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Abstract Longshore sediment transport (LST) is essential for shaping sandy shorelines. Many shorelines
are complex and indented, containing headlands, offshore islands and tombolos. Tombolos often form between
islands and the mainland; however, the conditions for LST across tombolos are unclear. This question is
important because tombolos are often reinforced with anthropogenic infrastructure, potentially causing
sediment starvation of downdrift beaches. Along many shorelines, the return to a tombolo's natural condition
has been proposed to promote sediment connectivity and counteract erosion. Nevertheless, the implications of
such restorations remain uncertain. In this study, we employ the Delft3D wave-current model to investigate
hydrodynamics and sediment dynamics across a tombolo, examining its role as a connector between adjacent
beaches. Contrary to expectations, our simulations show only diminutive longshore currents from the updrift
beach across the tombolo unless offshore wave heights exceed 8 m. Instead, predominant currents crossing the
tombolo originate from offshore of the island, driven by storm-induced water level differences and circulation
cells on both sides of the tombolo. The offshore island shelters the downdrift domain, resulting in higher wave
energy and dissipation updrift of the tombolo. Further, increasing wave height or wave approach angle not only
intensifies water level differences but also relocates circulation cells, enhancing total sediment transport from
the updrift beach across the tombolo. However, in general, the deposition of sediment from the updrift side of
the domain does not compensate for the sediment loss on the downdrift beach. We conclude that LST across
tombolos is limited and occurs only under extreme wave conditions.

Plain Language Summary Longshore transport, the movement of sand and fine gravel along the
shoreline driven by waves and tides, plays a crucial role in building and maintaining stable and healthy beaches.
Here, we focus on the potential impact of the removal of a road that obstructs water flow and sediment transport
across a tombolo. Contrary to our expectations, removal of the road does not result in longshore currents across
the tombolo unless the wave heights are very large. Instead, we observe water movement from the offshore of
the island's updrift side toward the downdrift beach. This unexpected pattern is attributed to storm-driven water
level differences bet side of the island. Additionally, storms generate circulating current patterns on both sides of
the island, influencing the direction of water movement. Further investigation reveals that larger waves,
particularly those moving more parallel to the beach, amplify the water level difference and alter the location of
the rotating currents. Extremely large waves produce longshore currents across the tombolo, which increase the
amount of sediment transferred from the updrift to the downdrift domain. However, this addition of sediment
from the updrift domain does not fully compensate for sediment loss from the downdrift beach during storms.

1. Introduction

Longshore sediment transport (LST) plays a vital role in shaping the coastal landscape and influencing shoreline
evolution. The process allows for sediment redistribution from one location to another, thereby buffering areas
undergoing erosion (Giosan et al., 1999; Greer & Madsen, 1978; Shetty & Jayappa, 2020). LST is primarily
induced by waves breaking at an oblique angle to the shoreline, resulting in a longshore current flowing within the
breaker and surf zones (Hamilton & Ebersole, 2001; Kobayashi et al., 2007). In shoreline systems connected to
offshore islands, current patterns may become complex because of circulation cells (Ganju et al., 2011; Klein
et al., 2020; Pattiaratchi et al., 2009; da Silva et al., 2021). These cells, characterized by circulation gyres on either
side of offshore islands, are formed primarily during storms by large breaking waves interacting with longshore
currents along the beach. The circulation cells may shift under varying sea-level rise or storm conditions (Xie
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et al., 2024). Consequently, possible sediment bypassing around the islands may be limited, leading to sediment
deficiencies and subsequent shoreline erosion along downdrift beaches (King et al., 2021; da Silva et al., 2021).
The uneven availability of sediment can also exist in the vicinity of naturally occurring coastal features, such as
tombolos and headlands, and human-made structures, such as groins and breakwaters. These features restrict
water movement along the shoreline, increasing sediment deposition on the updrift side of the obstacles while
reducing sediment availability on the downdrift (Bacon et al., 2007; Cuadrado et al., 2005; Specht et al., 2020). To
reestablish the LST and increase sediment availability to downdrift shorelines, an increasing number of coastal
managers propose removal of these obstacles (Chi et al., 2023; Nordstrom, 2014). However, questions still exist
as to whether such measures would reintroduce effective downdrift sediment supply along these complex
shorelines, especially during storms when circulation cells are formed.

The magnitude of LST is influenced by various factors, including wave height, wave angle, nearshore slope, and
sediment composition (Chowdhury et al., 2020). For example, Pattiaratchi et al. (1997) reported that even minor
increases in wave heights can lead to larger incident wave energy at the shore, potentially resulting in a ten- to
hundredfold increase in LST. This is because wave energy and, thus, the resulting radiation stresses and sediment-
transporting currents at the shore are proportional to the square of the wave height (Kaliraj et al., 2014). The
angles at which waves approach the shoreline are crucial. When waves approach the shore perpendicularly, the
resulting wave breaking and energy dissipation predominantly lead to cross-shore sediment transport (Butt
et al., 2000). However, waves breaking at an angle to the shoreline create radiation stress, yielding both cross-
shore and longshore components. The longshore component of the radiation stress generates longshore cur-
rents, which drive the transport of sediment parallel to the shoreline (Chowdhury et al., 2020; Putnam et al., 1949;
Vincent et al., 1983). The composition of the bottom sediment plays a crucial role in determining the amount of
sediment that can be resuspended. For instance, smaller sediment particles can be transported over greater dis-
tances compared to larger ones (Grasso et al., 2011).

Along open coasts, particularly in tropical and subtropical areas, storm-induced coastal sediment redistribution is
known to have major geologic and ecological implications (Fagherazzi et al., 2020; FitzGerald et al., 2020;
Goman et al., 2005; Hubbard, 1992). However, storm-driven LST in complex settings needs to be further
investigated (Yang et al., 2023). Storms generate waves and surges, which can persist for several hours or even
days (Villarini et al., 2011). Storm surges allow higher wave energy to reach the shoreline, facilitating nearshore
currents that scour beach material, ultimately moving sediment to more sheltered areas (Hequette et al., 2001; Roy
et al., 1994; van Wiechen et al., 2023). Storms can also redistribute sediment by resuspending material from deep
water and moving it to shallow coastal regions, increasing sedimentation and buffering beaches (Roberts
et al., 2013). Along shorelines connected to offshore islands, however, the distribution of wave energy can vary.
Offshore islands not only provide shelter, preventing direct wave energy impact on the mainland shoreline, but
also induce wave refraction and convergence (Yasso, 1965). This is because the presence of an offshore island
shifts the surf zone offshore, thereby lessening the wave energy reaching the shore (Limber et al., 2014). These
processes add complexity to nearshore wave energy distribution, particularly during storms. Furthermore, wave
energy dissipation gives rise to circulation cells around the offshore island, which have been observed to interact
with longshore currents (King et al., 2021; Xie et al., 2024). Previous studies have shown that circulation cells
along with tidal currents create a morphological cycle affecting both beach sediment and offshore sandbars
(Siegle et al., 2004, 2007). Specifically, in high wave energy systems, circulation cells can redistribute sediment
by eroding offshore sandbars, while in low wave energy periods, ebb tidal currents are responsible for creating
sandbars through offshore sediment transport. The influence of these circulation cells on LST therefore creates
uncertainty in sediment transport rates to downdrift beaches, especially under varying wave energy and storm tide
conditions. Further investigation is needed to assess the benefits of altering any updrift structure to promote LST,
particularly in complex coastal systems with offshore islands.

In Western Buzzards Bay, Massachusetts, USA, an offshore island, Gooseberry Island, is connected to the
mainland by a causeway, part of a headland system along the Westport-Dartmouth shore (Figure 1; Xie
et al., 2024). The causeway was initially constructed a century ago on top of a sand and gravel tombolo and has
been reinforced and elevated over the decades (Figures 1b and 1c). Currently, the causeway is approximately 10 m
wide at the top and 450 m long, with the water depth at the toe being around 2 m. Large boulders (1-2 tons) have
been placed along both sides of the causeway to prevent breaching during storms. At the same time, East Beach,
the downdrift side of the causeway, has experienced degradation attributed to both sea-level rise and a waning
sediment supply (FitzGerald et al., 1987). There are concerns that construction of the causeway diminished
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Figure 1. Maps and photos showing the study area (a) Delft3D-FLOW domain is overlayed with a Delft3D-WAVE domain
(yellow box). The focus area of this research is modeled with a refined sub-domain (black box) that includes the tombolo
where a causeway was constructed at the beginning of the twentieth century. An RBR (Richard Brancker Research) Solo
pressure sensor was deployed on the east side of the causeway to measure storm tides and significant wave heights for model
validation. The black triangle shows the location of an offshore buoy (Station BUZM3/44085; water depth 21 m) recording
wave conditions (wave heights, wave period and wave direction) for model setups. The Elizabeth Islands are located to the
southeast of the system. (b) Ground photograph looking southward to Gooseberry Island in 1913 (Clamflats, 2019);
Residents placed boulders along the natural tombolo in order to create a path connecting to Gooseberry Island during low
tide. (c) Ground photograph looking southward to Gooseberry Island in 2023 (Danghan Xie, August 2023). The causeway
has been built up higher than mean high water, potentially obstructing longshore sediment transport. (d) Current bathymetry
with a causeway and (e) bathymetry without causeway, which has reached an equilibrium state under non-storm conditions
with the constant effects of a 20-cm wave height. Two historical sea charts in panels (d, e) depict the digital elevation model
around the tombolo at different times (NOAA, 2024). The inserted line plots in these panels show the elevation across the
causeway and tombolo, with modeled rate of bed level change after the bathymetry was altered to represent pre-causeway
conditions until equilibrium state was reached, shown in panel (e). The bed level in the two domains is comparable with the
sea charts in 2016 (d) and 1892 (e).

sediment transport to East Beach. In response, residents have proposed the removal of the causeway to restore the
natural tombolo, which would reestablish sediment connectivity between Horseneck Beach (updrift side) across
the tombolo to East Beach (Figure 1d). However, there is limited knowledge concerning potential sediment
transport across tombolos, particularly transport associated with storms, which are known to produce circulation
cells on both sides of the headland (Xie et al., 2024). This study aims to investigate transport across a natural
tombolo, were the causeway not to exist. We address two key questions: (a) Would sediment transport occur
across the tombolo? and (b) If so, what factors control the magnitude and direction of currents and sediment
transport, including the role of storm surges, significant wave height, and wave direction.

2. Materials and Methods

In this section, we introduced the background information of the study site (Section 2.1), examined the storm
characteristics based on 100 historical storm events (Section 2.2), analyzed the sediment data collected from the
field, and set up the sediment bed module for the model (Section 2.3). We also determined the model parameter
settings and created new bathymetry that included a tombolo (Section 2.4). Furthermore, we validated the models
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with measurements recorded during an extratropical storm event (Section 2.5), and designed both idealized and
real storm scenarios, creating corresponding boundary conditions (Section 2.6).

2.1. Study Site

The study area is in Western Buzzards Bay along the shores of Westport and South Dartmouth, Massachusetts,
USA. This region is part of an indented shoreline that includes an offshore island, Gooseberry Island, connected to
the mainland by a manmade causeway (Figures 1a—1c). Along the shoreline, there are two beaches: Horseneck
Beach to the west (on the updrift side) and East Beach to the east (on the downdrift side), with Gooseberry Island
serving as a natural divider between them (Figure 1d). Due to the sheltering effects of Cape Cod and the Elizabeth
Islands, which protect from eastern winds and waves, dominant waves typically originate from south to south-
west, with an average nearshore wave height of 0.75 m and a wave period of 6.0 s in 10-m water depth (FitzGerald
etal., 1992). Tides within the bay are semidiurnal, with an average tidal range of approximately 1.1 m (FitzGerald
etal., 1987; Sankaranarayanan, 2007). Two small rivers on either side of the area contribute negligible amounts of
fluvial input, approximately 2 m*/s (Bent, 1995; FitzGerald et al., 1987). According to the National Oceanic and
Atmospheric Administration (NOAA) hurricane database, between 1851 and 2013, a total of 55 hurricanes have
impacted the southern New England. One of the most significant hurricanes, Hurricane Bob, produced a storm
surge of approximately 2.8 m and peak storm waves exceeding 8 m (Sun et al., 2013). Such extreme storm events
resulted in significant sediment transport and shoreline change in the coastal system (Cheung et al., 2007). In
addition to hurricanes, coastal flooding and damage in this region are also frequently caused by extratropical
cyclones (also known as Nor'easters or winter storms; Zhang et al., 2020).

2.2. Storm Characteristics

To characterize storm conditions in this region, we analyzed storm surge, peak storm wave height, and storm
wave direction from 1938 to 2012 using data obtained from the North Atlantic Coast Comprehensive Study
(NACCS) Coastal Hazards System at the buoy location (BUZM3, black triangle in Figure la; Cialone
et al.,, 2015). This database includes 100 historical storms, predominantly from extratropical cyclones. We
identified the frequency of storm characteristics by calculating density histograms and the probability density
function (Kernel Density Estimate) for each storm, following the methodology outlined by Bai et al. (2020). A
higher probability density value indicates that storm characteristics (e.g., storm surges, peak waves, or wave
direction) of this magnitude have historically been more frequent.

For our study site, the most prevalent storm surge is approximately 0.65 m, and the most frequently observed peak
wave height during storms is approximately 4 m (Figures 2a and 2b). The maximum storm wave height in this
area can surpass 10 m, but such occurrence is highly infrequent (Figure 2b). The dominant wave direction is 185°,
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Figure 2. Normalized histogram and kernel density estimate (KDE) curve of historical storm characteristics extracted from
the NACCS Coastal Hazards System (Point No. 09088). The storm characteristics examined here include (a) storm surge,
(b) peak storm wave heights and (c) storm wave direction. The KDE curve provides a smooth estimate of the underlying
probability density function of the data generated using a Gaussian kernel function. Wave direction in panel (c) is based on
Nautical convention with 0° indicating waves coming from the north and 90° indicating waves traveling from the east.
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Table 1

Model Scenarios for Synthetic and Historical Storms

Storm Storm wave Storm wave

No. Group surge (m) height (m) direction (°) Note

1 0.25 -

2 0.45 -

2 Impacts of storm surge 0.65 4 185 REF

4 0.85 -

5 1.05 -

6 1.25 Surge +

7 1 -

8 2.5 -

Same as No. 3 Impacts of storm wave height 0.65 4 185 REF

9 5.5 (extreme storm)

10 7 (extreme storm)

11 8.5 Wave + (extreme storm)

12 95 -

13 125 -

14 Impactfi .Of stprm wave 0.65 4 155 -

Same as No. 3 LECUDD 185 REF

15 215 -

16 245 -

17 0.45 53 193 2022- Extratropical Storm Elliott (extreme
storm)

Historical storms .
18 0.71 8.7 191 2011-Hurricane Irene (extreme storm)
19 2.77 8.8 176 1991-Hurricane Bob (extreme storm)

Note. (1) Reference idealized storm is indicated in bold; (2) Storm surge, wave heights, and wave direction vary over time in three historical storms, with the values
during peak wave heights indicated in 17-19.

indicating prevailing waves coming from the south (Figure 2c). The storm characteristics provide a reference for
our numerical model scenario setups. In the following text, the reference scenario is abbreviated as REF. The
storm surge and wave input for the model runs are derived from the frequency distributions (black and red dots in
Figure 2) covering different probability densities of each parameter (see Table 1 introduced in Section 2.6, where
the bold font indicates the highest probability).

2.3. Sediment Sampling and Sediment Profile Compilation

We collected a total of 200 sediment samples, covering areas from deep water (~15-m water depth) to the beach
system (see circles in Figure 3a). In agreement with a previous study by FitzGerald et al. (1992), we found that
almost 85% of the Western Buzzards Bay sediment samples contained sand, with only 8% being gravel. The
samples were sieved to determine the median grain size (ds, Figures 3c-3f). The average ds, across the samples
was approximately 230 pm, whereas the gravel ranged from 5,000 to 35,000 pm, with an average size of nearly
20,000 pm (Figures 3e and 3f). Thus, our numerical model considered these two grain size classes. The median
grain size for sand was set to 230 pm, and for gravel, it was set to 20,000 pm.

In addition, sediment deposits in the area display upward fining, with coarser sediment underlying finer grained
sand (FitzGerald et al., 1992). We therefore set up the bed module by combining two sediment layers for the
sediment profiles in both large and refined model domains (Figure 3b). Sediment classes of layer 1 were
determined based on the sediment texture map provided by USGS (Foster, 2014), which exhibits a similar dis-
tribution of sediment to the samples collected from the field (Figure 3a). As sand is the dominant sediment class in
the study area, we assumed that the missing data region in the bottom left of the domain consists mainly of sand
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Figure 3. Domain sediment profile setups. (a) Sediment texture map and field points collected for sediment sampling. The
sediment texture map indicates the spatial sediment types within Western Buzzards Bay, which mainly contains sand and
gravel overlaying hard rocks (Foster, 2014). (b) Two-layer bed module in the refined model. Sediments in the west and east
domains are configured separately to trace the sediment movement between the west and east regions. (c) Sediment samples
collected from the field. (d) Pre-cleaning of sediment before drying. Median grain size (ds,) of sand (e) and gravel (f).

(see the hatched region of Figure 3a). In non-hard rock regions, a second layer was introduced under layer 1
(Figure 3b). Layer 2 was assigned as gravel to replicate the pattern of upward fining (FitzGerald et al., 1992). The
thickness of each sediment layer was set to 50 cm. To identify the sources of sediment and determine the amount
of sediment transported across the tombolo, sediment in the west and east domains were set up separately
(Figure 3b). Transport of sand and gravel in the model used the Van Rijn transport equations, with suspended-load
transport and bed-load transport calculated separately (van Rijn et al., 2004). Transport of suspended sediment
was determined using the advection-diffusion equation. In this study, we refer to the area updrift of the causeway
as the west domain and the area downdrift of the causeway as the east domain (Figure 3b).

2.4. Model Setup

Following our previous research investigating the formation of circulation cells in this area (Xie et al., 2024), we
further explored the hydrodynamics and sediment transport around the tombolo using the spatially resolved and
process-based model Delft3D (Lesser et al., 2004). We focus on wave-current interactions, including the impacts
of flow on waves (via set-up, current refraction, and enhanced bottom friction) as well as the effects of waves on
currents (via forcing and enhanced bed shear stress). We employed an online-coupled model between Delft3D-
WAVE and Delft3D-FLOW. Delft3D-WAVE models wave propagation and wave energy dissipation based on
the third-generation spectral wave model SWAN (Simulating WAves Nearshore; Booij et al., 1999), while
Delft3D-FLOW simulates hydrodynamics and sediment transport by solving the depth-averaged shallow water
equations. To better capture flow and sediment dynamics around the tombolo while improving computational
efficiency, the domain was divided into two parts. A locally refined model domain was established around the
tombolo (indicated by the black box in Figure la), and a larger model domain covered the rest of Western
Buzzards Bay (indicated by the yellow box in Figure 1a) using the domain decomposition technique (Del-
tares, 2014; Zhu & Wiberg, 2022). The refined model does not extend to cover the full Gooseberry Island and its
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neighboring area because: (a) our main focus centers on the tombolo region, (b) computation efficiency is
significantly enhanced with a smaller region, and (c) the west sediment moving onshore to East Beach through the
offshore of Gooseberry Island is minimal compared to the major sediment movement across the tombolo (Figure
S1 in Supporting Information S1).

The refined model domain around the tombolo contained 326 X 190 (X X Y direction) rectangular grid cells with a
uniform spatial resolution of 10 m by 10 m. The large model domain consisted of 469 X 389 rectangular grid cells.
Near the shoreline and island, the grid resolution was 40 m by 40 m, gradually extending to 40 m by 80 m at the
southern seaward and northern landward boundaries in the cross-shore direction. The domain decomposition
technique enabled parallel computation between the refined model and large model domains, with hydrodynamic
information and sediment transport exchanged along the shared boundaries at each time step (Figure 1a). The
initial bathymetry for the two domains was interpolated from a high-resolution digital elevation model (DEM)
developed by NOAA for the USA coast (CIRES, 2014). The DEM data have a horizontal resolution ranging from
1 m to 30 m and a vertical resolution smaller than 1 m. To assess potential changes in hydrodynamics and
sediment transport after the removal of the causeway, we developed new bathymetry by lowering the elevation of
the causeway to the mean water level. This was followed by a long-term simulation with idealized tides and waves
until the bed level change at the tombolo remained negligible (see the inserts in Figures 1d and le). During this
simulation, the tidal range was set to 1 m and the wave height was set to 0.2 m. Compared to the historical sea
chart from the year 1892, where the elevation around the tombolo was approximately 1 foot (=0.3 m) below the
mean low water level (around 0.9 m below mean water level), our new bathymetry depicts a tombolo elevation of
1 m below the mean water level, nearly identical to the data shown in the sea chart (Figure 1e). Thus, we assume
that the new bathymetry successfully reproduced the naturally formed tombolo. The tombolo is set to be non-
erodible during simulations, enabling us to focus on the sediment transport between updrift and downdrift sys-
tems without interference from sediment erosion from the tombolo.

2.5. Model Validation

Validation encompassed both large and refined models where the causeway is present. In a previous study,
validation of the large model involved comparison against two ADCPs measuring data and 43 validation points
extracted from the NACCS Coastal Hazards System (Xie et al., 2024). To validate the refined model, high
frequency water level and wave records were obtained using an RBR-Solo pressure sensor (RBR1) installed on
the east side of the causeway from July—-November 2022 (Figure 1a). RBR1 successfully captured water level and
wave height during the winter storm of November 2022. To evaluate our refined model performance, we
calculated the model skill index using the validation approach proposed by Willmott (1981). The skill index is
defined as:

X IXp = Xsl?

Skill = 1 — L m—
Z(|Xp = Xs| + [Xs = Xs])

(1

where X, is the refined Delft3D model output and X is the measured data from RBR1, both of which are applied
herein at hourly intervals. Xy is the temporal average of the data points from measurements. The skill index ranges
between 0 and 1, where 1 indicates a perfect match between the model output and reference samples, and O in-
dicates a complete failure to capture the expected behavior. Previous research suggests that a skill index higher
than 0.7 to 0.8 represents a reasonable prediction, particularly for wave heights (Warner et al., 2005; Xie
etal., 2024; Zhu & Wiberg, 2022). Results indicate that our local refined model could effectively capture changes
in water level and wave height during storms given their high skill index (Figure 4).

2.6. Model Scenarios and Boundary Conditions

To understand the impacts of storm characteristics on hydrodynamics and sediment transport across the tombolo,
we designed three groups of experiments by setting up a series of idealized storms (Table 1). A reference storm
condition (indicated by the bold number in Table 1) was established using the most probable values of the storm
characteristics (highlighted by the red dots in Figure 2). Subsequently, the impact of storm surge, storm waves,
and storm wave direction were individually examined by varying the parameters according to the probability
distributions of Figure 2. The probability occurrence of these idealized storm scenarios varies, with a higher
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Figure 4. Comparison between Delft3D refined model output and observation data at the site of RBR1 during the winter
storm of November 2022: (a) water level and (b) wave height.
likelihood of occurrence for the reference scenario (Figure S2 in Supporting Information S1). However, it is
important to note that the combinations with minimum or maximum values of the examined parameter within
each group rarely occur in nature. For example, a 4-m storm wave height generally appears with a storm surge
ranging between 0.40 and 1.12 m, whereas a 1.25-m storm surge might be slightly beyond this range (Figure S3 in
Supporting Information S1). In these idealized storms, tidal signals at the southern boundary were designed by
overlaying a 0.5-m S2 tidal signal with the corresponding storm surges (Figure 5a and Figure S4 in Supporting
Information S1). The storm surge period is set to 24 hr based on the probability density distribution of historical
storm surge durations (Figure S4c in Supporting Information S1). Following previous studies, a cosine-shaped
curve is applied to mimic the changing trend of the storm surge during the 24 hr (Dullaart et al., 2023; Ma
etal., 2024; Zhou et al., 2022). Peak surge conditions were timed to coincide with high tide to maximize the storm
a2 T T T
= o el ——025m ——085m Idealized tides
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Figure 5. Boundary conditions for the model runs. Idealized storm tides (a), and three historical storms including
Extratropical Storm Elliott (b, ¢), Hurricane Irene (d, e) and Hurricane Bob (f, g). Storm surges are indicated as shaded areas
in panels (b, d, f). Line vectors in panels (c, e, g) point to the direction where the waves are propagating toward.
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Table 2

Joint Probability of the Examined Model Scenarios

Scenario name

Storm surge (m) [bin range]

REF
Surge +
SW wave
Wave +
Elliott
Irene

Bob

0.65 [0.56-0.74]
1.25 [>0.74]
0.65 [0.56-0.74]
0.65 [0.56-0.74]
0.45 [0.38-0.56]
0.71 [0.56-0.74]
2.77 [>0.74]

Wave height (m) [bin range] Wave direction (°) [bin range] Number of storms Joint probability
4[3.8-4.8] 185 [180-200] 8 8%
4[3.84.8] 185 [180-200] 1 1%
4[3.84.8] 215 [200-220] 3 3%

8.5 [>6.8] 185 [180-200] 2 2%
5.3 [4.8-5.8] 193 [180-200] 2 2%
8.7 [>6.8] 191 [180-200] 2 2%
8.8 [>6.8] 176 [160-180] 2 2%

tides. The wave height, wave period, and wave direction are kept constant throughout the simulation at the
boundary (Figure S5a in Supporting Information S1). Wave periods for these idealized storm scenarios are
determined using a previously established empirical relationship between wave period (7,) and wave height (H,),
given by T, ~ 5.3\/173 (Mangor et al., 2017). Here, a storm surge is defined as the abnormal elevation of water
caused by a storm, exceeding the expected astronomical tide, and storm tides refer to the water level during a
storm resulting from the combination of storm surge and astronomical tide.

In addition to the idealized storm scenarios, we also incorporated three historical storm events: Extratropical
Storm Elliott (2022), Hurricane Irene (2017), and Hurricane Bob (1991) (Figures 5b—5g). Water level information
during Extratropical Storm Elliott and Hurricane Irene was based on the tidal gauge at Newport (Station No.:
8452660) operated by NOAA and located 20 km away from the southern boundary (NOAA, 2023). Wave heights,
wave periods, and wave direction were obtained from the offshore buoy station (Figure 1a) maintained by the
National Data Buoy Center (NDBC, 2023). The boundary conditions for Hurricane Bob, including storm tides
and waves, were obtained from the Massachusetts Coastal Flood Risk Modeling developed by Woods Hole Group
(https://www.woodsholegroup.com/). Waves originated from the south for all the historic storms (Figures 5c—5e
and 5g). The storm surge for Extratropical Storm Elliott was approximately 0.4 m, with a peak wave height of 5 m
(Figures 5b and 5c). The storm surge for Hurricane Irene nearly doubled that of Elliott, reaching 0.7 m, with a
peak wave height of around 8.7 m (Figures 5d and 5e). This wave height was similar to that observed during
Hurricane Bob (Figure 5g). However, Hurricane Bob generated a substantial storm surge of approximately 2.8 m
(Figure 5f) as simulated by the Coastal Flood Risk Modeling. During these historical storm events, wave periods
varied with each storm and changed over time (Figure S5b in Supporting Information S1).

In our analysis, we modeled four idealized storms (including REF, Surge +, SW wave, and Wave +) and three
historical storms (including Elliott, Irene, and Bob) (Table 1). The frequency probability of these storms is
provided in Table 2. Joint probability is based on the proportion of storms having similar storm characteristics.
Moreover, we established a relationship between peak storm wave height and annual exceedance probability to
assess the severity of wave conditions examined in this study (Figure S6 in Supporting Information S1). Here, an
extreme storm event is defined as one generating peak wave heights with a return period exceeding 1 year.
Consequently, scenarios involving extreme wave climates refer to: (a) idealized storms with wave heights greater
than the reference scenario, and (b) the three historical storms (Table 1).

The idealized storm simulations maintain constant wave conditions for the entire 96-hr period. In contrast,
although the historical storms were also simulated for 96 hr, the duration of their peak waves varied and was
notably shorter than the constant wave duration in the idealized storms (Figure 5). To mitigate instability arising
from the transition from initial conditions to the dynamic boundary conditions in the hydrodynamic simulation,
each scenario included a 24-hr spin-up period at the beginning, during which the effect of the sediment fluxes on
the available bottom sediments were not taken into account (Deltares, 2014). In addition to the storm tides and
storm wave boundary conditions, the other open boundaries in the large model domain included: (a) two upstream
river discharge boundaries (set to 2 m?>/s) based on statistics of annual river discharge measurements (Bent, 1995;
FitzGerald et al., 1987; Xie et al., 2024), and (b) two Neumann boundary conditions on the western and eastern
boundaries.
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3. Results

Results consist of two sections: Section 3.1 presents the spatial distribution of coastal hydrodynamic conditions
around the tombolo during different idealized storms, and Section 3.2 quantifies the amount of sediment trans-
ported across the tombolo for different storms.

3.1. Impacts of Storms on the Hydrodynamic Conditions Around the Tombolo

Causeway removal allows currents to transport sediment across the tombolo during storms, in this case from the
west to the east domain, because the predominant waves come from the south to southwest, with higher wave
energy observed on the west. However, the currents connecting the two domains are dominated by offshore
circulation cells driven by waves breaking along either side of the island and subsequently connecting with
longshore currents along the beach (Figures 6 and 7).

The reference idealized storm generates a 4-m wave height at the wave boundary, propagating northward with a
storm surge reaching up to 0.65 m. Wave vectors gradually refract toward Gooseberry Island (Figure 6a), and due
to the protection of the island, wave heights at the tombolo area are smaller than the wave heights on the nearby
beach (Figure 6b). Furthermore, wave heights on the west domain are higher than those on the east domain
(Figures 6a and 6b). This is because the presence of the offshore Elizabeth Islands and Gooseberry Island shelters
the region (see Figure 1a), thereby reducing wave energy in the east side of the system (Figure S7 in Supporting
Information S1). The larger waves in the western area dissipate in the surf zone (Figures 6¢ and 6d), leading to a
rise in local water level (wave set-up) and creating a water level differential on the two sides of the tombolo
(Figures 6e and 6f). This water level difference is expected to generate horizontal currents flowing from the west
domain to the east domain. However, wave-generated currents around Gooseberry Island form two circulation
cells, one counterclockwise and one clockwise, symmetrically distributed on the west and east sides of the island
(Figure 7a). These circulation cells interact with the current driven by the water level differential, drawing the
flow along the west side of the island and across to the beach on the east side (Figure 7b).
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Figure 6. Hydrodynamic conditions around the tombolo in the reference scenario (REF) where waves come from the south.
Wave propagation map (a, b), wave energy dissipation rate (c, d) and water level (e, f). Results are shown in two different
domain sizes: large domain (a, c, €) and refined domain (b, d, f). The large domain extends beyond the island area, while the
refined domain specifically focuses on the area around the tombolo.
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Figure 7. Flow velocity fields with the formation of circulation cells on the two sides of the island under different idealized
storm scenarios. Here, Surge + refers to the scenario with 1.25 m storm surge (c, d); SW wave refers to the scenario where
waves come from southwest (215°; e, f). Wave + refers to the scenario with 8.5 m wave heights (g, h).

The position, magnitude, and size of the circulation cells vary with storm surge, wave height, and wave direction,
which in turn influence currents across the tombolo (Figure 7). A higher storm surge shifts the two cells landward,
resulting in an increase in velocity on both sides of the island (Figure 7d). Differing from the reference scenario,
which creates two symmetric circulation cells (Figure 7a), the incoming waves from the southwest produce
asymmetric circulation cells (Figure 7e). Specifically, the circulation cell in the west domain moves closer to the
shoreline, while the east cell migrates further eastward and seaward, causing the strong flows along East Beach to
shift slightly offshore (Figure 7f). Meanwhile, the landward migration of the west circulation cell not only
augments nearshore currents on Horseneck Beach but also accelerates flow across the tombolo (Figure 7f). In the
large wave scenarios, although the two circulation cells have migrated seaward, their magnitude and size are
enhanced, particularly the eastern cell (Figure 7g). Importantly, large waves produce eastward flow along the west
beach toward the tombolo, potentially creating a new sediment transport path from Horseneck Beach to East
Beach (Figure 7h).

3.2. Sediment Transport Across the Tombolo

The removal of the causeway potentially enables sediment transport across the tombolo during storms. The
predominant sediment flux originates from the west domain and moves toward the east domain, driven by either
larger waves or waves approaching from the southwest (Figure 8).

In the reference scenario, the peak sediment flux across the tombolo from west to east is nearly three times larger
than the peak flux from east to west. Sediment transport from the west to the east domain reaches a maximum of
0.15 kg/m/s, while the flux in the opposite direction remains low at 0.05 kg/m/s (see “REF” in Figure 8a). The
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Figure 8. Peak sediment flux (a) and total cumulative sediment transport across the tombolo (b). Sediment transport across
the tombolo is quantified along the transect indicated in panel (b). The magnitude of sediment transport is calculated as the
sum of the suspended load and bed load. Three historical storms, including Extratropical Storm Elliott, Hurricane Irene and
Hurricane Bob are also examined. The corresponding peak wave heights (Hs) are indicated below each scenario.

difference in sediment flux results in a prevailing west-to-east sediment transport under the most frequent storm
conditions. Storm surge appears to have a limited role in sediment transport (see “Surge +” in Figure 8a), while
significant changes are observed when waves come from the southwest or under more intense wave conditions
(see “SW wave” and “Wave +” in Figure 8a). For instance, with southwest waves or with double wave height
(8.5 m), the sediment transport from west to east increases by 5 and 8 times, respectively (i.e., 0.87 kg/m/s in “SW
wave” and 1.39 kg/m/s in “Wave +7). Conversely, in both scenarios, the sediment flux from the east domain to
the west domain is nearly negligible, approximately 0.003 kg/m/s in “SW wave” and 0.07 kg/m/s in “Wave +.”

In addition to the idealized scenarios, we also examine sediment transport during three historical storm events:
Extratropical Storm Elliott, Hurricane Irene, and Hurricane Bob (Figure 8a). Elliott displays a slightly higher
sediment flux from west to east (0.24 kg/m/s) compared to the reference scenario, likely attributed to its 1 m
higher significant wave height (see “Elliott” in Figure 8a). On the other hand, Hurricanes Irene and Bob, which
exhibit nearly identical significant wave heights of approximately 8.5 m, demonstrate a substantial increase in
sediment transport from west to east, reaching 2.08 kg/m/s during Hurricane Irene and 1.01 kg/m/s during
Hurricane Bob. The east-to-west sediment flux during both storms is significantly lower, below 0.05 kg/m/s.

In the idealized storm settings (i.e., constant storm wave conditions), total sediment transport is a function of the
peak sediment flux (see “REF,” “Surge +,” “SW wave” and “Wave +” in Figure 8). In the reference scenario,
cumulative sediment transport from the west domain to the east domain is around 1,500 m® over a 72-hr storm
period, while the sediment transport from the east domain to the west domain is approximately 500 m® (“REF” in
Figure 8b). The storm surge has a limited impact on the total sediment transport (“Surge +” in Figure 8b).
Furthermore, waves from the southwest or intense storm conditions (4 and 8.5 m significant wave height) cause a
larger total sediment transport compared to the reference scenario, transporting cumulative sediment volumes of
9,000 and 14,000 m®, respectively (Figure 8b).

In addition to the magnitude of wave height and the angle of wave incidence, sediment transport across the
tombolo is also affected by the duration of the storm (Figure 8b). Extratropical Storm Elliott, despite having peak
waves 1 m larger than the reference storm, transports only about half the total sediment, amounting to 580 m®
(“Elliott” in Figure 8b). Hurricanes Irene and Bob produce slightly higher peak wave heights than “Wave +”;
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however, due to the shorter duration of large wave conditions (Figure 5), the total sediment flux from the west to
the east domain is lower (5,800 m® during Hurricane Irene and 3,600 m® during Hurricane Bob). All three storms
produce negligible sediment transport from the east to the west of the island (Figure 8b).

4. Discussion

Our numerical scenarios reveal that storms create water level differences in both sides of the tombolo as well as
coastal circulation cells. These cells can vary in position, magnitude, and size during different storm events. The
interaction between circulation cells and nearshore hydrodynamics plays a significant role in sediment transport
across the tombolo.

Our scenarios include both idealized and real storm events, with variations in storm surge, peak storm wave
height, and wave direction. Below, we discuss how water level differences control the horizontal velocity across
the tombolo (Section 4.1.1) and how circulation cells influence the northward velocity component (Section 4.1.2).
Additionally, we explore the impact of horizontal and vertical sediment grain size distribution on sediment
transport across the tombolo (Section 4.2) and trace the sediment sink on the east domain, when the sediment
source originates from the west domain (Section 4.3). Finally, we address other relevant processes influencing
sediment transport across the tombolo and propose potential future research directions related to the tombolo
systems (Section 4.4).

4.1. Impacts of Storms on the Flow Velocity Across the Tombolo

Our model simulations show that longshore currents do not cross the tombolo for moderate to low wave energies,
such as during the reference and southwest-wave storm conditions (Figure 7). Such current patterns only occur
during large storms (Figure 7h). We also show that velocity across the tombolo does not correlate with longshore
currents (Figure S8 in Supporting Information S1). This is different from longshore currents along a straight
shoreline that move parallel to the beach (Kobayashi et al., 2007; Longuet-Higgins, 1970). Instead, our model
results indicate that the dominant current moves across the tombolo from the west of the island onto East Beach
(Figures 7b—7d and 7f). This is likely due to (a) the water level difference between the two sides of the tombolo
(Figures 6f) and (b) the circulation cells generated on either side offshore of the island, which modulate the
currents across the tombolo (Figures 7a—7c and 7e and 7g). Below, we explain the factors controlling the current
patterns across the tombolo in more detail.

4.1.1. Storm-Driven Water Level Differences Amplify Horizontal Velocity Across the Tombolo

In addition to storm surges, wave set-up plays a crucial role in elevating water levels during storms (Lerma
et al., 2017; Wang et al., 2020). The magnitude of wave set-up in coastal areas is determined by wave energy
dissipation, which leads to a radiation stress gradient transferring momentum from the wave to the water column
(Hoque et al., 2019; Svendsen, 1984; Woodworth et al., 2019). In our system, variations in wave energy dissi-
pation between the west and east domains result in differences in wave set-up, thereby generating differential
water elevations on either side of the tombolo (Figures 6¢—6f). This is because offshore islands, such as the
Elizabeth and Gooseberry Islands, interrupt the propagation of waves toward the eastern shoreline, thereby
sheltering them (Figure S7 in Supporting Information S1) and diminishing wave energy dissipation in the east
domain (Figures 6¢ and 6d). Difference in wave set-up induced by wave height variations has also been reported
in a previous field observation and modeling study by Lavaud et al. (2022).

We explore the effects of various storm parameters, including storm surge, peak wave height, and wave direction,
on the water level difference between the west and east domains. Subsequently, we examine the potential cor-
relation between horizontal velocity across the tombolo and water level difference (Figure 9). In the idealized
storm scenarios, wave height controls the water level gradient across the tombolo (Figure 9b) rather than the storm
surge (Figure 9a). Wave direction, while playing a secondary role, amplifies the water level differences,
particularly when waves originate from the southwest (Figure 9c¢). This is important because a significant cor-
relation exists between water level difference and the horizontal flow across the tombolo (Figure 9d).

The relationship between the water level gradient and flow speeds across the tombolo is further supported by
hourly data points observed during the three historical storm scenarios (Figure 10a). Modulation of flow velocity,
influenced by water level differences driven by wave set-up, aligns with observations from previous studies
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(Dodet et al., 2019; Idier et al., 2019; Woodworth et al., 2019). Moreover, analysis reveals that flow across the
tombolo is influenced by the ratio of wave height to water depth at region A (Figure 10b). Specifically, when this
ratio exceeds 0.3, the velocity remains positive, indicating that currents move from the west domain to the east
domain.

4.1.2. Storm-Driven Circulation Cells Amplify the Northward Velocity Component Across the Tombolo

A significant finding in our study is the emergence of two circulation cells west and east of Gooseberry Island
during storms (Figure 7). Formation of circulation cells has also been observed in previous studies of similar
sandy bay-headland systems, disturbing local current patterns (George et al., 2019; Klein et al., 2020; McCarroll
et al., 2018). The existence of these cells is linked to waves breaking around the offshore island or headland,
where currents are intensified (Vieira da Silva et al., 2018). This process can be seen in our model results, where
wave dissipation around Gooseberry Island accelerates local currents (Figures 6¢ and 6d and 7). These circulation
cells induce counterclockwise rotating currents in the west domain and clockwise rotation in the east (Figure 7).
As a result, currents traversing the tombolo, driven by water level differences, interact with the circulation cells,
flowing cross-shore from the west side of Gooseberry Island to East Beach, rather than moving parallel to the
mainland shoreline, from the beach across the tombolo (Figures 7b—7d and 7f and 7h).

Our findings also indicate that the position, magnitude, and size of the two circulation cells are affected by storm
characteristics. For example, an increase in storm surge accelerates northward velocity along the west side of
Gooseberry Island (Figure 11a), which can be attributed to the landward shift of the circulation cells. This
phenomenon is aligned with a previous study that presented a landward shift of circulation cells driven by sea-
level rise (Xie et al., 2024). Higher water levels allow waves to propagate further onshore and move the primary
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Figure 11. Relationship between the northward velocity along the west side of Gooseberry Island and the northward velocity
component across the tombolo. Northward velocity at point D as a function of storm parameters, including storm surge (a),
peak wave height (b) and wave direction (c), respectively. Correlation between the northerly velocity across the tombolo and
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XIE ET AL.

15 of 23

85U807 SUOWWOD dANERID 3ot |dde ayy Aq peusenob aJe ssole YO ‘88N JO s|ni Joj AreiqiaUIIUO A8|IA UO (SUONIPUOD-PUE-SWLB)LIOD A8 1M A1 [BU UO//SANY) SUORIPUOD pue SWLB | 8y} 88S " [7202/0T/¥T] Uo Areiqiauliuo A|im ‘3Lpeg Jen|ie yoresssy puy Aiseniun usbuiusbe Aq 60.200401202/620T OT/10p/wod AeimArelqutjuosqndnBe//sdiy woiy pspeojumod ‘0T ‘20z ‘TT0669TZ



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007709

wave-breaking zone closer to the shore. Previous studies also suggest that larger waves shift the circulation cell
seaward, reducing nearshore currents (Mouragues et al., 2020). This phenomenon is also observed in our results
indicated by the blue triangles in Figure 11b. However, we further propose that a potential expansion of the
velocity field around the circulation cell occurs simultaneously with the seaward shift (Figure 7a vs. Figure 7g).
For example, in the “Wave +” scenario, the expansion of the velocity field around the circulation cells amplifies
the nearshore current in the west side of the tombolo and East Beach (Figure 7b vs. Figures 7h and 11b).

In addition to the effects of storm surge and wave height, wave direction is a critical factor in modulating cir-
culation currents. Previous studies found that the amount of wave energy reaching the shoreline and subsequent
energy dissipation are highly dependent on the direction of wave propagation (Han et al., 2021; Hsu et al., 2006).
In our study area, shallow zones around islands and bedrock shoals act as regions of high wave energy dissipation.
When waves approach perpendicular to the shoreline, two symmetrical circulation cells form (Figure 7a).
However, when waves propagate obliquely, the circulation cells become asymmetrical (Figure 7e). This phe-
nomenon supports findings from prior studies, where oblique wave input around headlands generates asym-
metrical current patterns (George et al., 2019; Klein et al., 2020; McCarroll et al., 2018). Landward migration of
the west circulation cell amplifies the velocity on the west domain, as observed in the scenario with a wave
direction of 215° or 245° in Figure 11c. Furthermore, we show that the northward flow across the tombolo is
primarily influenced by the circulation cell on the west domain (Figure 11d).

4.2. Horizontal and Vertical Bottom Sediment Grain Size Distribution Influence Sediment Movement
Across the Tombolo

Our model shows that the primary direction of sediment movement is west to east, whereas little sediment moves
in the opposite direction (Figure 8). The transport of sediment from west to east is dependent on two key factors:
(a) the strength and path of the current, and (b) bottom sediment grain size distribution in both horizontal and
vertical dimensions. Several numerical studies have incorporated spatial variations in sediment composition
within the seabed to achieve accurate sediment transport estimates (Guillou & Chapalain, 2010; Huisman
et al., 2018). This consideration is crucial as finer sediment particles typically exhibit greater transport potential
than coarser ones (Andualem et al., 2023; McLaren & Bowles, 1985). Coastal areas characterized by mixed
sediment and rocky surfaces have received limited attention in transport studies due to their complexity (Tren-
haile, 2016). Moreover, an accurate identification of rocky areas is critical to prevent overestimation of sediment
transport (Xie et al., 2024). In the reference scenario of our study, the prevailing currents originate from the west
side of Gooseberry Island (Figure 7b). However, this beach is predominantly rocky (Figures 3a and 3b) and there
is limited sand in the nearshore to be resuspended and transported to the east domain (Figure 8).

In contrast, in scenarios characterized by a large wave environment or waves coming from the southwest, there is
an increase in water level difference, intensifying the cross-tombolo velocities (Figure 9). Given that the sediment
composition in the west domain is predominantly gravel and sand, stronger currents result in a noticeable increase
in the potential sediment transport to the east domain (Figure 8). This also explains why Hurricane Bob exhibited
a smaller peak sediment flux than Hurricane Irene, which had a more oblique wave angle, despite both having
identical peak wave heights (Figure 8a). More specifically, the wave direction for Hurricane Irene during peak
wave height is ~190°, compared to roughly 180° for Hurricane Bob (Figures 5e and 5g). Hurricane Irene pro-
duced strong longshore currents capable of transporting gravel and sand from the western Horseneck Beach to
East Beach, whereas Hurricane Bob generated currents originating from the rocky western side of Gooseberry
Island (Figure S9 in Supporting Information S1). This is because Hurricane Irene was dominated by large wave
heights, similar to the “Wave +” scenario (Figures 7g and 7h vs. Figures S9a and S9b in Supporting Informa-
tion S1), whereas Hurricane Bob was characterized by both large storm waves and a significant storm surge,
generating a current pattern more similar to the “Surge +” scenario (Figures 7c and 7d vs. Figures S9c¢ and S9d in
Supporting Information S1). This difference is noteworthy, especially considering that Hurricane Bob created a
higher storm surge compared to Hurricane Irene (Figures 5d and 5f).

In addition to the impact of horizontal sediment grain size distribution, their vertical distribution could also affect
the amount of sediment deposition on East Beach. In this study, we incorporated a two-layer sediment profile to
mimic the vertical sediment gradient observed in the field (Figure 3) and in previous studies (FitzGerald
et al., 1992). Gravel is more resistant to movement, so the transported sediment is mostly sand (Figure S10 in
Supporting Information S1). Although the general erosion and deposition patterns are similar regardless of the
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initial sediment layer thickness, a thinner sand layer reduces the total sediment deposition along East Beach
(Figure S11 in Supporting Information S1). For instance, a 25-cm sand layer may result in less sediment
deposition compared to the current model setting with a 50-cm sand layer (Figure S11d in Supporting Infor-
mation S1). Conversely, increasing the initial sand thickness does not significantly alter the sand deposition in the
east domain (Figure S11e in Supporting Information S1). For more accurate estimations of sediment deposition
along East Beach, future studies should incorporate precise measurements of sediment layer thickness.

4.3. Source-To-Sink Sediment Movement Driven by Circulation Cells

To better understand the specific role of sediment distribution in sediment transport rates across the tombolo, we
first identify locations where sediment deposition occurs in the east domain. Then, we quantify changes in
sediment volume for the respective sediment compositions in the eastern beach region (Figure 12). Our analysis
suggests that during storms, sediment in the western domain is transported across the tombolo and deposited
along the eastern shoreline near the tombolo (Figures 12a-12g). Under typical storm conditions, whether
idealized storms or those occurring annually (e.g., Extratropical Storm Elliott), west domain sediment only leads
to relatively thin deposition along a narrow nearshore area having an average thickness of less than 10 cm
(Figures 12a and 12e). The limited amount of sediment transported across the tombolo during the reference storm
agrees with previous modeling studies (Tsai et al., 2023). In contrast, during extreme storms or when waves come
from the southwest, deposition increases to around 20 cm (Figures 12¢, 12d and 12f, 12g). The high rate of
sediment deposition highlights the significance of wave height and wave direction on the sediment transport
regime across the tombolo, as demonstrated in prior research by Malliouri et al. (2022). Moreover, the impact of
tidal currents on sediment transport is minimal in this wave-dominated system (Figure S12 in Supporting In-
formation S1). However, in areas where tidal currents are strong, especially near tidal inlets, ebb tidal currents can
counteract circulation cells, move sediment offshore and contribute to the formation of offshore sandbars (Siegle
et al., 2004, 2007).

We have further calculated changes in sediment volume in East Beach region resulting from the deposition of
sediment from the west domain and local erosion (Figure 12h). We find that existing sediment on East Beach is
eroded during storms (depicted by the green bars in Figure 12h), which aligns with previous observations and
numerical studies, where storms erode sediment at the beach face (Brenner et al., 2018; Palinkas et al., 2014). We
further show that sediment erosion from East Beach increases with storm surge, wave height, and waves from the
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Figure 12. Variations in sediment thickness in the east domain. Spatial distribution of sediment thickness resulting from sediment transported from the west domain
(a—g). The bottom bar plot illustrates the sediment volume gained from west sediments, sediment volume lost from East Beach, and the net sediment volume change
(i.e., gain from west minus loss from east). These calculations are based on the east beach region, as per previous studies (Xie et al., 2024). The seaward water depth of
the beach region is set to 2 m.
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southwest (Figure 12h). Sediment from the west domain can only partially offset sediment loss (Figure 12).
Previous studies have quantified storm erosion of beach sediment, but here we demonstrate that human activity,
such as causeway removal, has the potential to exacerbate sediment erosion from East Beach region (Figure 13).
More specifically, while removing the causeway would enhance sediment contribution to East Beach from
Horseneck Beach (Figures 12a—12g), the additional longshore (along the shore of Gooseberry Island and the
tombolo) currents across the tombolo (Figure 13c¢) would increase sediment erosion to the western end of East
Beach (see blue area near the tombolo in Figure 13f). The eroded sediment is likely deposited nearby (see brown
area near the tombolo in Figure 13f). This suggests that variations in sediment thickness near the tombolo are
sensitive to the causeway removal.

Our results show that erosion primarily occurs in the areas offshore of Gooseberry Island where the substrate
consists of erodible sediment, while sedimentation takes place onshore of these eroded areas (Figure S13 in
Supporting Information S1). These patterns are likely driven by the circulation cells on the two sides of
Gooseberry Island, which move sediment onshore by sourcing offshore sandy areas (Siegle et al., 2007).
Although there are no large sandbars in our study site, onshore currents from circulation cells could potentially
erode sand from these sandbars and redistribute it along the shorelines (Figure 7). This process can not only affect
LST and the formation of salients/tombolos but also alter the shape of offshore sandbars (Siegle et al., 2004,
2007).

In our modeling work, we focused on sediment volume in East Beach during a single storm. It is important to note
that sediment may also move back onshore during the fair weather season, potentially restoring the sediment lost
from the beach (Aagaard et al., 2012; Dubois, 1988; Roberts et al., 2013). Beach recovery mainly occurs within
the active beach profile, which extends to the depth of closure including the upper shoreface. Beyond this depth,
coastal morphological changes due to wave impacts are observed to remain limited (Hallermeier, 1978). The
depth of closure of East Beach is approximately 8 m, according to our previous study (Xie et al., 2024), and was
calculated based on annual hourly wave data recorded at the buoy station (Figure 1a). A net sediment gain is found
when considering a larger region with an 8-m water depth (see the blue bars in Figures S14 and S15 in Supporting
Information S1). Here the incoming west sediments exceed sediment losses (orange bars vs. green bars in Figures
S14 and S15 in Supporting Information S1). This is because sediment from the west domain is primarily deposited
on the upper shoreface of the east domain, as shown in Figures 12a—12g. Future studies should also investigate the
residence time of sediment transported into the east domain across the tombolo along with the associated
morphological changes, especially considering the impact of consecutive storms (Vousdoukas et al., 2012).

4.4. Additional Processes Affecting Sediment Transport Across the Tombolo and Future Research
Directions

We further explored the effect of the wave period on sediment transport. We found that an increase in wave period
enhances the peak sediment flux (Figure S16a in Supporting Information S1), which eventually leads to a higher
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total sediment transport, particularly from the west domain to the east domain (Figure S16b in Supporting In-
formation S1). This aligns with early findings that longer wave periods (swell waves) can increase sediment
transport capacity by altering bottom orbital velocity (Jing & Ridd, 1996; Zhang et al., 2009). Larger wave heights
result in higher sediment flux and total sediment transport regardless of wave period (REF scenario vs.
Wave + scenario in Figure S16 in Supporting Information S1). Another important process, local wind-wave
generation, is not considered in the model simulations. This is to avoid overestimation of wave heights when
applying spatially uniform wind fields over the entire domain (Figure S17 in Supporting Information S1). This
could likely be improved by using spatially varying wind fields, particularly near the coastline (Huang
etal., 2013). Given that our domain has a limited wind fetch, excluding local wind waves still allows us to produce
relatively reasonable wave fields (Figure S17b in Supporting Information S1). However, for larger domains on a
continental scale, incorporating wind-wave generation is crucial for providing accurate wave height distributions
(Huang et al., 2013; Wornom et al., 2001).

In addition, Delft3D-WAVE employs SWAN for wave propagation to the coast, which has been widely used for
its robustness in simulating wave transformation processes such as refraction, shoaling, and breaking (George
et al., 2019; Huisman et al., 2018; King et al., 2021). However, SWAN has known limitations in simulating wave
diffraction, particularly around headlands and other complex coastal features (SWAN, 2015). SWAN can
properly account for diffraction if the grid size is refined to less than 1/10-1/5 of the wavelength (SWAN, 2015).
This necessitates a very fine wave grid, especially for storm events with short wavelengths. The wavelength
around the causeway ranges between 50 and 200 m and increases with storm wave height and storm surge (Figure
S18 in Supporting Information S1). Our grid resolution (40 m) may provide a relatively accurate evaluation of
wave diffraction during severe storm events such as Hurricane Bob but may fail to do so during typical storm
events such as the recent Extratropical Storm Elliott. This limitation could potentially lead to an underestimation
of wave energy distribution, particularly on the downdrift side of the system, given that the dominant waves in our
study area come from the south to the southwest. This inaccuracy could ultimately affect wave attenuation and
set-up, and subsequently influence the amount of sediment flux across the tombolo. Future studies could benefit
from incorporating models with enhanced diffraction capabilities or using hybrid approaches that combine
SWAN with other modules that better represent diffraction processes, thereby improving accuracy in such
complex coastal environments (Kim et al., 2017; Lin, 2013).

Our model solves the depth-averaged shallow water equations; however, the three-dimensional effects might play
an important role in sediment transport. For example, the potential impacts of offshore-directed undertow currents
arising from set-up gradients during storms are neglected. Undertow currents could displace beach sediment
offshore, facilitating the formation of offshore sandbars (Marifio-Tapia et al., 2004). Changes in wave period
could also affect three-dimensional wave propagation processes such as wave-induced turbulence, shoaling,
refraction, and diffraction, subsequently modifying sediment transport patterns (Sierra & Casas-Prat, 2014;
Toffoli et al., 2012). Future modeling research should investigate the interactions of circulation cells with the
three-dimensional flow field (Franz et al., 2017).

The model simulations were based on a modified bathymetry, where the current causeway was lowered followed
by a long-term simulation to obtain an equilibrium state (Figures 1d and 1le). The historical morphology of the
tombolo, which was documented in 1892, was used as a reference to lower the causeway. However, over the past
130 years, potential impacts of climate change such as sea-level rise have likely influenced the tombolo
morphology. The conditions for forming a submerged tombolo occurred during a slow rise and subsequent
stagnation of sea level in the Holocene (Benac et al., 2019). Nevertheless, accelerated rising sea levels along with
larger and more frequent storms could erode and submerge the tombolo (Vu et al., 2018). Given the uncertain
future of the tombolo under climate change, it is reasonable for our models to approximate the tombolo elevation
based on historical maps. Future research could explore how climate change affects tombolo evolution, partic-
ularly under projected sea-level rise and increased storm activity (Emanuel, 2017; Goddard et al., 2015).

5. Conclusions

Our numerical simulations reveal that sediment transport across a tombolo is largely governed by circulation cells
on both sides of the tombolo. These circulation cells, which form due to wave energy dissipation during storms,
play a critical role in determining the patterns of hydrodynamics and sediment dynamics across the tombolo.
Sediment transport across the tombolo only occurs during very large storms (e.g., with an 8-m offshore wave
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height). In typical storm scenarios with waves coming from the south, predominant currents are observed from the
west side of the offshore island flushing toward the beach on the downdrift side. This current strength intensifies
when waves approach from the southwest, causing a landward migration of the west circulation cell. However, the
offshore of the island is predominantly rocky, limiting the amount of sediment that can be resuspended and
transported across the tombolo.

Our results indicate that the existence of offshore islands shelters the east domain, resulting in lower wave energy
and less wave dissipation on the east compared to the west side of the tombolo. During extreme storms, this
imbalance increases water level differences between the two sides, which, in turn, creates west to east flow across
the tombolo. In addition, the northward component of velocity from along the island across the tombolo is
determined by the position, magnitude, and size of the two circulation cells. Under common storm wave con-
ditions, with waves from the south, the circulation cells are symmetrical. However, as the wave height increases,
the circulation cells shift offshore, expanding the velocity field of the east circulation cell and creating strong
currents along the eastern shoreline. Conversely, when waves approach from the southwest, the west cell moves
closer to the shore while the east cell moves offshore, enhancing currents across the tombolo. Although removing
the anthropogenic structures such as causeway would facilitate sediment transport across the tombolo during large
storms, it should be noted that the same storm waves also increase erosion along the downdrift beach. As a result,
the amount of sediment from the west domain reaching the east domain may not fully offset storm-induced
sediment losses.

Data Availability Statement

The wave data are collected from an offshore buoy station (Station No.: BUZM3 & 44085) maintained by the
National Data Buoy Center (NDBC, 2023). The historical tidal level is retrieved from the Newport tidal gauge
(Station No.: 8452660) operated by NOAA (NOAA, 2023). The sediment texture map indicating the spatial
sediment types within the Western Buzzards Bay is obtained from USGS (Foster, 2014). Storm surge, peak wave
height and wave direction of 100 historical storm events are obtained from a regional modeling data set by the
NACCS Coastal Hazards System (Cialone et al., 2015). Delft3D is an open-source code available online
(Deltares, 2014).
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