav has a return time of 21 years.
Tweel and Turner (2014) analyzed the impact of major and moderate hurricanes in Louisiana and found that
frequent moderate storms account for 78% of the long-term sedimentation rates.
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Thus, storm frequency is the key to understand marsh accretion and resilience to sea-level rise. Previous modeling
studies have highlighted that storm frequency is almost two times more efficient in increasing marsh deposition
compared to storm magnitude, and therefore frequent storms enhance marsh adaptability to future sea-level rise
scenarios (Schuerch et al., 2013). By computing the product between deposition and frequency (i.e., geomorphic
work), we were able to evaluate the impact of each event on a yearly basis. From Figure 6b, we conclude that
storms with the highest impact in terms of deposition have a return period of 1.7 years. Therefore, in terms of
long-term mineral deposition, the most impactful events balance magnitude with frequency.

Results in Figure 7 suggest that a combination of three storms can provide reliable estimates of long-term
accumulation rates in Terrebonne Bay. The optimal combination includes Storm 2 (the surge with the highest
geomorphic work), Storm 6 (the surge with the third highest geomorphic work and a return time of 2.2 years), and
Storm 8 (the second most intense storm after the hurricanes with a return time of 4 years). Interestingly, this
combination included two storms with high geomorphic work, which combined contributed for 80% of the total
inorganic deposition, while the remaining 20% was attributed to a storm with a very high surge. The combination
suggests that moderate and frequent storms are more responsible for the long-term inorganic deposition, whereas
intense storms, despite providing a non-negligible contribution, have lower long-term impact.

Wind direction represents an important factor that was not considered in the selection of the storm surges. If the
wind direction is aligned with the largest fetch, the potential to develop higher waves increases leading to more
sediment resuspension at the bottom (Fagherazzi & Wiberg, 2009). Moreover, water levels increase along the
wind direction. In Terrebonne Bay, southerly winds augment water levels and promote marsh flooding and
consequent transport of sediments over the marsh. Around 39% of all wind data used in the simulations have
northerly direction, while 61% have a southerly direction (Figure S5 in Supporting Information S1), displaying
good coverage. The highest wind speeds occur for southerly directions, indicating that the selected events present
favorable conditions for the transport of sediments in the marsh. Interestingly, two of the three selected storms
(see Figure 7a) are extra-tropical storms (i.e., winter storms) and show the typical pattern observed during cold
fronts (see an example in Figure S6 in Supporting Information S1). The pre-frontal phase characterized by
southerly winds (Figure S6c¢ in Supporting Information S1) anticipates the frontal passage where the wind di-
rection quickly shifts to northerly winds in the post-frontal phase (Figure S6¢ in Supporting Information S1)
(Moeller et al., 1993). Previous research has shown that winter storms in coastal Louisiana and in particular cold
fronts control the wave fields (Cao et al., 2020; Guo et al., 2020), water fluxes (Feng & Li, 2010), and sediment
exchange (Dingler & Reiss, 1990; Perez et al., 2000; Roberts et al., 1989). Reed (1989), using sediment deposition
measurements in Terrebonne Bay, suggested that cold fronts represent an ideal setting for sediment deposition.
The southerly winds promote the mobilization of the sediment in the coastal bays and enhance water level in the
marsh (Figure S6a in Supporting Information S1), while the subsequent northerly winds lower the water levels
(Figure S6a in Supporting Information S1) and favor the drainage of the marsh and the consolidation of the newly
deposited sediment. It is worth noting that a later study by Murray et al. (1993) in Terrebonne Bay showed that
some cold fronts resulted in a net export of sediment from the marsh system.

Validation of the linear model suggests an overall overestimation of inorganic mass accumulation rates
(Figure 7c). The two notable overestimation cases occurred for stations 978 and 3,296, where we modeled
0.66 g cm™2 yr! instead of 0.16 g cm 2 yr !, and 0.82 g cm™2 yr~ ! instead of 0.23 g cm ™2 yr~ 'respectively.
These errors could be related to the elevation of the marsh. Marsh elevation was derived from Light Detection and
Ranging (LiDAR), which has been shown to have a positive bias due to the inability to penetrate marsh vegetation
(Ewald, 2013; Rogers et al., 2018). Even small topographic inaccuracies can lead to wrong flooding patterns
(Zhang et al., 2022), which can lead to wrong deposition values. A lower elevation can enhance flooding and
allow more sediment to deposit. We also observed a case of underestimation at site 338, where we modeled
0.19 g cm™? yr~! instead of 0.58 g cm™2 yr~'. At this site, inorganic mass accumulation rates are among the
highest because of the proximity to the open bay. As in overestimation cases, elevation can be a reason for the
underestimated values, as in high areas flooding is more limited.

The linear model allowed us to compute inorganic mass accumulation rates at every point of the Terrebonne Bay
domain (Figure 8). The spatial distribution showed higher rates in the proximity of large channels and open water
areas (i.e., the source of sediments) because they have enough fetch to develop wind waves, while sheltered areas
located inland have lower rates due to the absence of riverine sediment load and low inorganic transport from
weak tidal currents (Cortese & Fagherazzi, 2022). This result is consistent with observations in Terrebonne from
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Reed (1989), which found higher deposition in sites closer to Terrebonne Bay. The spatial pattern is also
consistent with Tweel and Turner (2012), which examined the deposition after four tropical cyclones and found
decreasing deposition with distance from the coast. Field measurements by Smith et al. (2021) in coastal Mis-
sissippi showed that most of the sediment was deposited within 10 m from the shoreline. A similar pattern was
found in European marshes with meso-macrotidal semidiurnal regimes (Reed et al., 1999; Temmerman
et al., 2003).

4.2. Storms as a Degrading Factor

This study analyzed the beneficial role of storms in coastal marshes that lack riverine sediment supply. However,
storms have been shown to negatively impact marshes through lateral erosion (Leonardi et al., 2018). Storms can
thus have a two-fold effect on marshes; they promote accretion and vertical resilience while degrading the marsh
laterally (Cortese & Fagherazzi, 2022). Sediment deposited on the marsh platform can also be remobilized during
storms, but this is very uncommon since the dense vegetation reduces currents and attenuates waves. In all our
simulations, storms produced net deposition with limited remobilization. The remobilization of sediment
deposited on the marsh surface, if present, can introduce uncertainty in the relationship between storm deposits
and long-term accumulation rates.

Hurricanes deposit large amounts of inorganic sediments that can cause soil compaction with a net loss of marsh
surface elevation (Cahoon, 2006). Storms can also have a negative impact on wetland vegetation. Rodgers
et al. (2009) showed that the combination of hurricane Katrina and a subsequent drought prevented vegetation
recovery for more than 1 year, probably triggered by the increased salinity. Most importantly, the combination of
currents and waves shear stresses can remove vegetation through root scalping and promote later erosion (Priestas
et al., 2015). Low salinity marshes are more vulnerable due to the shallow rooting and lower soil shear stress
resistance (Howes et al., 2010).

Wave power has generally been related to marsh lateral erosion (e.g., Houttuijn Bloemendaal et al., 2023;
Leonardi et al., 2016; McLoughlin et al., 2015). Waves can deepen tidal flats facing marsh edges and conse-
quently enhance wave energy (Fagherazzi et al., 2006). However, the impact of waves on marsh edges can be
highly variable due to the heterogeneity of soil resistance and biological processes (Leonardi et al., 2018). During
moderate storm conditions, marshes are more vulnerable because their boundaries are exposed to wave action
(Fagherazzi, 2014). In this case, waves trigger undercutting and the collapse of the marshes margin (Marani
etal., 2011). However, during extreme events, when water levels are higher than the marsh platform, waves pose a
lesser threat to the margins (Fagherazzi, 2014). In Louisiana, marsh edge erosion is highly dependent on the
direction the marsh faces. South-facing marshes experience high water levels and limited erosion, whereas north-
facing marshes experience low water levels and have higher probability of undercutting (Valentine & Mario-
tti, 2019). In Terrebonne Bay, the role of waves on marsh retreat was extensively presented by Everett
et al. (2019). Their results clearly show the impact of both wind and swell waves on marsh lateral erosion. In
particular, they found high retreating rates correlated with swell waves propagating through gaps between barrier
islands. As the barrier islands in Terrebonne are slowly deteriorating, wave erosion might increase in the future.

4.3. Implications for Marshes Survival

Previous measurements of sediment concentration and deposition highlighted that tidal currents do not transport
significant quantities of sediment in Terrebonne Bay (e.g., Reed, 1989; Wang et al., 1993). On a larger scale,
storm-driven sediment transport has been proposed to be the dominant component of inorganic deposition in
Louisiana (Tweel & Turner, 2012), and widespread land loss not related to a lack of inorganic sediment supply but
to a diminished organic accumulation (Turner et al., 2007).

Our method leverages on storm surges to provide a spatially distributed estimate of the present inorganic
accumulation rates. However, we do not suggest that sediment delivered by storms can balance sea-level rise and
subsidence. Jensen et al. (2022) showed that the Terrebonne basin lost about 472 km? of land. Total accretion rates
(organic and inorganic) measured by CRMS indicate that the Terrebonne basin has a deficit of sediment and
cannot sustain current rates of relative sea-level rise (Jankowski et al., 2017; Sanks et al., 2020). Thus, relying on
the contribution of storms might not be sustainable in the future (Burkett et al., 2007; Toérnqvist et al., 2007). For
instance, Smith et al. (2015) showed that despite storm-driven sediment is relevant for vertical accretion, the
major contribution to long-term accumulation is given by river diversions. An important factor in marsh survival
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is the source of the sediment. Deposited sediment can originate from the redistribution of the previously eroded
marsh soil (Hopkinson et al., 2018) and not from the inland transport of offshore material.

4.4. Limitations and Broader Impacts of Our Approach

The primary hypothesis of our method is that the contribution to inorganic deposition in Terrebonne is dominated
by storms. Regular tides can also contribute to inorganic mass deposition. For instance, Smith et al. (2021)
estimated an accumulation rate of 0.0008 g cm™ tide™" in the Grand Bay estuary in southeast coastal Mississippi,
which has tidal ranges similar to Terrebonne. Our simulations with very small storm surges indicate that tides do
not produce significant geomorphic work and that their deposition pattern does not match long-term accumulation

rates. Therefore, storms are the chief geomorphic agent in Terrebonne Bay.

In our analysis, we did not examine the relative contribution of mud and sand in each event. Due to the ability to
resuspend coarser grains, sediment deposition after intense storms can produce soil textures different from those
produced during weaker storms or non-storm events (Nyman et al., 1995).

The small deposition rates found in the internal areas of the domain can be related to the distance from the
sediment source, as observed earlier, but also to a limitation of the model. Many areas within the Terrebonne
region are fed by channels with cross sections ranging in the tens of meters or smaller. Given the coarse mesh
resolution of the model (90 m), solving water levels and fluxes in internal areas is difficult. Future developments
could rely on either unstructured mesh or subgrid-scale modeling to better solve narrow channels. It is also worth
noting that in the validation of water discharges (Figure S2 in Supporting Information S1), the model un-
derestimates values by 18% when the outlier point is discarded. The underestimation of the discharge can reduce
the transport of sediment inside the marsh, possibly underestimating sediment concentration and deposition.

Despite its limitations, our model can provide maps of inorganic accumulation rates. These maps might also
indicate areas of high organic accumulation; in fact, a high inorganic sediment load produces favorable envi-
ronmental conditions to sustain bioproductivity because it provides nutrients to the plant sustainment and reduces
the concentration of toxic substances (such as free sulfite) by improving soil aeration (Mendelssohn &
Kuhn, 2003).

Storm frequency and intensity might vary in the future because of climate change and sea-level rise (Karl
et al., 2009; Knutson et al., 2010). As extreme events become more frequent, the most impactful storms could be
different with respect to those considered in this analysis. As a result, the combination of storms used in the
regression could change and a different set of storms might be needed to better represent the measurements. In this
context, the method presented here is well-suited to account for this variability and can be applied to any marsh-
bay system independent of tidal range.

5. Conclusions

We quantified the contribution of storms to inorganic mass accumulation rates on salt marsh platforms by
investigating the combined effect of storm magnitude and intensity. At the event scale, intense storms provided
the highest inorganic deposition. However, more frequent storms generated larger geomorphic work and long-
term contribution to the deposition, suggesting that geomorphologically impactful events balance magnitude
with frequency. We proposed a new empirical approach that takes in account a selection of storms, combines them
based on magnitude and frequency, and provides a linear relationship to derive inorganic mass accumulation
rates. This linear model yields a parsimonious set of simulations that captures the spatial distribution of the
inorganic mass accumulation rates consistent with field measurements. The proposed method has the advantage
of being highly flexible and applicable to any marsh-bay system.
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available. CRMS stations water levels, accretion, and soil properties data are available via the CPRA website
(https://cims.coastal.louisiana.gov/monitoring-data/). Bathymetric data used for the models are available via the
National Center for Environmental Information website (https://www.ncei.noaa.gov/metadata/geoportal/rest/
metadata/item/gov.noaa.ngdc.mgg.dem:1521/html) (Love et al., 2010). Astronomical and measured water-level
data used to derive storm surges and return periods from the NOAA gauge 8762075 at Port Fourchon are available
via the Tides & Currents website (https://tidesandcurrents.noaa.gov/stationhome.html?id=8762075). The mud
and sand fraction used to define the bottom of the bay and channels in the models are available via the USGS
usSEABED website (https://www.usgs.gov/programs/cmhrp/science/usseabed) (Williams et al., 2006). Water-
level data used as boundary conditions for the model, wind speed, and wind direction from the USGS gauge
073813498 are available via the USGS website (https://waterdata.usgs.gov/monitoring-location/073813498/
#parameterCode=00065&period=P7D). Wind speed and direction data from the LUMCON Terrebonne Bay
weather station used to evaluate the effect of wind variability on the results were made available upon request
from LUMCON and can be seen via the website (http://weatherstations.lumcon.edu/). Water discharge data used
to validate the model are available via the ORNL DAAC Delta-X data portal (https://daac.ornl.gov/cgi-bin/
dataset_lister.pl?p=41) (Christensen et al., 2022). Wave significant height data used to validate the wave model
were taken from Parker (2014).
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