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ABSTRACT

Coastal wetlands, some of the most productive ecosystems on Earth, provide critical ecosystem services, including support of bio-
diversity, carbon sequestration and flood protection. In recent decades, these ecosystems have experienced extensive coastal wet-
land loss. Coastal wetland restoration provides a beacon of hope, offering a chance to reclaim these important habitats. However,
even with billions of dollars invested worldwide in restoring coastal wetlands, we still lack comprehensive knowledge about the
effectiveness of these restoration efforts in recovering wetland ecosystem functions and how future climate change may affect
these efforts. The ability to evaluate how these ecosystems will function in the future is vital for examining current investments
and developing future protection and management plans. We selected Elkhorn Slough, a tidal estuary, in California, to investigate
the impact of wetland restoration and sea level rise (SLR) on coastal hydrology using the process-based coastal hydrologic model,
Advanced Terrestrial Simulator (ATS), informed by site-specific data. We designed a novel modelling workflow for incorporating
wetland restoration features into land cover and soil properties for the model parameterization. The validation results demonstrate
a strong agreement between modelled and observed data. We studied the characteristics of coastal watershed hydrology, then
focused on the surface water dynamics at two wetland sites within Elkhorn Slough, a reference site and a restored site. Our simu-
lation results indicate that the restored site successfully maintains surface elevation, resulting in reduced surface inundation. We
also examined the impact of wetland restoration under expected SLR over the next few decades. The low-lying Yampah Marsh, the
reference site, is likely to be inundated due to future SLR when highest tides arrive, while a higher percentage of Hester Marsh, the
restored site, would retain marsh vegetation in coming decades, regardless of tidal conditions. Our study provides important infor-
mation for examining the outcome of restoration practices that include surface elevation in tidal wetlands under climate changes.

1 | Introduction is impacted by tidal fluctuations in addition to precipitation,
surface runoff and subsurface flow. Their proximity to the
Coastal wetlands are ecosystems situated at the interface be- ocean subjects them to unique environmental conditions.

tween land and ocean. The hydrology of most coastal wetlands Coastal wetlands also tend to be receptors and sinks of various
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chemicals, including nutrients, trace metals, organic carbon,
and anthropogenic pollutants. These dynamics are governed
by hydrologic connectivity and upstream-coastal-ocean in-
teractions (Cavalcante et al. 2020; Grande et al. 2022; Niu
et al. 2021; Zhang et al. 2023, 2018). However, these same
hydrologic and biogeochemical linkages also make coastal
wetlands highly sensitive to human disturbances and climate-
driven changes. During the 20th century, coastal wetlands
lost more than half of their area worldwide due to human
activities, including urban development, harbour construc-
tion, land reclamation for agriculture, saltwater intrusion
and global sea level rise (SLR) (Kennish 2002; Li et al. 2018;
Nicholls et al. 1999; Wasson et al. 2015; Yu et al. 2019). The
loss of coastal wetlands reduces their ecosystem services in-
cluding protection from storms and hurricanes, biodiversity,
maintaining water quality, erosion control and carbon se-
questration (Barbier 2013; Costanza et al. 2008; Li et al. 2018;
Newton et al. 2012; Turner and Lewis 1996).

Coastal wetland restoration plays an important role in re-
claiming these important habitats and restoring the ecosystem
services they provide. With large investments in wetland res-
toration worldwide (Cadier et al. 2020), it is vital to understand
the effectiveness of these restoration efforts in recovering wet-
land ecosystem functions and how these wetland systems will
perform under future climate change. Understanding the res-
toration impact on coastal hydrology is an important first step
because hydrologic processes are among the primary driv-
ers of wetland biogeochemistry, affecting geochemical, eco-
logical, and geomorphological processes (Ardén et al. 2013;
Grande et al. 2023; Guimond et al. 2025; Zhang et al. 2019).
However, there remains a significant knowledge gap in under-
standing how wetland restoration influences coastal hydrol-
ogy, primarily due to the lack of long-term observation and
predictive tools capable of capturing system changes before
and after wetland restoration. Without this knowledge, un-
certainties remain high when making appropriate restoration
plans, optimizing investments, and minimizing irreversible
coastal damage.

Numerical models offer an effective approach to address this
knowledge gap as they can simulate complex hydrologic re-
sponses over varying spatial and temporal scales, which are not
accessible through observation alone; a few studies have inves-
tigated the impacts of restoration on different wetlands using
models.

Many numerical models have been developed and used to un-
derstand coastal hydrology at different scales. For example,
a two-dimensional (2D) model was used to simulate the tidal
fluctuations of a coastal groundwater table, incorporating the
surface recharge driven by tides as well as the freely fluctuat-
ing water table within a coastal aquifer (Li et al. 1997). At the
watershed scale, the FLATWOODS (Sun et al. 1998) and MIKE
SHE (Dhi 2005) models have been used to investigate the vari-
ability in groundwater table dynamics and evapotranspiration
of coastal forested watersheds under different climatic con-
ditions (Dai et al. 2010; Sun et al. 1998). At the regional scale,
PIHM-Wetland, a physically based model that integrates upland
surface and subsurface hydrology, coastal hydrology, and near-
coast ocean processes, is able to examine how upland-coast

hydrologic connectivity affects coastal surface and subsurface
water discharge and saltwater intrusion (Zhang et al. 2018).
Such improved representation of coastal hydrological connec-
tivity also enhanced the quantification of coastal hydrological
resilience to identify thresholds at which droughts and storms
trigger groundwater decline and widespread flooding (Zhang
et al. 2019).

Only a few studies have employed models to evaluate hydrolog-
ical changes in wetlands following restoration. An example is
the study of the impact of coastal wetland restoration on hydro-
logical components (rainfall, evapotranspiration, runoff, stream-
flow, etc.) in the Heeia watershed, Hawaii (Ghazal et al. 2020),
using the Soil and Water Assessment Tool (SWAT) (Arnold
et al. 1998). Results indicated that land cover conversion (e.g.,
from grassland to taro fields) may lead to reductions in base-
flow and streamflow within the watershed. Another example
is the development of the Coastal Wetland Equilibrium Model
(CWEM) to assess future marsh function (Morris et al. 2002,
2021). For instance, CWEM has been integrated with organic
matter content and peat age to examine tidal wetland evolution
and resilience under varying SLR scenarios in the Sacramento-
San Joaquin Delta, California (Morris et al. 2022). While CWEM
has also been used to evaluate the effects of enhanced surface
elevation in tidal wetlands after restoration, it did not incorpo-
rate detailed hydrodynamic processes, such as evapotranspira-
tion, infiltration, surface runoff, or tidal flow (Harris et al. 2025).
Some other studies focused specifically on coastal wetland res-
toration impacts on carbon dynamics (Eagle et al. 2022) and the
relationship among carbon sequestration, methane emissions
and soil accretion (Arias-Ortiz et al. 2021), but not on climate
change impacts or related hydrological changes on these eco-
system functions. Some studies also investigated the impact of
restoration on hydrology in non-tidal wetlands. For example,
Groundwater Vistas (GWV) v3 derived from the MODFLOW
code (McDonald and Harbaugh 1988) was applied at Tadham
Moor, UK and it used a 2D transect to model the effectiveness
of ditch water levels in influencing wetland water table levels at
this non-tidal wetland (Acreman et al. 2007).

To our knowledge, there is still a lack of investigation into
the impact of surface elevation changes related to wetland
restoration on coastal wetland hydrology, which introduces
a considerable challenge to understanding the hydrologic dy-
namics and the fate of coastal wetlands under future climate
change, like SLR. In this study, we selected Elkhorn Slough,
a tidal estuary in California, as our study site to investigate
the impacts of wetland restoration on coastal hydrology. We
used the coastal hydrology configuration from the Advanced
Terrestrial Simulator (ATS), a multi-physics model, to simu-
late coupled surface and subsurface hydrologic processes in
a coastal setting with tidal variations (Coon et al. 2016, 2019;
Zhang et al. 2022). In particular, we incorporated wetland res-
toration features into land cover and soil properties of the mod-
eled sites within the Elkhorn Slough watershed to examine
the impact of wetland restoration on coastal wetland hydrol-
ogy under current climate and future SLR scenarios. We spe-
cifically explored the following scientific questions: (1) How
does wetland restoration impact the hydrological processes of
the coastal wetlands under the current climate regime? and (2)
How resilient are restored wetlands to future SLR?
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2 | Model Description and Study Site
2.1 | Numerical Model

The ATS model is a spatially distributed, process-based
model. For this model Coon et al. (2016) formalised the Arcos
multi-physics framework—organising process equations into
a hierarchical process tree with automated weak and strong
coupling strategies. Subsequently, a major upgrade by Coon
et al. (2020) introduced a face-based mimetic finite differ-
ence approach for tightly coupling surface flow and subsur-
face flow on unstructured meshes. The ATS model tracks the
time rate of change of water storage on the land surface and
subsurface as a function of evapotranspiration, infiltration,
recharge, surface flow and subsurface flow. Potential evapo-
ration and transpiration are calculated using a modified form
of the Priestley-Taylor equation (Priestley and Taylor 1972).
Specifically, the surface flow is simulated using a two-
dimensional (2-D) diffusive-wave approximation (Lal 1998;
Vreugdenhil 1994), while the subsurface water change is rep-
resented using a variably saturated three-dimensional (3-D)
Richards equation (Richards 1931), which also accounts for
the infiltration process. More model details can be found
in Equations (1-3). Specifically, coastal processes, such as
coastal tidal variation, saltwater intrusion, and storm surge
have been incorporated into ATS (Zhang et al. 2022). These
coastal processes can be represented by combining boundary
conditions, surface-subsurface coupling and process mod-
ules. We note that tidal variation is one of the most import-
ant processes in coastal watershed hydrology. To capture tidal
forcing, the tidal variations can be applied at the land-ocean
interface, which influences both surface and subsurface flow.
Equations describing these relevant hydrological processes
have been presented in prior research (Zhang et al. 2022) and
are therefore not reiterated in this work. Details of the model
setup for this study are provided in Section 2.3.1.

2.1.1 | Surface Flow

Surface water was estimated using a diffusion wave scheme for
water balance on the surface (Lal 1998; Vreugdenhil 1994):

oh .
E+V5'hqs =45 t+4q. (1)

where h represents the surface water depth (m), ¢ is the time (s),
V,is the 2-D surface gradient (m™), g; is the 2-D flux field (ms™!),
g, is the flux between subsurface and surface systems such as
exfiltration or infiltration (ms™') and g, is external source term
(e.g., rainfall) (ms™).

2.1.2 | Subsurface Flow

In ATS, subsurface flow was represented by the Richards equa-
tion for variably saturated flow (Coon et al. 2020):

a g —
S@S)+ V-G =0 @

with
1 _
G = kr(Vp+E) ©)

where S is the saturation of water (—), ¢ represents the effec-
tive soil matrix porosity (-), g is the Darcy flux (ms™!), k, is the
relative permeability (-), « is the absolute permeability (m?),
u is the dynamic viscosity (Pas), p is the water pressure (Pa),
g is the vector of gravity (ms=2) and p is the mass density of
water (kgm™3).

2.2 | Study Site and Data
2.21 | Study Site

Elkhorn Slough watershed (ESW) (38.7km?), lies within a
low-relief coastal terrain, extending from upland terraces and
the foothills of the Gabilan Range down to the tidal estuary
that terminates in Monterey Bay, California (Figure 1a). This
site has an average annual rainfall of around 55.2cm, and
most of the precipitation concentrates between October and
May (Caffrey et al. 2002; Montalvo et al. 2024). Over the past
several centuries, tidal marsh loss has been driven by anthro-
pogenic activities, including diking, marsh drainage for agri-
cultural purposes and the construction of the Moss Landing
harbour at the wetland mouth. Sediment supply has declined
due to the damming of the Pajaro River, the diversion of the
Salinas River and the construction of the Moss Landing har-
bour (Wasson et al. 2015; Watson et al. 2011). These anthropo-
genic modifications have contributed to a long-term historical
reduction in the surface elevation of the natural marsh. Due
to these changes and the resulting sediment supply reduction,
some areas of the slough have subsided and become inundated
mudflats (Fountain et al. 2022). However, in recent decades
(2006 to present), Elkhorn Slough, except for the restored site,
has not seen many additional changes. The measurement
from Surface Elevation Tables (SETs) indicates a slight surface
elevation gain occurs in Elkhorn Slough, resulting from the
combined effects of natural subsurface processes, surface ac-
cretion and subsidence (more detailed information is provided
in Section 2.3.3). But this slight surface elevation increase
cannot keep pace with expected SLR.

Wetland restoration projects were implemented at Elkhorn
Slough to restore the natural condition of some of the degraded
wetlands (converting from mudflats to vegetated wetlands)
and sustain the marsh for decades to come. At Hester Marsh,
a formerly diked and drained marsh, the elevation prior to res-
toration was slightly above mean sea level (Figure 1b) and too
low to support wetland vegetation. The entire Hester Marsh
restoration area managed by the Elkhorn Slough National
Estuarine Research Reserve (ESNERR), includes Hester
Marsh, Minhoto Marsh and Seal Bend Marsh. Phase 1 of the
restoration at Hester Marsh (the area defined by the pink-line
polygon in Figure 1a, 0.30 km?) took place between December
2017 and March 2019 and included diking, dredging, earth
moving and planting. Phase 2 of the Hester Marsh restoration
project at Minhoto Marsh (the area defined by the rose-line
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Hester
outlet

4 VierraMouth
—— Elkhorn Slough River
D Natural site: Yampah Marsh, 0.29 km?
Phase 1: Hester Marsh,0.30 km?
D Phase 2: Hester Marsh (Minhoto),0.11 km?
I Elkhorn Slough watershed: 38.7 km?

Post-restoration DEM(m)

| 167
- 7 A Wetland outlet

Yampah outlet

Yampah channel

FIGURE1 | Location of the study area: (a) Elkhorn Slough watershed with stream networks, Yampah Marsh and Hester Marsh (includes Phase 1
Hester and Phase 2 Hester) (basemap credit: 2010 Light Detection and Ranging data, 1 m resolution); (b) Hester Marsh pre-restoration status in 2012
(Fountain et al. 2022); (c) Hester Marsh post-restoration status in 2022 (Fountain et al. 2022); and (d) Yampah Marsh (natural wetland), map credit:
Imagery ©2025 Airbus, Data CSUMB SFML, CA OPC, Maxar Technologies, Map data ©2025 Google. The watershed boundary is from the Elkhorn

Slough Reserve website (https://elkhornslough.org/reserve/).

polygon in Figure la, 0.11km?) occurred between August
2020 and 2022 (Fountain et al. 2022). Phase 1 Hester Marsh
and Phase 2 Hester Marsh (i.e., Minhoto Marsh) are here-
inafter collectively referred to as Hester Marsh (Figure lc,
0.41km? in total). The marsh fill materials used in Phase 1
and Phase 2 were sourced from sediments extracted from the
adjacent hillside to the west of Phase 1 area and from a nearby
flood control project at Pajaro river (Fountain et al. 2022). One
of the main targets for this restoration project was to raise
Hester Marsh to an elevation well above Mean Higher High
Water (MHHW, i.e., 1.76 m above the North American Vertical
Datum of 1988 (i.e., NAVD88)) in order to reclaim tidal marsh
habitats and protect the site from future SLR. Additionally,
the previous channel section near the Hester outlet was cut
off and filled with sediment, and a man-made channel section
was constructed at Hester Marsh based on historical records,

shifting the outlet location of the Hester channel (Figure 1b,c);
while most of the inland channels within Hester Marsh re-
mained unchanged before and after restoration. Details of the
plan and technical approaches of the restoration can be found
in Fountain et al. (2022). Yampah Marsh (the area defined by
the brown-line polygon in Figure 1a, 0.29km?) has not been
altered by the restoration project and still retains its natural
conditions. Thus, Yampah Marsh, a nearby site which has
never been diked or drained, was used as a reference natural
wetland in this study. Since the vegetation in Hester Marsh is
still in its early stages of establishment, the vegetation cover
in the restored area has a relatively minor influence on the
hydrological processes. Therefore, we focused more on exam-
ining the impact of the elevation change on the hydrology. We
define the pre-restoration scenario as the conditions before
Phase 1 of the Hester restoration (prior to 2018), while the
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FIGURE2 | (a)Pre-restoration DEM of Yampah Marsh and Hester Marsh; (b) post-restoration DEM of Yampah Marsh and Hester Marsh; (c) the
elevation distributions for the pre-restoration scenario of Yampah Marsh and Hester Marsh; (d) the elevation distributions for the post-restoration

scenario of Yampah Marsh and Hester Marsh. The high-elevation hill located along the western boundary of Phase 1 Hester Marsh served as a soil

source for marsh fill during restoration. The datums of both pre- and post-restoration DEMs are referenced to NAVD88 (meters).

post-restoration scenario is a scenario after Phase 1 and Phase
2 of the Hester restoration (post 2022).

The surface elevation was derived from a bare-earth digital
elevation model (DEM). The pre-restoration DEM of the wa-
tershed was derived from a mosaic of a 2011 multibeam ba-
thymetry dataset (CSUMB Seafloor Mapping Lab) and the 2010
Light Detection and Ranging (LiDAR) dataset (1 m resolution),
collected via an airborne collection platform during a survey
of Coastal California (Office for Coastal Management 2025).
Following the restoration project, a new DEM was generated
by integrating a mosaic of unmanned aerial vehicle (UAV)
structure from motion (SfM) elevation data of the restored
Hester Marsh (Phase 1 and Phase 2) collected in 2018 and
2021 with the pre-restoration DEM of the watershed outside
the restoration area. We defined this new DEM as the post-
restoration DEM for Elkhorn Slough. Both pre-restoration and
post-restoration DEMs are available at the California State
University ScholarWorks website (http://hdl.handle.net/20.
500.12680/41687t28s).

The comparison of surface elevations between Hester Marsh
and Yampah Marsh reveals notable differences before and after
the restoration for Hester Marsh, as expected (Figure 2a,b). The
elevation of Yampah remained relatively stable between the two

periods (the green bars in Figure 2¢,d), with most of its eleva-
tion distribution concentrated between 1.2 and 1.8 m. For Hester
Marsh, the elevation change is more significant (the orange bars
in Figure 2c,d). Before restoration, the elevation distribution
of Hester Marsh was primarily within the range of 0.8-1.6m
(Figure 2c), indicating that most of its surface elevations were
lower than those of Yampah Marsh. In contrast, after the resto-
ration project, the elevation at the western upland area of Phase
1 Hester Marsh became lower (where the soil for fill was exca-
vated), while the elevation of Phase 1 eastern Hester Marsh and
Phase 2 Hester Marsh increased due to sediment redistribution.
Post-restoration elevation distributions (Figure 2d) indicate that
most surface elevations at Hester Marsh now range between 1.8
and 2.2m, which is higher than the majority of surface eleva-
tions observed at Yampah Marsh.

In this study, we account for both the influence of water in-
flows from the upland watershed hills (the brownish regions in
Figure 1a) and the hydrological changes in the marsh lowlands
driven by tidal fluctuations. We first simulated surface and sub-
surface hydrological processes to understand the hydrologic
characteristics of the watershed. Subsequently, we focused on
Yampah Marsh and Hester Marsh to assess the impact of resto-
ration on coastal wetland hydrology by comparing hydrological
changes between the two marshes.

Hydrological Processes, 2025
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FIGURE3 | (a)Precipitation (NLDAS-2 product) and (b) tides in 2017; (c) precipitation (NLDAS-2 product) and (d) tides in 2023.
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FIGURE 4 | ATS mesh for the Elkhorn Slough watershed. The hori-
zontal scale bar represents planimetric distance. For visualisation pur-
poses, the vertical dimension Z is exaggerated by a factor of 10 relative
to the horizontal scale (i.e., a vertical-to-horizontal scale ratio of 10:1).

2.2.2 | Data

We used the meteorological forcing data from the North
American Land Data Assimilation System Phase 2 (NLDAS-2)
(Xiaetal.2012)and tidal water level data (referenced to NAVDS8S)
from the NOAA Tides and Currents website at the Monterey
Station  (https://tidesandcurrents.noaa.gov/map/index.shtml)
to drive the model simulations. The meteorological forcing in-
cludes precipitation, air temperature, shortwave radiation and

vapour pressure. Our numerical experiments include the hy-
drology simulations for the pre-restoration conditions in 2017
and the post-restoration conditions in 2023. The reason for se-
lecting 2017 as the pre-restoration case is that the winter of 2017
delivered very heavy precipitation to most of Monterey County
resulting in severe floods (County of Monterey 2024). This facil-
itates the evaluation of the model response to wet seasons. Year
2017 served as the baseline, preceding the initiation of Phase 1
restoration on December 11, 2017. We confirmed that there was
no earth-moving from December 11 to 31, 2017. To assess the
post-restoration effects, 2023 was selected, as it represents the
conditions 1year after Phase 2 restoration ended. The hourly pre-
cipitation and tidal dataset for 2017 are presented in Figure 3a,b,
while those for 2023 are depicted in Figure 3c,d, respectively.

To generate the mesh and incorporate the landscape informa-
tion, we used the ATS model mesh generation tool, Watershed
Workflow (Coon and Shuai 2022). The watershed domain was
decomposed into a 3-D unstructured triangular mesh with a
surface resolution (defined as the average triangle edge length)
ranging from 5m to over 100m (e.g., the post-restoration
mesh is shown in Figure 4) including around 390000 cells to
capture the variations in surface elevation and land cover fea-
tures, together with 8 subsurface layers. The shape of the pre-
restoration mesh is similar to the post-restoration mesh. The
mesh size near the watershed outlet and the wetland areas was
finer than the other areas in the watershed to capture fine land-
scape details within the channels. Watershed Workflow also
incorporates soil type, soil thickness and geology information
from the national datasets into the ATS mesh. Specifically,
Watershed Workflow uses the DEM dataset from NOAA
(Office for Coastal Management 2025), the river network data
from National Hydrography Dataset Plus (NHDPlus) (Simley
and Carswell Jr 2009), the land cover data from National Land
Cover Database (NLCD) (Homer et al. 2012), the soil data
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FIGURE 5 | (a)Land cover index for the pre-restoration scenario; (b) modified land cover for the post-restoration scenario, designating the re-

stored Hester area for Phase 1 and Phase 2 as a restoration land cover type.

from Soil Survey Geographic Database (SSURGO) (Soil Survey
Staff 2021), the soil depth data from the SoilGrids 2017 depth-to-
bedrock field (Shangguan et al. 2017) and the geology data from
GLobal Hydrogeology MaPS version 2.0 (GLHYMPS) (Huscroft
et al. 2018a, 2018b).

To better represent the wetland restoration area, we modified
the existing land cover data and soil data to better reflect both
the pre- and post-restoration conditions. We used the NLCD
data from 2016 as the land cover data for the pre-restoration case
(Figure 5a) and the NLCD 2021 as the land cover for the post-
restoration case. However, the NLCD 2021 is similar to NLCD
2016 throughout the watershed, which is not accurate enough to
represent the post-restoration land cover, because the restored
area at Hester Marsh site is different from well-established nat-
ural herbaceous wetlands. Therefore, we manually added a new
restored wetland category in NLCD 2021 to accurately represent
the actual land cover conditions at the restored Hester Marsh
(Figure 5b).

For the soil data, with the restoration practice, the soil proper-
ties have significantly changed compared to the soil properties
in SSURGO because the dredged soil was added at the surface,
and the soil was compressed by heavy machinery during the
marsh fill. Specifically, the surface layer of added fill at the re-
stored wetland is organic matter poor, sandy and silty soil, while
the bottom layer is less disturbed retaining the soil typical of

natural wetlands (Fountain et al. 2022). In the natural wetland,
Yampah, the surface layer (i.e., slurry layer) has high water
content, while the bottom layer is incompressible clay, and the
soil has high organic matter content. Therefore, we utilised the
vector-based SSURGO data for the pre- and post-restoration
periods for Yampah Marsh and only for the pre-restoration
period for Hester Marsh. We modified SSURGO data for the
post-restoration case to provide more accurate soil texture infor-
mation for the restored wetland site at Hester Marsh, based on
the available field measurements (Table 1).

2.3 | Numerical Experimental Design
2.3.1 | Model Setup

The model setup for both pre- and post-restoration scenarios
consists of several key steps:

2.3.1.1 | Mesh Generation. Constructing  computa-
tional meshes (similar to Figure 4) is a critical step, incor-
porating the modelling domain, stream networks, DEM,
land cover, and soil information. The primary differences
between the pre- and post-restoration meshes arise from
the changes in DEM, stream networks, land cover, and soil
characteristics around Hester Marsh following the restoration
project, as described in Section 2.2.

Hydrological Processes, 2025
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TABLE1 | Soil properties for the natural and restored wetland soils.

Soil properties Sand (%) Clay (%)  Silt (%)

Natural soil: Yampah 37.6 26.6 35.8
Marsh and pre-

restoration Hester

Marsh

Restored soil: post- 69.4 6.2 24.4
restoration Hester
Marsh

2.3.1.2 | Model Configuration. The ATS configura-
tion is defined within an XML file, specifying key param-
eters and settings: initial time step was set to 1s (with time
step adaptation enabled in ATS); output time step was set to
hourly intervals; subsurface initial conditions were assumed
to be fully saturated; the initial surface ponded water depth
was set to O0m; open boundary conditions were applied at
the land-ocean interface, where tidal water levels (refer-
enced to NAVD88) were prescribed as Dirichlet boundary
conditions for both surface and subsurface flow. This setup
allows the model to simulate hydrologic interactions across
the land-ocean interface, driven by tidal fluctuations. This
open boundary at the watershed outlet serves as the sole
land-ocean connection in the study domain. For the remain-
ing inland boundaries of the Elkhorn Slough watershed, we
implemented closed boundary conditions for both surface
and subsurface water. We note that in this specific watershed
the inland groundwater level is several meters deep, and there-
fore the closed boundary condition for the inland bound-
ary should have limited influence on the overall hydrologic
change, especially the surface and groundwater flow near
the land-ocean interface.

2.3.1.3 | Model Spin-Up. Meteorological forcing data
for 2017 and 2023 were obtained from the NLDAS-2 products
for the pre- and post-restoration scenarios, respectively, while
tidal data for the same periods were sourced from NOAA obser-
vations at the Monterey Station. We firstly conducted a 1.5-year
spin-up for both scenarios by using a constant tide to allow
the model to reach equilibrium, after which the model was
further spun up for 60days with the corresponding real tidal
dataset for both pre- and post-restoration scenarios. The spin-up
results were subsequently employed as the restarting conditions
of the transient model runs to efficiently minimize the impact
of initial conditions.

2.3.2 | Analyses of the Hydrology Features at
the Watershed and Wetland Sites Before and After
Wetland Restoration

For the watershed scale analysis, we focused on the overall dis-
tributions of surface flood extent and groundwater table depth
(GWT) under different conditions, reflecting the distinctions
of the combined impact of precipitation and coastal tidal in-
undation conditions in the periods before and after wetland
restoration. For the hydrologic analysis at the wetland sites,
we focused on understanding the wetland restoration impact

on wetland hydrology by comparing the differences in inun-
dation extent and surface water depth between Hester Marsh
and Yampah Marsh during the pre- and post-restoration peri-
ods. We did not examine the restoration impact on the hydro-
logic processes at the watershed scale because the restoration
project concentrated on a relatively small area (only 1% of the
watershed), making it unlikely to induce significant hydro-
logical changes at the watershed scale, but posing noticeable
local impact.

2.3.3 | Future Scenario With Sea Level Rise

After understanding the impact of wetland restoration on coastal
hydrology under the current climate condition, we further inves-
tigated whether the restoration practice is sufficient in protecting
coastal wetlands in the next several decades with the influence
of accelerated SLR. We assessed the impact of SLR on the coastal
wetland restoration by considering several future SLR scenarios.
We therefore used the ATS model to evaluate the impact of SLR
on Hester and Yampah marshes by comparing water inundation
areas at the middle and the end of the 21st century (i.e., 2050
and 2100). For both years, two SLR scenarios were considered:
an intermediate SLR scenario and a high SLR scenario, which
were adopted from the work of Sweet et al. (2022). In the work of
Sweet et al. (2022), every scenario has three sub-scenarios: low,
medium and high value, corresponding to the 17th, 50th, and
83rd percentiles. We chose the 50th percentiles sub-scenarios for
both intermediate and high SLR scenarios. In Table 2, the rel-
ative sea levels (RSL) referenced to year 2005 (columns 2 to 6)
were obtained from the work of Sweet et al. (2022). The derived
tidal level ranges of four future scenarios (i.e., 2050 intermediate
SLR scenario, 2050 high SLR scenario, 2100 intermediate SLR
scenario and 2100 high SLR scenario) are shown in columns 7 to
8 in Table 2. For all simulations tides were referenced for those at
Monterey Station (ID: 9413450), CA.

We used the 2050 intermediate SRL scenario as an example
to explain how we obtained the tidal level ranges in Table 2.
First, we used 2023 (post-restoration scenario) as a baseline
to calculate the projected SLR under the 2050 intermediate
SLR scenario: (20-5)—(9-5)/10 X (2023-2020) = 14 cm (we kept
the consistent decimal accuracy with the numbers provided
by Sweet et al. (2022)). Then we added the projected SLR to
the 2023 tidal level range (i.e., —0.53 to 2.18 m) to derive pro-
jected tidal level range under the 2050 intermediate SLR sce-
nario. The resulting tidal range under the 2050 intermediate
SLR scenario was estimated to be between —0.39 and 2.32m.
The future tidal level ranges under all other scenarios were
generated similarly and listed in Table 2. Most model parame-
ters and configurations remain the same as those used in the
model validation, with all the future scenarios driven only by
the projected tidal conditions under future SLR. For all the
future scenarios, we assumed no changes in land cover, soil
properties and meteorological forcing variables (i.e., tempera-
ture, shortwave radiation and precipitation) and these data-
sets were obtained based on the post-restoration scenario (i.e.,
2023), except for surface elevation.

Surface elevation at Elkhorn Slough is known to change
over time due to subsurface processes, surface accretion and
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TABLE 2 | The sea level and tidal range in 2050 and 2100 under the intermediate and high SLR scenarios from Sweet et al. 2022. Relative sea
levels in columns 2 to 6 are referenced to year 2005 (Sweet et al. 2022), and tidal level ranges are provided in columns 7 to 8 for four future scenarios:
(1) 2050 with an intermediate SLR scenario; (2) 2050 with a high SLR scenario; (3) 2100 with an intermediate SLR scenario; and (4) 2100 with a high

SLR scenario.

RSL 2005 RSL 2020 RSL 2030 RSL 2050 RSL 2100 2050 tidal 2100 tidal
Study site (cm) (cm) (cm) (cm) (cm) ranges (m) ranges (m)
Intermediate SLR 0 5 9 20 88 (—=0.39,2.32) (0.29, 3.00)
scenario
High SLR scenario 0 6 11 35 194 (—0.25, 2.46) (1.34, 4.05)

Note: 2023 is a benchmark for future scenarios and the relevant tidal range is —0.53 to 2.18 m. Tidal level datum is NAVDS88.

subsidence. SETs, installed at various locations in the water-
shed, provide precise measurements of these changes. SETs
show four average surface elevation increasing rates at four
sub-watersheds (1.48, 1.80, 1.57 and 2.25mm/yr on Sub-
watershed 1, Sub-watershed 2, Sub-watershed 3 and Sub-
watershed 4, respectively) at Elkhorn Slough between 2006
and 2022 (Figure 6). These average rates have taken into ac-
count both subsidence () and accretion (+) at the Elkhorn
Slough watershed. We added the net soil accretion value of
every sub-watershed to the post-restoration DEM to gener-
ate the future DEMs (i.e., 2050 and 2010) for Elkhorn Slough,
which represented the geomorphological changes for the fu-
ture scenarios (assuming future rates will be similar to those
between 2006 and 2022). For example, the surface increasing
rate is 1.48 mm/yr in Sub-watershed 1 and its soil accretion
will be 1.48/1000X(2050-2023)=0.03996m by 2050; simi-
larly for Sub-watersheds 2, 3 and 4, the soil accretions by 2050
will be 0.0486, 0.04239 and 0.06075 m, respectively. This effort
addresses distributed surface accretions at Elkhorn Slough
for the future scenarios. Accordingly, new meshes were gen-
erated based on the 2050 DEM and 2100 DEM, respectively.
Similarly, we spun up the model for 1.5years using a constant
tide, followed by 60days with the corresponding future tidal
dataset, to ensure that all the future scenarios (i.e., 2050 with
an intermediate SLR scenario, 2050 with a high SLR scenario,
2100 with an intermediate SLR scenario and 2100 with a high
SLR scenario) reached equilibrium and minimized the influ-
ence of initial conditions prior to conducting the simulations
of the future scenarios.

3 | Results
3.1 | Model Validation

We validated the model by comparing the surface water depth
recorded at two different locations: the watershed outlet (Vierra
Mouth) and Hester Marsh. We conducted the model simulations
for the first 180days of 2017 (pre-restoration) and 2023 (post-
restoration), considering observation data availability and span-
ning the wet season in these years.

For the validation at the watershed outlet, to be consistent with
the model output, the observed water level elevation at Vierra
Mouth (NERRS 2012) was converted to surface water depth
for comparison with the simulated values under the pre- and
post-restoration scenarios. Figure 7a,b show the comparison

Sub4
Rate: 2.25 mm/yr
2050: 0.06075 m
2100: 0.17325 m

Sub2
Rate: 1.8
2050: 0.04:
2100: 0.1386 m

Subl
Rate: 1.48 mm/yr
2050: 0.03996 m

2100: 0.11396 m 1 2km

L —

FIGURE 6 | Surface Elevation Tables measurements of average sur-
face increasing rate from 2006 to 2022 (1.48, 1.80, 1.57 and 2.25mm/
yr for Sub-watershed 1, Sub-watershed 2, Sub-watershed 3 and Sub-
watershed 4, respectively); and the relevant estimations of surface el-
evation gains by 2050 and 2100 in the four sub-watersheds at Elkhorn
Slough.

of surface water ponded depth between the model simula-
tion and the observation. For visualisation purposes, we only
show a record of 30days. The model performance is similar
for all days. Simulation results indicate that ATS effectively
captured the temporal dynamics of the daily tidal cycle (i.e.,
two high tides per day) and the fortnightly cycle (i.e., twice
a month neap tides) at the tidal gauge station. The simulated
surface water depth closely matched observed values in both
pre- and post-restoration scenarios, with the peaks of surface
water depths aligning well with observations. The values of
root mean square error (RMSE) for surface water depth were
0.21 and 0.22 m for pre- and post-restoration scenarios, respec-
tively. The corresponding Nash-Sutcliffe efficiency (Nash and
Sutcliffe 1970) values were 80.0% and 80.4% for the pre- and
post-restoration scenarios, respectively, indicating strong
agreement between modelled and observed data in terms of
both pattern and range. Accurately capturing the daily tidal
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FIGURE 7 | Model validation at the Elkhorn Slough watershed outlet and wetland: (a) the pre-restoration scenario at Vierra Mouth; (b) the post-
restoration scenario at Vierra Mouth; Observed surface water depth at Vierra Mouth was calculated as the observed water level (datum: NAVD88)
(NERRS 2012) minus the riverbed elevation at Vierra Mouth (—0.6 m, datum: NAVD88) based on bathymetric data; (c) the post-restoration scenario

at Hester Marsh.

cycle and fortnightly tidal variations is essential for coastal
watershed hydrology, as tides are a primary driver of hydrody-
namic processes in these systems.

Since we only had 2months (i.e., January and February 2023)
of available surface water depth observations at Hester Marsh,
where a CTD sensor was located near the outlet of Hester Marsh
(Figure 1c), we validated the model of hydrodynamics at this
marsh by comparing the observed surface water depth and the
modelled values in Figure 7c for this duration. Again, we only
show a record of 30days as the model performance for visuali-
sation purposes. Simulation results indicate that ATS can also
capture the temporal dynamics of the daily tidal cycle and the
fortnightly cycle at Hester Marsh in 2023, especially the high
tide values. The simulated low tides were slightly higher than
the observation. Some uncertainties may exist in the measure-
ment of surface water depth in the marsh channel, as it was dif-
ficult to install the sensor at the bottom of the muddy channel.
There is also another potential uncertainty due to the complex
topography in this area, such as the narrow and bended chan-
nels inside the wetlands which cannot be represented well by
the current mesh. The RMSE for daily surface water depth was
0.24m. The corresponding daily Nash-Sutcliffe efficiency value
was 80.3%, indicating a good agreement between modelled and
observed data. Overall, the modelling results at Hester Marsh

show that the ATS model is able to capture the hydrodynamic
processes in the coastal wetland.

3.2 | Coastal Watershed Hydrology

After validating the model simulations, we analyzed the hydro-
logic characteristics of the watershed by examining the distribu-
tion of flood extent and flood time ratio (flood time hours/total
hours per year) under different climate conditions in 2017 and
2023. Specifically, flooded area distribution was assessed through
the modelled annual average surface water extent and the mod-
elled annual average GWT under the combined impacts of tide
and precipitation; flood time ratio was evaluated at the watershed
outlet to represent the flood time during a year across the entire
watershed.

3.2.1 | Flood Distribution

To examine flood distribution, we determined the spatial
distributions of modelled annual average surface water (i.e.,
flood extent) and the corresponding modelled annual average
GWT in the pre-(2017) and post-restoration (2023) scenarios
(Figure 8).
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The modelled annual average flooded area in the post-restoration
scenario (Figure 8c) closely resembled the modelled annual aver-
age flood extent in the pre-restoration scenario (Figure 8a) when
considering the entire watershed. The restoration project did not
show significant impacts on the entire watershed scale. When
considering the restored area (i.e., Hester Marsh) a smaller an-
nual average flood extent was indicated in the post-restoration
scenario compared to the pre-restoration scenario with spatial
variability within the Hester Marsh (Figure 8a,c). The difference
in surface water depth between the pre- and post-restoration
scenarios was not easily identified in the entire watershed, even
though we used a small scale (i.e., 0-0.3m). But a significant
difference was found by focusing on the specific marsh areas in
Section 3.3.1.

The spatial distribution of the modelled annual average
GWT exhibited a few more differences between the pre- and
post-restoration scenarios (Figure 8b,d, respectively), both
in the restored area (Phase 1 and Phase 2 Hester Marsh) and
in some areas near water bodies (the dashed line polygons in
Figure 8b,d). Similar to the surface flood extent comparison, a
notable distinction due to the enhanced surface elevation, was
shown in the modelled annual average GWT of Phase 1 and
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Phase 2 Hester Marsh, where the post-restoration condition
(Figure 8d) resulted in deeper GWTs below the surface com-
pared to the pre-restoration scenario (Figure 8b). However,
compared to the surface flood extent (Figure 8a,c), the modelled
annual average GWT was deeper and drier in more polygons
in the pre-restoration scenario (Figure 8b) than in the post-
restoration scenario (Figure 8d).

3.2.2 | Flood Time Ratio

The modelled flood time ratios in a year for the pre- and post-
restoration scenarios are summarised in Table 3. Flood events
were classified using five thresholds defined relative to a refer-
ence value at the Vierra Mouth (VM _R, set at 2.0 m), which was
slightly higher than the modelled average surface water depth
and was selected to more effectively capture significant flood
events. The five thresholds correspond to exceedances of: (1)
at least 0.1 m above VM_R, (2) at least 0.2m above VM_R, (3)
at least 0.3m above VM_R, (4) at least 0.4m above VM_R, and
(5) atleast 0.5m above VM_R. Under the pre-restoration condi-
tion, flood time ratios were 14.4%, 9.3%, 5.5%, 2.7% and 1.3% for
surface water depths of 2.1, 2.2, 2.3, 2.4, and 2.5m, respectively,
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FIGURES8 | Modelled annual average surface water depth and modelled annual average GWT in ESW: (a) pre-restoration surface water depth; (b)

pre-restoration GWT; (c) post-restoration surface water depth; and (d) post-restoration GWT.
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TABLE 3 | The modelled flood time ratio at the Vierra Mouth in the pre- (2017) and post-restoration (2023) scenarios.

0.1m above

0.2m above

0.3m above 0.4m above 0.5m above

Flood threshold VM_R VM_R VM_R VM_R VM_R
Surface water depth (m) 2.1 2.2 2.3 2.4 2.5
Flood time ratio (%) 14.4 9.3 5.5 2.7 1.3
(pre- restoration)
Flood time ratio (%) 14.3 9.9 6.2 3.5 1.6
(post- restoration)
Flood time ratio vs. surface water depth similarly high tide in the pre-restoration period was recorded on
16.0 - January 10, 2017, at 08:00 A.M. Figure 10a,b show the simulated
14.0 flood extent during these high tide events in the pre- and post-
' restoration scenarios, respectively. To enhance the visualization
12.0 1 of the inundated area, the flood extent was presented on a log,,
S 10.0 4 scale for the wetlands case.
g 807 Fostrestoration The modelled flood extents suggest that the restoration project
B 6.0 A Pre-restoration was able to reduce the flooded area considerably at Hester Marsh.
= Before wetland restoration, most of the low-elevation areas (north
4.0 1 and east sides) in Hester Marsh were inundated during this high
2.0 A tide event (Figure 10a). On the other hand, the modelled inun-
dation extent was smaller, and the surface water depth was also
00 2 21 29 23 24 s 26 shallower (most of the surface ponded depth was less than 0.1 m

Surface water depth (m)

FIGURE 9 | Relationship between flood time ratio and surface wa-
ter depth (Vierra Mouth) in the pre (2017) and post-restoration (2023)
scenarios.

at the Vierra Mouth. In the post-restoration scenario, the cor-
responding flood time ratios were 14.3%, 9.9%, 6.2%, 3.5% and
1.6%, respectively. It is important to note that the average sur-
face water depth exhibits significant spatial variability near the
watershed outlet and selecting an alternative reference location
may yield different flood classifications.

The comparison of the relationship between surface water depth
and the flood time ratio in the pre- and post-restoration scenarios
(Figure 9) indicates that, for the same surface water depth at the
Vierra Mouth, the flood time ratio was relatively higher in the post-
restoration scenario than in the pre-restoration scenario when sur-
face water depth was deeper than 2.1 m at the Vierra Mouth.

3.3 | Effects of Restoration on Wetland Hydrology

To assess the impact of restoration on wetland hydrology, we
analysed flood extent (during the highest tide event in the
post-restoration scenario and the same high tide event in the
pre-restoration scenario) and daily vertical surface water depth
(across the wetlands) at Yampah and Hester, comparing the pre-
and post-restoration scenarios.

3.3.1 | Comparison of Flood Extent Before and After
Restoration

The highest tide (2.18 m) in the post-restoration scenario oc-
curred on January 5, 2023, at 9:00 AM, while the corresponding

except for the Hester channel area) after the wetland restoration
(Figure 10b). For Yampah Marsh, the natural wetland site in
which elevation has not changed much between 2017 and 2023,
the difference in flood extent during this high tide event between
the 2years was not as significant as at Hester Marsh, and nearly all
of Yampah Marsh was submerged during the highest tide event.

Although Figure 10 illustrates the impact of wetland restoration
on the spatial distribution of surface water at the two wetlands,
it represents only a single high-tide event. To provide a broader
assessment, we compared daily surface water depth across wet-
lands between the pre- and post-restoration scenarios.

3.3.2 | Comparison of Surface Water Depth Before
and After Restoration

The impact of restoration on surface water depth at Hester
Marsh compared to Yampah Marsh is shown in Figure 11. The
range of daily surface water depth variation between Hester and
Yampah (i.e., daily average surface water depth at Hester—daily
average surface water depth at Yampah) in the pre-restoration
scenario was —0.02 to 0.12m, while the range was —0.17 to
—0.01m in the post-restoration scenario. These ranges may be
underestimated due to using the daily average values. Overall,
the difference in daily average surface water depth between
Hester Marsh and Yampah Marsh varied significantly between
the pre- and post-restoration scenarios. In the pre-restoration
scenario, this difference was predominantly positive, indicating
higher surface water depths at Hester Marsh. In contrast, in the
post-restoration scenario, the difference became negative, sug-
gesting that surface water depths at Yampah Marsh exceeded
those at the restored Hester Marsh. This is because most of the
surface elevation at Hester Marsh (except the western hilly area)
was lower than Yampah Marsh in the pre-restoration scenario.
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FIGURE 10 | Comparison of the modelled flood extents at Yampah
Marsh and Hester Marsh during the high tide of 2.18 m: (a) on January
10, 2017, at 8:00 AM in the pre-restoration scenario and (b) on January
5,2023, at 9:00 AM in the post-restoration scenario.

Post-restoration, the surface elevation at the east side of Phase 1
Hester Marsh and throughout Phase 2 Hester Marsh has signifi-
cantly increased due to sediment addition, raising it above the
surface elevation of Yampah Marsh. In other words, the Hester
Marsh restoration project has a significant impact on maintain-
ing Hester Marsh surface elevation and reducing surface flood
inundation.

3.4 | Flood Distribution in Future Scenarios
Under SLR

To assess the effectiveness of restoration efforts in enhancing wet-
land ecosystem functions under future SLR, this study evaluated
the resilience of the restored wetland to projected SLR scenarios
during both highest and lowest tidal conditions for the years 2050
and 2100. Examining these two contrasting tidal extremes helps
us better understand how the natural wetland will look and the
capacity of the restored wetland to persist under future SLR.

3.4.1 | Flood Extent During the Highest Tide

We analysed the simulated flood extents during the high-
est tide corresponding to the same date as in 2023 (January 5
at 9:00 AM) at Yampah Marsh and Hester Marsh for the years
2050 and 2100. This assessment was conducted under both in-
termediate and high projected SLR scenarios, as illustrated in

— Post-restoration: Hester-Yampah
0.15 A —— Pre-restoration: Hester-Yampah

—0.05 A

—0.10

Difference of surface water depth (m)
o
o
o

—0.15 A

-0.20 T T T T T T T
0 50 100 150 200 250 300 350

Days

FIGURE 11 | Difference of daily average surface water depth be-
tween Hester and Yampah (i.e., daily average surface water depth at
Hester—daily average surface water depth at Yampah) in the pre- and
post-restoration scenarios.

Figure 12. Temporary submergence of marsh vegetation during
high tide conditions is a normal process for many coastal wet-
lands, in contrast to permanent constant submergence, which
would result in the loss of terrestrial marsh vegetation.

In 2050, around 99.4% of Yampah Marsh is projected to be sub-
merged during the highest tide (2.46m) under the high SLR
scenario (Figure 12b). Under the intermediate SLR scenario,
approximately 99.1% of the marsh will be submerged during the
highest tide (2.32m) (Figure 12a). In contrast, the model results
indicate that a higher percentage of Hester Marsh will remain
above water under both intermediate and high SLR scenarios
in 2050 (Figure 12a,b, respectively). For instance, approximately
94.3% of Phase 2 Hester Marsh will be submerged during the
highest tide under the high SLR scenario (Figure 12b). Around
77.1% of Phase 1 Hester Marsh will be inundated under the high
SLR scenario (Figure 12b). The flooded proportion of the Hester
Marsh will be even smaller under the intermediate SLR scenario
in 2050 (Figure 12a).

In 2100, Yampah Marsh is projected to be completely sub-
merged during the highest tide (4.05m) under the high SLR
scenario (Figure 12d). Under the intermediate SLR scenario,
Yampah Marsh will also be completely submerged during the
highest tide (3.00m) (Figure 12c). Regarding the restored site,
similar to 2050, a higher percentage of Hester Marsh will re-
main above water under both intermediate and high SLR sce-
narios in 2100. Around 83.0% of Phase 1 Hester Marsh and
96.5% of Phase 2 Hester Marsh will be submerged under the
intermediate SLR scenario in 2100. A greater extent of Hester
Marsh will be inundated during the highest tide under the
high SLR scenario, with 87.7% of Phase 1 and 98.5% of Phase 2
submerged (Figure 12d). We note that these simulations have
included both subsidence (—) and surface accretion (+) at the
marsh sites.

3.4.2 | Flood Extent During the Lowest Tide

We also examined the modelled flood extents during the lowest
tide (i.e., January 21 at 16:00PM) for the years 2050 and 2100

Hydrological Processes, 2025
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FIGURE 12 | Modelled flood extents at the highest tide under different SLR scenarios: (a) 2050 with an intermediate SLR scenario, highest tidal
height of 2.32m; (b) 2050 with a high SLR scenario, highest tidal height of 2.46 m; (c) 2100 with an intermediate SLR scenario, highest tidal height of

3.00m; and (d) 2100 with a high SLR scenario, highest tidal height of 4.05m.

under both intermediate and high SLR scenarios, as shown in
Figure 13. At low tide it is expected that marsh vegetation would
not be submerged to ensure growth.

In 2050, over 42.5% of Yampah Marsh is projected to be sub-
merged during the lowest tide (—0.25m) under the high SLR
scenario (Figure 13b). Under the intermediate SLR scenario,
around 40.3% of the marsh will be submerged during the lowest
tide (—0.39m) (Figure 13a). Regarding the restored site, model
results indicate that a lower percentage of Hester Marsh (in-
cluding 17.4% of Phase 1 and 8.9% of Phase 2) will be inundated
under the intermediate SLR scenario in 2050 (Figure 13a), while
around 21.9% of Phase 1 and 9.1% of Phase 2 will be submerged
under the high SLR scenario (Figure 13b).

In 2100, around 97.8% of Yampah Marsh is projected to be
submerged during the lowest tide (1.34m) under the high SLR
scenario (Figure 13d). Under the intermediate SLR scenario,
around 51.5% of Yampah Marsh will be submerged during the
lowest tide (0.29m) (Figure 13c). On the restored site, similar
to 2050, a lower percentage of Hester Marsh (including 39.1% of
Phase 1 and 17.0% of Phase 2) will be inundated by 2100 under
the intermediate SLR scenario. About 64.4% of Phase 1 and 41.9%
of Phase 2 will be submerged during the lowest tide under the
high SLR scenario. These are relatively lower percentages than
at Yampah Marsh under the same high SLR scenario. Again,
as noted above these calculations have taken into account both

subsidence (—) and surface accretion (+) at the marsh sites, as-
suming net soil accumulation rates do not change in the future.

4 | Discussion

4.1 | Understanding the Impact
of Wetland Restoration on Coastal Hydrology

In this study, the primary mechanism by which restoration af-
fected hydrological processes was through soil fill and the en-
hancement of surface elevation in low-elevation areas of the
restored marsh. Consequently, the hydrological functions of the
wetland were improved (i.e., less area was inundated perma-
nently allowing marsh vegetation growth).

Surface elevation changes following restoration can significantly
influence tidal exchange and hydrodynamics. Specifically, al-
terations in elevation affect water flow dynamics within tidal
marshes, potentially restricting water movement between the
Elkhorn Slough main channel and the restored wetland topo-
graphic highs. In particular, these changes modify the natural
range of surface water depth (Figure 11). The current resto-
ration efforts at Hester Marsh help mitigate prolonged water
stagnation, thereby improving wetland function, specifically
allowing marsh vegetation to colonize, lowering greenhouse gas
emissions.
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FIGURE 13 | Modelled flood extents at the lowest tide under different SLR scenarios: (a) 2050 with an intermediate SLR scenario, lowest tidal
height of —0.39m; (b) 2050 with a high SLR scenario, lowest tidal height of —0.25m; (c) 2100 with an intermediate SLR scenario, lowest tidal height
of 0.29m; and (d) 2100 with a high SLR scenario, lowest tidal height of 1.34m.

The water storage capacity of the restored wetland could be
enhanced as well after the surface elevation increased, as addi-
tional soil was introduced. This improvement may increase the
wetland's ability to retain water, potentially reducing excessive
ponding and increasing oxygen penetration to the subsurface.
Rather than transitioning into a mudflat in the future, the wet-
land can better support a diverse range of plant and animal spe-
cies providing biodiversity function. Further research is needed
to prove this by assessing the impact of restoration on subsurface
soil movements and soil saturation, which remains a knowledge
gap in this study.

Most importantly, model simulations show that the wetland res-
toration in this study can increase resilience to SLR maintaining
the majority of the restored area above sea level. We discussed
this in more detail in the next section.

At the watershed scale, the restoration area was too small to
induce significant hydrological changes; however some other
regions within the watershed showed deeper annual average
GWTs (dash line polygons in Figure 8b) in the pre-restoration
scenario than the post-restoration scenario (dash line poly-
gons in Figure 8d). The effect of SLR between 2017 and 2023
can extend inland, altering surface inundation dynamics and
GWT. Change in precipitation between those 2years can also
reshape GWT and surface water, thereby influencing estu-
arine circulation. In this study, a potential explanation for
the change in those areas (dash line polygons in Figure 8)
seems more closely related to SLR between 2017 and 2023.

The average tide of 2023 was 3.6% higher than the average
tide of 2017, although the pre-restoration year (2017) expe-
rienced more precipitation (8.5%) than the post-restoration
year (2023). This indicates that SLR may play a more import-
ant role than precipitation in causing flood risk at Elkhorn
Slough. This finding is consistent with a higher flood time
ratio in the post-restoration scenario than the pre-restoration
scenario (Figure 9). In addition, previous research indicated
that Elkhorn Slough is strongly affected by tidal inputs during
certain seasons (Montalvo et al. 2024), which further sup-
ports this finding. In contrast, another study based on data
from seven marsh sites (including Elkhorn Slough) across
the Atlantic, Gulf, and Pacific coasts of the United States
found that upland terrestrial hydrology is also one of the pri-
mary drivers of salt marsh hydrology (Guimond et al. 2025).
Particularly for inland watersheds such as the San Carlos
catchment in Costa Rica, headwater dynamics largely control
downstream flow during the dry season (Birkel et al. 2020).
Therefore, more detailed future research is needed to assess
these specific observations and explanations at our site.

4.2 | The Effectiveness of Wetland Restoration
Under SLR

Assessing the effects of future SLR provides critical insights
into the potential survival of the natural and restored sites
(i.e., Yampah Marsh and Hester Marsh). The simulations with
the highest tide may indicate a worst-case scenario for the
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inundated area at both sites under future SLR. Meanwhile, the
simulations with the lowest tides under future SLR may offer
a more important perspective because it is likely the areas that
will be submerged during the lowest tides of the year will be
submerged all the time.

At Yampah Marsh, according to the modelled flood extents at
the highest tide under different SLR scenarios (Figure 12), if
the marsh surface elevation fails to keep pace with SLR and the
high SLR scenario is applied, >99.0% of the area would be sub-
merged during the highest tide condition (i.e., 2.46 m) in 2050.
Even under the intermediate SLR scenario (i.e., a highest tide
of 2.32m), only less than 1.0% of Yampah Marsh will remain
above surface water in 2050. This finding is consistent with the
field observations indicating that most of Yampah Marsh is in-
undated when the tidal level (NAVD88) exceeds 2.2 m (Fountain
et al. 2020).

The modelled flood extents at the lowest tide under differ-
ent future SLR scenarios (Figure 13) suggest that, if the natu-
ral wetland (i.e., Yampah Marsh) cannot keep pace with SLR,
over 40.0% is projected to be inundated all the time under both
intermediate and high SLR scenarios in 2050. In particular, if
the high SLR scenario is applied, 97.8% of Yampah Marsh will
likely be submerged all the time in 2100 and the marsh will
become a mudflat. Our modelling results refine a previous em-
pirical study that suggested more than 90.0% of Yampah Marsh
would be lost to submergence by 2100 (Wasson et al. 2012). This
finding highlights the need for enhancing surface elevation at
Yampah Marsh to preserve its vegetation and associated ecosys-
tem services.

At the restored site, around 22.9% of Phase 1 Hester Marsh is ex-
pected to retain its capacity to support marsh vegetation during
the highest tide under the high SLR scenario in 2050, while
only about 5.7% of Phase 2 Hester Marsh is projected to remain
above water during the highest tide under the same scenario
(Figure 12), likely due to its proximity to the Elkhorn Slough
main channel. Thus, the worst-case scenario is that around
18.3% of Hester including both Phase 1 and Phase 2 is expected
to remain above water at the highest tide under the high SLR
scenario in 2050.

At the same time, approximately 15.2% and 18.5% of the re-
stored area, including Phase 1 and Phase 2, are projected to
be submerged at the lowest tide under the intermediate SLR
scenario and the high SLR scenario, respectively, in 2050
(Figure 13). In other words, more than 80% of Hester Marsh
can remain above water under 0.14 m and 0.28 m of SLR (based
on the 2023 baseline) in the two 2050 scenarios. Our finding
provides specific quantitative estimates and is consistent with
the Hester Marsh restoration report, which indicates that the
restored site can accommodate up to 0.5m of SLR (Fountain
et al. 2022). Here, we assumed that no significant tidal change
occurred between 2022 and 2023. However, more area (i.e.,
58.5%) in Hester Marsh including Phase 1 and Phase 2 is pro-
jected to be submerged all the time during the lowest tide under
the high SLR scenario in 2100 due to 1.87m of SLR (based on
the 2023 baseline). Overall, Hester Marsh appears to be more
capable than Yampah Marsh of maintaining wetland ecosys-
tem functions (e.g., flood risk reduction) under future SLR

scenarios, attesting to the success of the restoration project for
attaining this goal.

4.3 | Discussion of Uncertainty
4.3.1 | Complex Topography

One of the main sources of uncertainty in this study is the com-
plex topography of the ESW, particularly the narrow and highly
meandering channels at Yampah Marsh and Hester Marsh,
which are not fully captured by the current mesh resolution.

Significant effort was dedicated to addressing the challenges
posed by the complex topography. First, defining an appro-
priate watershed boundary was crucial for coastal hydrologic
modelling (Fringer et al. 2019; Tanim et al. 2024), especially for
Elkhorn Slough, due to the complex topography within the wa-
tershed, which includes water bodies, natural and restored areas,
and upland regions. In particular, the intricate tidal channels of
the slough and adjacent water bodies near the watershed outlet
could lead to unrealistic ocean water flow into the computational
domain, which had to be assessed based on field observations.

Second, it is also essential to note that having a high-resolution
DEM which includes detailed bathymetric information plays
an important role in ensuring that the model captures the topo-
graphic characteristics in coastal areas, as discussed in previous
coastal studies (Amante et al. 2023; Loftis et al. 2016; Medeiros
et al. 2015). In particular, the shapes and depths of the narrow
channels within the tidal marshes at Elkhorn Slough may have
large impacts on the water movement and exchange within
the marsh. The bathymetric data facilitated the correction of
NHDPlus flowlines, improving their alignment with real con-
ditions and enhancing the representation of land surface eleva-
tion. Notably, a modification was made to the flowlines at the
restored Hester Marsh, where a newly constructed channel was
created to connect Hester Marsh to the Elkhorn Slough main
channel. The original NHDPlus flowlines did not adequately
capture the conditions within this newly established channel.

Finally, a fine-resolution mesh was selected to represent the
narrow channels and capture the topographic characteris-
tics of the tidal wetlands at Elkhorn Slough. However, some
uncertainties may still arise due to the mesh resolution lim-
itations imposed by computational constraints. The mesh
resolution fundamentally governs both the accuracy of the
results and the computational efficiency of the model; never-
theless, it cannot fully capture the complexity of bathymetry
in many complex coastal regions (Fringer et al. 2019). For in-
stance, our simulation of flood extent at the wetland sites may
contain uncertainties due to the mesh resolution limitations.
Although the surface mesh resolution in most areas of the
tidal marshes (Yampah and Hester) was refined to ~5 to 10m,
it remained insufficient to fully represent variations in the
channel bathymetry and hence surface water depth. In this
study, further refinement of the mesh was impractical due to
computational constraints. However, based on the validation
results (Figure 7), we expect these uncertainties to have a lim-
ited impact on the overall modelling results, particularly in
terms of hydrological patterns and comparison between the
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two marshes. Therefore, the overall conclusions drawn in this
study remain robust and reliable.

4.3.2 | Other Uncertainties

The current configuration setting of model functions such as
evapotranspiration, infiltration, recharge, surface flow and sub-
surface flow has been included in ATS at a 3D scale, making
the model run slowly and requiring extensive computation re-
sources. The model also effectively incorporated tidal dynamics,
allowing tidal oscillations to propagate along the Elkhorn Slough
River and into the inland wetlands. In this study, we did not con-
sider other potential processes such as the dynamic dependence
of sedimentary processes on SLR, due to limitations in compu-
tational resources and data availability. For example, biological
accretionary processes may probably also increase wetland eleva-
tion (Morris et al. 2002; Saintilan et al. 2022; Sun et al. 2024), but
they may not be able to keep pace with the most recent SLR. That
is one of the reasons why soils were manually added to the re-
stored wetland to increase its surface elevation. Some uncertain-
ties may arise if dynamic processes of biological accretionary or
non-linear changes in sediment accretion are not considered. For
example, variations in plant productivity and the root-to-shoot
ratio can influence the vertical accretion rate in tidal wetlands
(Morris et al. 2016). However, we assume these are less signifi-
cant than the main components represented in the model.

As sea level increases in the future scenarios, the rate of elevation
gain will likely increase due to more frequent inundation than the
historical situation or channel scouring may reduce sediment ac-
cretion. Incorporating more dynamic processes within the model
may be necessary to better capture sediment accretion.

Additionally, we acknowledge that the diffusion-wave approx-
imation does not fully capture the complexity of estuarine hy-
drodynamics, particularly in deeper or more tidally energetic
sections of the estuary. Our modelling framework, however,
was designed to emphasise surface-subsurface interactions
across the upland and low-gradient tidal zones, where diffu-
sive flow is representative of system behaviour. The diffusion-
wave approach also provides computational efficiency and
numerical stability, both of which are essential for long-term
simulations and coupling with groundwater processes.

Furthermore, water level was used for model calibration in this
study. However, such calibration does not uniquely constrain in-
ternal hydrodynamic processes. Incorporating tracer data into
the calibration could provide complementary information, par-
ticularly regarding water storage, flow paths and transit times
(Birkel and Soulsby 2015). Therefore, a more robust calibration
approach is recommended for future work.

5 | Conclusions and Future Work

This study presents ATS as a useful model to investigate the im-
pacts of coastal wetland restoration on hydrological processes at the
Elkhorn Slough watershed with a focus on comparison between a
nearby natural wetland and a restored wetland. The model was
successfully set up and configured by comparing the simulation

results with available field observations. The high-resolution na-
ture of ATS makes it possible to capture the characteristics of the
hydrological processes at the entire watershed and represent the
impact of restoration within specific marsh sites. The model val-
idation shows that ATS performed well, capturing the daily tidal
cycle and the fortnightly cycle seen in available observations.

The modelled annual average flood distribution and flood time
ratio in ESW indicates that annual average water increased in
the post-restoration year compared to the pre-restoration year,
possibly reflecting the impact of SLR in the past decade. The res-
toration impact on the watershed scale hydrology was not sig-
nificant, since the restoration area only covered a small portion
of the ESW. However, future SLR is likely to increase flood risk
throughout the watershed.

At the wetland site scale, the flood extent in the post-restoration
scenario showed a smaller flooded area at the restored site fol-
lowing restoration. Our results suggest that the restoration
project which included increasing the site's elevation effectively
protected the restored wetland (i.e., Hester Marsh) reducing
tidal water inundation, restoring marsh habitat and its ecosys-
tem services. This suggests that maintaining marsh surface
elevation above expected future SLR reduces flood risks and en-
hances coastal resilience.

There are some key findings for the effectiveness of wetland
restoration under future SLR: (1) it is necessary to consider en-
hancing surface elevation as part of restoration to ensure that
the vegetated wetland does not become submerged and transi-
tion into a mudflat; (2) assessment of resilience using models in
the face of SLR requires high-resolution DEM, bathymetry and
sediment accretion data.

Our future work will focus on minimizing uncertainties caused
by complex topography to enhance simulation accuracy at the
marsh sites through a more data-driven approach. Additionally,
we will explore methods to address dynamic geomorphological
changes in future scenarios.
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