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Maritime transportation is crucial to national economic development as it offers a low-
cost, safe, and efficient alternative for movement of freight compared to its land or air
counterparts. River and channel dredging protocols are often adopted in many ports and
harbors of the world to meet the increasing demand for freight and ensure safe passage
of larger vessels. However, such protocols may have unintended adverse consequences
on flood risks and functioning of coastal ecosystems and thereby compromising the
valuable services they provide to society and the environment. This study analyzes the
compound effects of dredging protocols under a range of terrestrial and coastal flood
drivers, including the effects of sea level rise (SLR) on compound flood risk, vessel
navigability, and coastal wetland inundation dynamics in Mobile Bay (MB), Alabama. We
develop a set of hydrodynamic simulation scenarios for a range of river flow and coastal
water level regimes, SLR projections, and dredging protocols designed by the U.S. Army
Corps of Engineers. We show that channel dredging helps increase bottom (‘underkeel’)
clearances by a factor of 3.33 under current mean sea level and from 4.20 to 4.60 under
SLR projections. We find that both low and high water surface elevations (WSEs) could
be detrimental, with low WSE (< -1.22 m) hindering safe navigation whereas high WSE (>
0.87 m) triggering minor to major flooding in the surrounding urban and wetland areas.
Likewise, we identify complex inundation patterns emerging from nonlinear interactions of
SLR, flood drivers, and dredging protocols, and additionally estimate probability density
functions (PDFs) of wetland inundation. We show that changes in mean sea level due
to SLR diminish any effects of channel dredging on wetland inundation dynamics and
shift the PDFs beyond pre-established thresholds for moderate and major flooding. In
light of our results, we recommmend the need for integrated analyses that account for
compound effects on vessel navigation and wetland inundation, and provide insights into
environmental-friendly solutions for increasing cargo transportation.
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1 INTRODUCTION

Maritime transportation (MT) is considered the most cost-
effective alternative for movement of freight as it takes advantage
of intercontinental routes that connect ports and harbors around
the globe. MT supports trade relations and contributes to local
and regional economic development via global supply chains
(Carse and Lewis, 2020). It has been reported that international
marine trade by cargo increased from 4k to 12k million tons
between 1970 and 2018 (UNCTAD, 2019), and recent estimates
indicate that MT accounts for 90% of global trade in terms of
volume (Rodrigue, 2020). With the expansion of the Panama
Canal in 2016, port authorities have been upgrading existing
marine infrastructure (e.g., ports, terminals, and docks) to
accommodate deep draft-vessels navigating the Atlantic Ocean
and the Pacific Ocean. Specifically, port authorities are targeting
the new-class of ‘Neopanamax’ vessels that are 1200 ft long (~366
m), 168 ft wide (~49 m), have a 50 ft draft (~15 m), and can
transport twice the cargo load p12.5k twenty-foot equivalent unit
(TEU)] of the former standard ‘Panamax’ vessel (Medina et al.,
2020; Rodrigue, 2020). The larger dimensions and cargo capacity
of this vessel have called for a number of harbor deepening and
dredging projects as local governments seek to benefit from
historical international marine trade between the Americas
(AAPA, 1912) and the rest of the world (IAPH, 1955).

In general terms, dredging refers to the removal of bed
sediments either mechanically or hydraulically to create
underwater channels, berths, and harbors (Vogt et al., 2018).
Although dredging projects are designed for an efficient
navigation of deep-draft vessels, they can alter hydro- and
morpho-dynamics of estuarine systems, hinder sediment
transport and nutrient delivery to coastal ecosystems, and alter
wetland inundation dynamics (Zarzuelo et al., 2015; Stotts et al.,
2021). Channel dredging increases mean water depth (WD)
and reduces frictional effects (shear stress) on tidal dynamics
including changes in tidal amplitude, phase, and wave speed
(Jay et al,, 2011; Cai et al,, 2012). Depending on the physical
characteristics of estuarine channels such as cross section, length,
convergence, and resonance, tidal amplitudes can be amplified
(convergence > bed friction) or attenuated (convergence< bed
friction) in landward direction (Jay, 1991; Friedrichs and Aubrey,
1994). The latter is also referred in scientific literature as to
‘hypersynchronous’ (tidal amplification) and ‘hyposynchronous’
(tidal attenuation) systems (Dalrymple and Choi, 2007; Bolla
Pittaluga et al., 2015).

Likewise, changes in mean WD alter natural resonance effects
of estuaries (Prandle, 1985). Resonance and frictional effects in
combination can lead to tidal amplification or an increase of tidal
range (Ralston et al., 2019; Talke and Jay, 2020). In tidal rivers
subject to inland and marine forcing processes (Hoitink and Jay,
2016), river flow (RF) regimes and the reduction of frictional
effects due to dredging can decrease mean water surface elevation
(WSE) and increase tidal range (Jay et al.,, 2011; Vellinga et al,,
2014; Ralston et al.,, 2019). On the other hand, interactions
between high RF regimes and tides enhance frictional effects due
to hydraulic drag and can increase mean WSE and decrease tidal
range (Buschman et al., 2009; Sassi and Hoitink, 2013; Ralston

et al,, 2019). Channel dredging can also facilitate storm surge
propagation and increase flood extent and inundation duration in
wetland regions; thereby compromising the valuable services that
these coastal ecosystems provide to society and the environment
(Familkhalili and Talke, 2016; Ralston et al., 2019; Saad and
Habib, 2021; Talke et al., 2021). Saad and Habib (2021) studied
the impacts of dredging scenarios and flood regimes in low-lying
urban areas and interconnected swaps along the Vermilion River,
LA. They reported that extensive channel dredging in space and
modification of bed slopes can effectively reduce WSE along the
channel. Moreover, they proposed a watershed-centered approach
for flood risk mitigation since riverine dredging scenarios alone
cannot fully reduce flood hazards to coastal urban areas and
adjacent swamps. Stotts et al. (2021) studied the effects of salinity
intrusion and anthropogenic landscape alteration on freshwater
wetlands of the Delaware River, DE. The authors reported that
historic straightened and dredging protocols back to 1920s
altered wetland’s growth response to temperature, shifted the
salinity regime from freshwater tidal wetland to a saltwater
marsh, and made wetlands more sensitive to storm events in the
post-disturbance period.

Next to the physical effects of channel dredging, sea level
rise (SLR) amplifies tidal range in convergent estuaries and
estuarine systems characterized by strong RFs (Khojasteh
et al,, 2021a). SLR modifies wetland spatial distribution and
tidal hydrodynamics over time, which in turn alters wetland
inundation dynamics (Alizad et al., 2016; Kumbier et al., 2022).
Moreover, SLR is expected to increase the intensity and frequency
of compound flood (CF) hazards in coastal areas where about
190 million people are currently living below high tide lines
(Kulp and Strauss, 2019; Arns et al., 2020). Also, the nonlinear
interactions among SLR, terrestrial and coastal flood drivers,
and anthropogenic activities can exacerbate the impacts of CF
hazards, escalate flood risks in coastal communities, and cause
wetland loss (Eilander et al., 2020; Rezaie et al., 2020; Nasr et al.,
2021). In that regard, Mufoz et al. (2021) analyzed the effects of
SLR, urbanization, and hurricane impacts on long-term wetland
change dynamics in Mobile Bay (MB), AL. The authors leveraged
multisource satellite imagery and state-of-the-art deep learning
techniques to track such wetland dynamics. They showed that
SLR has been causing wetland loss in MB since 1984 (0.95 km?),
forcing coastal wetlands to migrate to upland areas, and reducing
wetland’s capacity for pollutant removal.

Modern dredging and navigation projects are designed to meet
economic, engineering, social, and environmental requirements
and/or policies. Some of them attempt to integrate ecosystem
services especially in regard to suitable locations for dredged
material disposal (Foran et al., 2018). In the United States,
the U.S. Army Corp of Engineers (USACE) is responsible for
maintaining and improving inland and intracoastal waterways,
coastal channels, turning basins, and harbors (USACE CED,
2022). Yet, most dredging projects and associated engineering
studies ignore the compound effects of SLR, flood drivers, and
channel dredging on vessel navigation and wetland inundation
dynamics (Bunch et al,, 2018; USACE, 2019). In this study,
we address this research gap and hypothesize that dredging
protocols will have a relatively large or less influence on vessel
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navigability depending on the intrinsic characteristics of flood
drivers (e.g. fluvial, coastal, and compound) and physical settings
of estuarine and coastal systems. Likewise, we expect that flood
regimes exacerbated by SLR will trigger marsh migration or cause
wetland loss, and thereby altering wetland inundation patterns
with negligible influence of channel dredging when compared
to any baseline conditions (e.g., mean flood regime and current
channel bathymetry). To test these hypotheses, we implement a
previously developed ‘hybrid’ modeling approach, i.e., linking
statistical and physical models (Moftakhari et al., 2019; Mufioz
et al., 2020), to analyze the connections among compound
flooding, SLR projections under Representative Concentration
Pathways (RCPs), and current engineering practices for harbor
maintenance. Specifically, we analyze such connections and
their compound effects by developing two-dimensional (2D)
hydrodynamic models, adjusting wetland surface elevation to
ensure accurate hydrodynamic simulations (Munoz et al., 2019),
leveraging a “marsh migration tool” from the National Oceanic
and Atmospheric Administration (NOAA), and generating
bivariate (copula-based) statistical scenarios that account for
compound flooding and SLR. Also, we use publicly available
information of an ongoing dredging project in Mobile, AL.

2 MATERIALS AND METHODS

2.1 Study Area

We select MB located in southwestern Alabama, U.S., and its
federal navigation channel to analyze the compound effects of
flood drivers, sea level rise (SLR), and dredging protocols on
navigable waters and wetland inundation dynamics. Among
the Gulf States, MB is known for its economic and ecological
importance and has been part of the National Estuary Program
(NEP) since 1996 (MBNEP, 2020). The MB channel connects
the Mobile River to the Bay and extends to the Gulf of Mexico
through a narrow inlet that separates Dauphin Island from Fort
Morgan Peninsula (Figure 1A). The MB watershed has a surface
area of 2261 km? and comprises two relatively small estuaries
including Weeks Bay and Oyster Bay (southeast) and the Gaillard
Island (northwest) created with dredged material in 1979. The
MB watershed is the sixth largest river basin in the U.S. and the
fourth largest in terms of streamflow. RF at the head of the Bay
comes from the Tensaw River and Mobile River that convey 95%
of the freshwater inflow (Schroeder, 1978). MB is a relatively
shallow estuary with a mean depth of 3 m and a surface are of
985 km?, approximately.

Navigation of deep-draft vessels (e.g., Neopanamax) through
the MB channel is constrained by limited channel depth and
width configurations that only allow for one-way daylight
traffic and vessel navigation of reduced cargo capacity (e.g.,
range of 6k — 8.5k TEU). In that regard, the USACE proposed
a harbor deepening and channel dredging design to improve
vessel navigation and reduce traffic delays along the channel.
The “Signed Record of Decision for Mobile Bay Harbor” and
related appendices contain detailed information of economic,
engineering, environmental, and social studies conducted as

part of the project (USACE, 2019). The project was approved
in September 2019 and consists of six construction phases to be
finalized in March 2025 (USACE GRR, 2019). Specifically, phase
1 and 3 are currently under construction and expected to be
completed in September 2022 (USACE DIS, 2022). In summary,
the authorized navigation improvements in the channel include:
(i) deepen the existing Bar, Bay and River Channels to a total
project depth (w.r.t. mean lower low water datum) of 56 ft
(17.07 m), 54 ft (16.46 m), and 54 ft (16.46 m), respectively, (ii)
incorporate minor bend easings in the Bar Channel approach
to the Bay Channel, (iii) widen the Bay Channel from 400 ft
(121.92 m) to 500 ft (152.40 m), and (iv) expand the Choctaw
Pass Turning Basin 250 ft (76.20 m) to the south.

2.2 Data and Hydrodynamic Model

We use publicly available data to setup a hydrodynamic model
of MB and generate a set of scenarios with a combination of
forcing conditions, SLR projections by the end of the 21* century,
and dredging protocols established by the U.S. Army Corps of
Engineers (USACE, 2019). Hourly time series of RF and coastal
WL are retrieved from the U.S. Geological Survey’s (USGS)
website mapper (https://maps.waterdata.usgs.gov/mapper/index.
html) and the National Oceanic and Atmospheric Administrations
(NOAA) Tide and Currents portal (https://tidesandcurrents.
noaa.gov/). Local rainfall, wind, and atmospheric (sea level)
pressure are derived from the ERA5 reanalysis dataset (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5)
and consists of gridded hourly data with a spatial resolution of 30
km. SLR projections for RCP 4.5 and 8.5 are those estimated by
Kopp et al. (2017) using DeConto and Pollard (2016) Antarctic
ice-sheet’s projections (DP16’s AIS) and include 5th, 50th, and
95th percentiles. Flood stage thresholds at NOOA’ tide gauges
(e.g., minor, moderate, and major flood) are obtained from the
National Weather Service (https://water.weather.gov/ahps/) and
referenced with respect to the North American Vertical Datum
1988 (NAVDSS).

Topography and bathymetric (topobathy) data are obtained
from the “Continuously Updated Digital Elevation Model
(2019 CUDEM)” of the NOAA's Data Access Viewer (https://
coast.noaa.gov/). The topobathy data are vertically referenced
with respect to NAVDS88 and have a spatial resolution of 3 m.
Topobathy data utilized for DEM generation are obtained from a
variety of sources, including (but not limited to) the NOAA Office
of Coast Survey, NOAA National Geodetic Survey, NOAA Office
for Coastal Management, USGS, and the USACE. Georeferenced
navigation charts of the Alabama River are updated in a yearly
basis and contain satellite imagery, bridge clearance tables,
elevated and submerged crossings (USACE, 2021). Manning's
roughness distribution in MB are initially derived from the 2019
National Land Cover Database (NLCD) (https://www.mrlc.gov/
data) and then refined to account for the navigational channel
and river beds in the MB model (Figure 1B). The NLCD map has
a 30 m spatial resolution and 16 land cover classes. For simplicity,
these developed (urban) classes are re-grouped into a more
general classification to avoid unnecessary specificity required in
model calibration (see section 2.3.2 for details). The MB model
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FIGURE 1| Map of Mobile Bay (MB), AL in the Gulf of Mexico. (A) Topography and bathymetry (topobathy) of MB referenced with respect to the North American
Vertical Datum 1988 (NAVD88). Right box shows a detailed view of the unstructured mesh generated to accurately represent the MB channel. (B) Land cover
classes and associated roughness distribution used for model calibration at NOAA stations (yellow circles). Left box shows a fine mesh resolution used to simulate
wetland inundation around the navigational channel. Control stations (black squares) are used to compute water level profiles.

is developed using the 2021 Delft3D-FM suite package in 2D
(depth-averaged) mode (Roelvink and Van Banning, 1995).
Delft3D-FM solves the continuity and momentum equations
using an unstructured finite volume grid under the assumption
that vertical length scales are significantly smaller than the
horizontal ones (Lesser et al., 2004). Several studies have relied
on the suite package to solve complex riverine and estuarine
hydrodynamics at local and regional scale with satisfactory
results (Kumbier et al., 2018; Bevacqua et al., 2019; Muis et al,,
2019). We setup and calibrate the model considering current
bathymetry along the MB channel and after additional dredging,
i.e.,, widening and deepening of the channel, for navigation
improvement.

2.2.1 Model Configuration

We generate an unstructured mesh consisting of triangular cells
over the Gulf of Mexico and the Bay, curvilinear cells in the
Mobile River, Tensaw River and MB channel, and rectangular
cells over adjacent wetlands (Figure 1). The unstructured
mesh can represent complex geomorphological features (e.g.,
sinuous and/or braided river waterways) with greater detail than
traditionally structured grids and allows for local refinement
over wetlands, urbanized areas, and harbors (Deltares, 2021). In
addition, it aids in simulation efficiency, and is computationally
efficient for accurate representation of simulated states (Kumar
et al,, 2009; Wang et al., 2018). The MB model uses a varying
mesh cell-size of 10 m, 60 m, and 1500 m in the navigational
channel, wetlands, and Gulf of Mexico, respectively. The model
is forced by six upstream RF boundary conditions (BCs)
obtained from the U.S. Geological survey (USGS) and NOAA
repository including Mobile River (USGS station ID: 02470629),
Tensaw River (02471019), Chickasaw Creek (02471001), Fowl
River (02471078), Fish River (02378500) and Magnolia River
(0237830). For simplicity, we assign time series of hourly water

level (WL) from Dauphin Island (NOAA station ID: 8735180)
to the ocean boundary as a proxy of coastal WL variability.
Moreover, we consider local wind, sea level pressure, and rainfall
as additional forcing data for simulating non-extreme and
hurricane events.

Vertical bias (elevation errors) of available topographic and
bathymetric (topobathy) data (see Section 2.2) is corrected in
wetland areas prior to interpolation over the unstructured mesh.
For this, we used a ‘DEM-correction’ tool that adjusts surface
elevation in coastal wetlands based on ‘emergent herbaceous’
wetland coverage of the 2019 NLCD. The tool corrects lidar-
derived DEMs through linear elevation adjustment and site-
specific parameters (Alizad et al., 2018) and has been used to
improve topobathy data of other hydrodynamic models in the
Gulf and Atlantic Coasts of the U.S. (Muioz et al., 2019; Muiioz
et al., 2020; Jafarzadegan et al., 2021b). To account for dredging
protocols in the model simulations, we modify the bathymetry of
the MB channel (e.g., from control station A2 to A11, Figure 1B)
according to the approved dimensions for (i) channel widening,
(ii) channel deepening, (iii) entrance expansion, and (iv) minor
bend easings (USACE, 2019).

2.2.2 Marsh Migration Tool

In addition to the vertical bias correction, we estimate future
wetland spatial distribution and elevation using the “marsh
migration tool” from the NOAA’s Sea Level Rise Viewer (https://
coast.noaa.gov/slr/). The tool allows for SLR scenario generation
and analysis of the associated impacts on local marshes.
Specifically, the tool helps delineate wetland regions resulting
from fivelocal SLR projections either by individual scenarios (e.g.,
intermediate low, intermediate, intermediate high, and high) or
years (2000, 2020, 2040, 2060, and 2100). We estimate wetland
spatial distribution using available data of Dauphin Island as
this is a representative area of local conditions in MB (e.g., tidal
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TABLE 1 | Range of Manning’s roughness values used for calibration of the Mobile Bay model.

Land cover category Lower limit Upper limit Optimal n-value
Open water (Gulf of Mexico) 0.005 0.025 0.019
Estuarine water (Mobile Bay) 0.007
Mobile River and Tensaw River 0.01 0.15 0.011
Fish River 0.020
East Fow! River 0.024
Dog River 0.024
Navigation (dredged) channel 0.013
Emergent wetlands 0.025 0.25 0.149
Woody wetlands 0.052
Urban areas 0.02 0.07 0.037

regime, land subsidence, and wetland types). Regarding wetland
elevation, we set an average accretion rate of 6 mm/year in the
marsh migration tool based on pertinent literature that includes
(i) analyses of marsh and soil core samples extracted next to the
MB channel (Runion et al., 2021), and (ii) historical inorganic
sedimentation and organic matter accumulation records in
several wetland types within the Mobile River, Tensaw River,
Mon Louis, and Oyster Bay (Smith et al., 2013). Also, we calculate
the total accumulated sediment over future wetland regions (e.g.,
using the tool, accretion rate, and period 2019 - 2100) and then
modify topobathy data of MB. These data are interpolated over
the unstructured mesh to generate a set of hydrodynamic models
representing both wetland migration and elevation adjustment
for SLR projections under RCP 4.5 and 8.5. Furthermore, we
use the spatial distribution of future wetland regions including
open water to assign roughness values, accordingly. It is worth
mentioning that the marsh migration tool subtracts the accretion
amount from the total predicted SLR for any given scenario, and
it does not account for the effects of erosion and urbanization
over time.

2.2.3 Model Calibration

To calibrate the MB model, we regroup and refine the original
2019 NLCD classes into several categories as follows: open water
(Gulf of Mexico), estuarine water (Mobile Bay), riverine water
(Mobile, Tensaw, Fish, East Fowl, and Dog rivers), navigational
(dredged) channel, emergent and woody wetlands, and urban
areas (Figure 1B). Then, we set a range of possible Manning’s
(n) roughness values (e.g., lower and upper limits) for each of
these categories based on recommended values from pertinent
literature and hydrodynamic studies (Chow, 1959; Arcement
and Schneider, 1989; Liu et al., 2018). The n-values are generated
with the Latin Hypercube Sampling (LHS) technique and then
calibrated using ensemble model simulations as suggested in
recent coastal flood hazard assessments (Jafarzadegan et al.,
2021a; Munoz et al., 2022). Specifically, we generate 200 ensemble
members and assign to them a unique combination of n-values
(Table 1).

The goal of model calibration is to identify an optimal
combination of n-values (or alternatively the best ensemble
member) that minimizes the root-mean square error (RMSE)
between observed and simulated WLs, while also producing the
highest Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970)

and Kling-Gupta efficiency (KGE) coefficients (Guptaetal., 2009).
NSE ranges from 0 to 1 whereas KGE can take values between -co
and 1. For these evaluation metrics, an efficiency of 1 indicates
a perfect match between observations and model simulations.
Also, RMSEs below 0.20 m are desirable for simulating extreme
events on the U.S. Gulf-Atlantic Coasts (HSSOFS, 2015). To
ensure the MB model can represent extreme WLs, we simulate
Hurricane Ida that hit the Gulf of Mexico on Aug/Sep 2021. Ida
was the costliest disaster in 2021 exceeding $60 billion and caused
extreme storm-surge, strong sustained winds, and torrential
rainfall over the coasts of Louisiana, Mississippi, and Alabama
(NCEI, 2021). We set a warm-up period from Aug/1 to Aug/22
to ensure a correct propagation of tides and river-induced WL
over the model domain. WL variability resulting from the last
time step is then used as a ‘hot start” file to begin with model
calibration of the following days up to Sep/6 (see Section 3.2).

2.3 Statistical Framework

2.3.1 Sampling Strategy

We analyze the statistical dependence between flood drivers in
MB (e.g., RF and coastal WL) using joint probability density
functions. Among the available gauge and tide stations in the
MB watershed, we select RF records from Tombigbee River
station (USGS ID: 02469761) located upstream of the Mobile
River and Tensaw River, and WL records from Dauphin Island
station (Figure 1). These stations have relatively long records
starting in 1960 and 1981, respectively, and therefore allow for
estimating return periods at lower frequencies (e.g., 50-year).
The procedure for sampling flood-driver pairs consists of peak-
over-threshold, with twice the length of the available records, i.e.,
80 total compound samples from two-sided sampling and/or 40
samples each side. Since compound effects of flood drivers do not
necessarily coincide in time, we consider a maximum lag-time of
7 days between sampled events as suggested in compound flood
(CF) studies conducted at local, regional, and global scales (Klerk
et al,, 2015; Moftakhari et al., 2017; Ward et al., 2018; Nasr et al.,
2021).

2.3.2 Bivariate Statistical Analysis

To characterize the joint probability of RF and WL, we used a
copula-based approach in which the correlation structure of
flood drivers is disentangled from its marginals (Nelsen, 2007;
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Joe, 2014). Hence, the advantage of copulas over traditional
multivariate approaches is that marginal distributions are
not constrained by the same probability family as well as the
same parameters ruling both marginals and the multivariate
dependence (Salvadori et al., 2007; AghaKouchak et al., 2012;
Madadgar and Moradkhani, 2013). According to the Sklar’s
theorem (Sklar, 1959), there exists a copula function C(Cppyy,:
[0,1] x [0,1] > [0,1]) of the pair (REWL), with marginal
cumulative distribution functions Fy, and F,,;, for all (REWL) €
R?, as shown in Equation (1):

F,

RF,WL

(RF,WL)=Cyp | Fyy (RF),F,, (WL)] (1)

For convenience, we conduct a bivariate statistical analysis using
the Multi-hazard Scenario Analysis Toolbox (MhAST) developed
by Sadegh et al., (2017, 2018 ). This tool has been used in similar
studies with satisfactory results (Didier et al., 2019; Moftakhari
etal.,2019; Munozetal.,2020). MhAST fits univariate distribution
functions to the marginals and suitable copula-based functions
to flood-driver pairs with their underlying uncertainties. The
toolbox considers 17 different continuous marginal distributions
and estimates their parameters using a maximum likelihood
algorithm. The best distribution that optimally fits the available
data is determined using the Bayesian information criterion.
Furthermore, MhAST considers 26 copula families and identifies
the best one that describes the correlation structure based on the
Akaike information criterion, Bayesian information criterion,
and maximum likelihood. Hereinafter, we refer to the joint
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FIGURE 2 | Bivariate statistical analysis of flood drivers in Mobile Bay, AL.
Marginal probability density of river flow (RF) and coastal water level (WL) with
50-year return level pairs around the corresponding iso-return period curve.
Black scattered dots show bivariate occurrences of the flood drivers whereas
red dot represents the point of maximum probability density based on the
correlation structure of RF and WL.

probability of RF and WL as ‘AND scenario’ in which both
flood drivers exceed a certain threshold (Figure 2). Based on
the correlation structure of the drivers, we focus on bivariate
occurrences that fall along the 50-year iso-return period curve.
Specifically, we identify the most likely flood-driver pair for the
AND scenario and then estimate both upstream and downstream
BCs for hydrodynamic simulations (see Section 3.1).

To generate the compound flood scenarios, we consider
a river gauge station located at the head of both Mobile River
and Tensaw River (USGS ID: 02469761) as those two contribute
with ~95% of the freshwater inflow to MB (Schroeder, 1978). We
further calculate that those rivers contribute with 48% and 47%
of the annual freshwater inflow to MB, respectively, and therefore
we neglect RFs from Chickasaw Creek, Fowl River, Fish River,
and Magnolia River. Nevertheless, their corresponding RFs are
considered in the model calibration process for Hurricane Ida.
Also, we only consider two main rivers (e.g., Mobile and Tensaw)
to simulate RF resulting from the bivariate copula analysis and
split the discharge based on the corresponding percentages,
which in fact are almost identical, i.e., about half of the estimated
RF is assigned to each river. The statistical methodology presented
in this study is similar to recent works that often neglect the
contribution or river tributaries for the sake of simplicity [e.g.,
Moftakhari et al. (2017); Bevacqua et al. (2019), and Jafarzadegan
et al. (2022)].

3 RESULTS AND DISCUSSION

3.1 Statistical Scenarios

The copula-based approach reveals that RF and WL are negatively
correlated in terms of Kendall’s rank (1) and Spearman’s rank (p)
correlation coeflicients and their associated p-values (Table 2).
We found that these coeflicients are statistically significant at
5% level (p-value < 0.05) and the most suitable joint probability
function that fit the data is the Joe copula family.

The bivariate statistical analysis in addition to available
information from USGS and NOAA stations (e.g., gauge
datum and vertical datum of tides) help define a set of BCs for
hydrodynamic simulations. The BCs represent a baseline or M-M
scenario consisting of mean RF (50" percentile) and mean WL
(mean sealevel), L-L scenario derived from low RF (5" percentile)
and low WL (mean lower low water), H-H scenario consisting of
high RF (95" percentile) and high WL (mean higher high water),
and CF (AND) scenario characterizing a 50-year return period
event. Combinations of those BCs, topobathy data with current
conditions and dredging protocols (USACE, 2019), and SLR
projections under RCPs 4.5 and 8.5 (Kopp et al.,, 2017) result in a
total of 44 statistical scenarios (Table 3). These scenarios are run
for a single spring-neap tidal cycle to account for high and low
tides (e.g., 15-day simulation period). For simplicity, we exclude
scenarios that combine low and high flood drivers and low-
low flood drivers plus SLR since the WLs resulting from these
scenarios will likely be encompassed by the scenarios already
proposed in Table 3.
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TABLE 2 | Correlation structure of flood drivers in Mobile Bay, AL.

Coefficient Correlation p-value Univariate (marginal)distributions Copula(Joe family)
RF WL NSE

Kendall (x) -0.187 0.015 Logistic Inverse Gaussian 0.95

Spearman (p) -0.297 0.007

3.2 Model Simulations

We calibrate the model twice using topobathy representing
current conditions and channel modification due to dredging
protocols. Nevertheless, we did not find considerable differences
between Manning’s n-values in the MB channel. Specifically,
we observed only small differences in the third decimal of the
calibrated values. Regarding the evaluation metrics of simulated
versus observed WLs (Figure 3), RMSE is below 0.11 m whereas
NSE and KGE are above 0.85 and 0.80, respectively. These
results indicate that the MB model is satisfactorily calibrated
for simulating extreme events such as Hurricane Ida (HSSOFS,
2015), and can also accurately represent non-extreme WLs. Note
that Mobile State Docks (Figure 3D) and Coast Guard Mobile
(Figure 3F) achieve the highest RMSE and lowest NSE and KGE.
These results may reveal inaccuracies in the topobathy data or
suggest that additional mesh-refinement is required around
those locations to improve simulations of peak and low WLs.
Nevertheless, there is always a trade-off between computational
time and mesh resolution (cell-size) for hydrodynamic
simulations.

3.3 Compound Effects on
Vessel Navigability

3.3.1 Water Surface Elevation, Tidal Range,

and Clearance Profiles

We compute profiles over control stations conveniently
distributed in the Mobile River (A1 - A3) and the Bay (A3 - A11)
[Figures 4 and S1 (Supplementary Material)]. The profiles show
mean WSEs (top panel), mean tidal ranges (middle panel), and
underkeel clearances (bottom panel) obtained from scenarios

with current bathymetry (solid lines), and after deepening and
widening of the navigational channel (dashed lines). There is
a negligible reduction of WSE for all scenarios after channel
dredging and under current mean sea level (Figure 4A).
However, note that both H-H scenarios show a progressive
increment of WSE between control stations A4 and Al with
respect to the baseline (e.g., values ranging from 0.25 m up to
1 m, respectively). Particularly, there is a considerable increment
of WSE (~0.75 m) at Bay Bridge/Cochrane-Africatown Road
located between control stations Al and A2. Nonetheless, Bay
Bridge’s bottom elevation is 44 m referenced with respect to
NAVD88 (USACE, 2021) and so provides enough vertical
clearance for vessels to navigate underneath. Such an increment
of WSE at the head of the navigation channel results from high
RF in the Mobile River (95" percentile, Table 3) that also leads to
a reduction of tidal range and/or frictional damping of the tide
with respect to the baseline. High RF attenuates the incoming tide
wave at the most upstream control stations (A3 — A1) where the
tidal range decreases below 0.40 m. In contrast, low RF regimes
do not attenuate the tide wave, but increase tidal ranges above
0.50 m for the same stations (Figure 4C). Tidal damping due to
increased RF has been reported in other rivers around the globe
including the Saint Lawrence River (Godin, 1999), Columbia
River (Kukulka and Jay, 2003), Yangtze River (Guo et al., 2015),
Garonne River (Jalon-Rojas et al., 2018), among others. Moreover,
our hydrodynamic results agree well with those from analytical
models as they have shown that increasing RFs reduce tidal
range due to enhanced tidal friction, delay wave propagation,
and progressively attenuate tidal energy distribution among tidal
frequencies (Godin, 1985; Jay, 1991; Sassi and Hoitink, 2013; Cai
et al,, 2014; Guo et al., 2015). Yet, computations of tidal energy,
tidal and RF velocities in MB are out of the scope of this study.

TABLE 3 | Statistical scenarios for hydrodynamic simulation derived from statistical analyses in Mobile Bay, AL.

Model configuration ID River FlowS[m3/s] Water Levelt[m] # Scenarios*
Baseline (Mean RF and Mean WL) M-M 419, 408 0.016 2
Low RF and Low WL L-L 62, 65 -0.158 2
High RF and High WL H-H 3256, 3200 0.213 2
Compound or AND (50-year) Compound 1320, 1296 0.423 2
Baseline + M-M + 419, 408 [0.809, 1.319, 2.069] & 12
Sea level rise SLR [1.129, 1.919, 3.019]

High RF and High WL + H-H + 3256, 3200 [1.006, 1.516, 2.266] & 12
Sea level rise SLR [1.426, 2.116, 3.216]

Compound + Compound + 1320, 1296 [1.216, 1.726, 2.476] & 12
Sea level rise SLR [1.636, 2.326, 3.426]

*With/out dredging protocols from the U.S. Army Corps of Engineers (USACE). STombigbee River (USGS 02469761) and Alabama River (USGS 02428400). *Water level referenced
with respect to NAVD88. SLR projections under RCPs 4.5 & 8.5; percentiles [5th, 50th, 95th] are originally reported with respect to the local mean higher high water datum

(Kopp et al., (2017).
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FIGURE 3 | Model calibration of Mobile Bay at tide-gauge (NOAA) stations: (A) Dauphin Island, (B) East Fowl! River, (C) Dog River, (D) Mobile State Docks, (E)
Weeks Bay, and (F) Coast Guard Mobile. Observed (black solid line) and simulated water levels (blue dashed line) correspond to Hurricane Ida (Aug/Sep 2021).
Model performance is evaluated in terms of Root-mean squared error (RMSE), Nash-Sutcliffe efficiency (NSE), and Kling-Gupta efficiency (KGE).
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On the other hand, our results show that the average tidal
range along the dredged channel increases by a factor of ~1.1
for all scenarios with respect to those with current bathymetry.
In general, channel dredging increases WD and so reduces
the effects of bottom friction leading to an increase of tidal
amplitudes. Similarly, other studies around the globe have
reported an increase of tidal range associated with channel
dredging in riverine-estuarine systems including the Modaomen
estuary (Cai et al,, 2012), EIb and Ems estuaries (Winterwerp
et al, 2013), Rhine-Meuse delta (Vellinga et al., 2014), Loire
estuary (Jalon-Rojas et al., 2016), Cape Fear River (Familkhalili
and Talke, 2016), Hudson River (Ralston et al., 2019), among
others. Next, we compute bottom or ‘underkeel’ clearances (U) in
the MB channel, i.e., vertical difference between mean WD and
draft vessel (Equation 2), and identify control stations where U is
at least 2 ft (0.61 m). This threshold-value prevents any potential
damages to vessels (e.g., hulls, rudders, and propellers) due to
bottom channel irregularities.

U=WD-D=WSE-BL-D ©)

where WD is calculated in terms of WSE and bed level (BL), and
D is the static-draft vessel obtained from technical specifications
and/or manual of operations. Negative U-values indicate shallow
waters that impede vessel navigation especially in upstream
riverine channels. We estimate U-values for each scenario based

on the largest vessel registered in Mobile Harbor (e.g., draft-
vessel of 47.5 ft (14.48 m) according to the USACE (2019) and
then analyze the compound effects of flood drivers and channel
dredging on navigation (Figure 4E). The current dimensions of
the channel allow vessels to navigate between the MB entrance
and Mobile Port (A11 to A3) under each scenario. Yet, vessel
navigation is compromised on shallow waters (e.g., 40 ft
(12.19 m)) especially over the submerged Bankhead and Wallace
Tunnels located upstream control station A3. Nevertheless, the
authorized dredging protocols between control stations All
to A3 help increase U-values up to 4.39 m in average for all
scenarios with respect to the threshold value, or alternatively
by a factor of 3.33 with respect to the baseline scenario without
channel dredging. This in turn allows navigation of deeper-draft
vessels well above the safe clearance threshold.

SLR increases WSE along the MB channel and diminishes
the effects of channel dredging on WL profiles (Figures 4B and
Supplementary Figure 1A). Particularly, WL profiles computed
with current bathymetry and dredging protocols show negligible
differences and/or almost identical WSEs. Note that we include
the baseline scenario in both figures for a better comparison
among the scenarios with/out SLR. The CF scenario shows the
highest WSE which in turn reduces the vertical clearance of Bay
Bridge (44 m) by 1.72 m and 2.31 m under RCP 4.5 and 8.5,
respectively. Regarding tidal ranges, SLR diminishes the effects
of high RF on tidal damping along the Mobile River (A1 — A3) as
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compared to the H-H scenario in Figure 4C. This in turn makes
the CF scenario the most extreme showing the highest WSEs at
any control stations and the surrounding wetlands (see Section
3.4). Furthermore, SLR increases the tidal amplitude of M-M and
H-H scenarios and as a result the tidal range along the Bay (A3 -
Al1) is close to that of the CF scenario under both RCP 4.5 and
8.5 (Figures 4D and Supplementary Figure 1B, respectively).
Overall, tidal range in MB increases in landward direction except
for the H-H scenario where the nonlinear interactions of SLR,
tides, and RF contribute to frictional damping of the tide as
observed at control station Al (e.g., ~0.4 m and 0.55m for RCP
4.5 and 8.5, respectively). The effects of SLR on tidal dynamics
are complex as they result from nonlinear interactions among
forcing drivers, estuarine morphology, fluid properties, and
friction factors. A comprehensive modeling approach of estuarine
tidal response to both rising sea levels and RF scenarios showed
that tides are either attenuated in short estuaries characterized
by low tidal ranges or amplified in prismatic and converging
estuary types (Khojasteh et al., 2021a; Khojasteh et al., 2021b).
Specifically, our results suggest that SLR will increase tidal range
along the navigational channel (e.g., 9.9 cm for M-M scenario
and under RCP 4.5 and 8.5, respectively) and agree well with
similar studies conducted in the Gulf of Mexico (e.g., an increase
up to 10.0 cm under the 2100-high scenario (Passeri et al., 2016)).

Yet, tidal response to SLR may vary in space and so experience
localized attenuation or amplification with tidal amplitudes not
proportional to the changes in mean sea level (Pickering et al.,
2012; Lee et al.,, 2017; Palmer et al., 2019). Lastly, we analyze the
compound effects of SLR, flood drivers, and channel dredging
on vessel navigation and estimate that U-values increase up to
5.83 m and 6.43 m in average for all scenarios with respect to the
threshold value, or alternatively by a factor of 4.20 and 4.60 with
respect to the baseline scenario without channel dredging and
under RCP 4.5 (Figure 4F) and 8.5 (Supplementary Figure 1C),
respectively.

3.3.2 Navigation Charts

To further analyze the compound effects on navigable waters,
we generate navigation charts with contour lines of mean
WESE at selected control stations (Figure 5). We use the Latin
Hypercube Sampling technique (Helton and Davis, 2003) to
generate 200 combinations of RF and WL forcing and then
conduct model simulations in parallel by leveraging a high-
performance computing system. The upstream and downstream
BCs represent realistic statistical scenarios for MB (Table 3) and
include maximum and minimum observed tides in Dauphin
Island station from NOAA’s Tide and Currents web portal. We
fill gaps between contour lines and create a smooth navigation

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 906376


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Mufioz et al.

Compound Effects Alter Inundation Dynamics

Water Level [m]

E
2
K}

Water Surface Elevation [m]

Water Level [m]

River Flow [m’/s]

Vessel damage-Safe clearance-Minor flooding-Moderate flooding-Major flooding

FIGURE 5 | Mean water surface elevation (WSE) as a function of upstream
and downstream forcing conditions and dredging protocols. Black contour
lines represent WSE obtained from M-M (baseline), H-H, and CF scenarios
at selected control stations in the Mobile Bay channel: A2 (A-C), A3 (D-F),
and A11 (G-l). Gray lines represent threshold values for safe navigation and
hazard zones (color bar). Left, middle, and right panels show WSE simulated
with current mean sea level, and sea level rise projections under RCP 4.5 (50"
percentile), and RCP 8.5 (50" percentile), respectively.

chart using the ‘scattered Interpolant’ function with a nearest-
neighbor interpolator available in MATLAB. Results from this
analysis show a gentle (negative) slope for all black contour lines
indicating that mean WSE is more sensitive to changes of coastal
WL than RF for M-M, CF, and H-H scenarios. The latter helps
delineate safe and hazard zones for MB associated with multiple
combinations of BCs. Specifically, the charts show three hazard
zones including a vessel damage area [U< 0.61 m, Equation
(2)], minor flooding (WSE > MHHW + 0.518 m), moderate
flooding (WSE > MHHW + 0.914 m), and major flooding
(WSE > MHHW + 1.829). Minor, moderate, and major flooding
thresholds are derived from pre-established flood categories of
the NOAA’s National Weather Service. In addition, we identify a
safe clearance zone where WSEs are suitable for navigation and
do not represent a flood hazard for the surrounding urban and
natural (wetland) areas.

In general, the CF scenario leads to the highest WSEs at
the selected control stations for both current mean sea level
(Figure 5, left panel) and SLR projections (middle and right
panels) even though RF is ~2.5 times smaller than that of H-H
scenario. This suggests that coastal WL is the dominant flood
driver in MB, and also explains the gentle slope inferred from
the contour lines in the navigation charts. Moreover, the relative
influence of RF on WSE is evident at control stations in the
Mobile River (Figures 5A, D) where the contour lines of H-H
and CF scenarios are almost identical. The effects of SLR on

WSE are also evident in the navigation charts since changes in
mean sea level shift the contour lines in upward direction, and as
a result both H-H and CF scenarios trigger minor or moderate
flooding (Figure 5, middle and right panels). It is worth noting
that wetland areas can act as natural buffers dissipating storm
surge at a rate of 1.7 to 25 cm/km (Leonardi et al., 2018) and
minimize flood risks and damages associated with coastal storms
and/or SLR (Rezaie et al., 2020; Sun and Carson, 2020). In that
regard, existing wetland areas next to the Mobile River channel
(~34.38 km?) might have altered the propagation of extreme
WL and RF and reduced WSEs in the MB channel (Figure 5,
left panel). Likewise, wetland losses due to SLR under RCP 4.5
(~88%) and RCP 8.5 (~91%) might have reduced the storm surge
attenuation capacity of the system in spite of a sediment accretion
rate of 6 mm/year in MB. The latter in addition to extreme WLs
associated with the SLR projections progressively increase WSEs
(Figure 5, middle and right panels). From a decision-make point
of view, local stake holders and policy makers can benefit from
the proposed charts as they allow for an integrated navigation
and flood hazard assessment given a combination of BCs,
dredging protocols, and SLR projections. Next to the proposed
CF scenario, the navigation charts can be modified or updated
to account for events with larger return periods (> 50-year) and
other RCPs (e.g., 2.6 and 6) projected by mid- or at the end of
the 21 century. Likewise, similar charts can be generated at
any locations (or control stations) in the study area based on
simulated WSE and forcing conditions.

3.4 Compound Effects on Wetland
Inundation Dynamics

We construct PDFs of wetland inundation (Figure 6) using flood
composites around the Mobile River and the underlying future
wetland distribution (see Section 2.2.2). The composites of each
scenario represent maximum WSEs simulated for a 15-day period
(spring-neap tidal cycle) with/without bathymetric (channel)
modification. We consider WSE data with a temporal resolution
of 15 min and pixel-resolution of 60 m x 60 m to ensure a uniform
spatiotemporal sampling and interpolation over wetland areas
(Figure 1B). The PDFs are constructed using a kernel density
function to circumvent any erroneous inferences/assumptions
of data distribution. Results from this analysis suggest that flood
drivers and channel dredging do not alter wetland inundation
dynamics, specifically for scenarios with low to moderate RF
regimes (e.g., L-L, M-M, and CF) as their PDFs are almost
identical (Figure 6A, solid vs. dashed lines). Maximum WSEs of
L-L, M-M, and CF scenarios are centered around 0.45 m, 0.45 m,
and 0.6 m, respectively, and do not represent a flood hazard for
the surrounding areas. In contrast, the PDFs of H-H scenario
are centered around 0.75 m and 0.95 m suggesting that channel
dredging can reduce minor riverine-induced flooding over
adjacent wetlands. This in turn may influence fresh and saline
water dynamics, hinder sediment transport and deposition, and
limit nutrient availability necessary for wetlands to grow (Allison
and Meselhe, 2010; Kirwan et al., 2010; Alizad et al., 2016). In
general, dredging protocols enhance the hydraulic conveyance
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capacity of riverine systems (Ralston et al., 2019; Saad and Habib,
2021) and the latter is more evident in MB for scenarios with
high RF regimes (95% percentile, Table 3). Changes in mean sea
level due to SLR diminish any effects of channel dredging on
wetland inundation dynamics and shift the PDFs beyond pre-
established thresholds into moderate (Figure 6B) and major
flooding zones (Figure 6C). Also, note that those PDFs resemble
a multimodal distribution which is likely attributed to maximum
WSEs in lower, intermediate, and upper wetland zones that are
more and less exposed to SLR and flood drivers.

Next, we analyze wetland inundation patterns associated
with (i) SLR projections (Figure 7) and (ii) channel dredging
(Supplementary Figure 2). For the first analysis, we compute
maximum WSEs for each scenario under RCP 4.5 and 8.5 and
then calculate residuals with respect to the M-M scenario. In that
sense, we can meaningfully compare flood composites with respect
to each other and against the baseline scenario. We identify non-
inundated areas next to the Mobile River channel (A2 - A3) where
residuals are practically negligible regardless of the scenarios with
flood drivers and SLR projections (e.g., dark blue color). These
areas comprise a number of cargo terminals as well as urban
and industrial areas that are hardly exposed to flooding due to
high terrain elevations (> 5 m, NAVD88 datum). Wetland areas
located in-between bays, ponds, and tidal channels are exposed to
extreme WLs and thereby periodically flooded. Nevertheless, we

identify a common inundation pattern characterized by a plain
(average) residual in the background and a number of ‘hot spots’
in which the residuals are higher. For example, M-M scenarios
under RCP 4.5 and 8.5 show a residual background and hot spots
of ~0.75m - ~1.25 m (Figure 7A) and ~1.5 m - ~2 m (Figure 7B),
respectively. Likewise, H-H scenarios show a residual background
and hotspots of ~1 m - ~1.5m (Figure7C) and ~1.75m - ~2.25m
(Figure 7D). Yet, the highest residuals are seen in CF scenarios
under both SLR projections. Residual background and hot
spots for RCP 4.5 and 8.5 are ~1.25 m - ~1.75 (Figure 7E) and ~2
m - ~2.5 m (Figure 7F), respectively. Note that the combination
of flood drivers, channel dredging, and SLR leads to a non-
linear increase of WLs, which in turn helps explain the complex
patterns observed in tidal channels and interior bays and ponds.
For the second analysis, we set scenarios generated with current
bathymetry as ‘reference’ flood composites and then compute
residuals of maximum WSE after channel dredging. L-L and
M-M scenarios show positive residuals (~0.10 m) indicating a
slight increase of WLs in small tidal channels and interior ponds
(Supplementary Figures 2A, B). Yet, residuals over adjacent
wetlands are negligible confirming that channel dredging and
scenarios with low to moderate flood drivers do not alter wetland
inundation patterns. Likewise, residuals under the CF scenario
are negligible as a result of extreme WLs that elevate WSE in
the system and diminish the effects of RF on tidal damping
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(Supplementary Figure 2D). In contrast, the largest negative
residuals (~0.40 m) result from the H-H scenario suggesting that
channel dredging increases Mobile River’s hydraulic conveyance
capacity and reduce WLs in the surrounding wetlands
(Supplementary Figure 2C).

Coastal wetlands in MB are vulnerable to rising waters
already observed in Dauphin Island (e.g., 4.25 mm/yr, NOAA
ID: 8735180). Our results suggest that SLR will affect the
dynamics between tides and freshwater inflow and permanently
inundate wetland regions under RCP 4.5 and 8.5 (e.g., above
moderate to major flood thresholds, respectively). Marshes
can cope with SLR and adapt to changes in sediment supply
by migrating to upland areas (Alizad et al., 2016; Kirwan et al.,

2016; Schieder et al., 2018), however the marsh migration tool
(used here as a proxy of future wetland distribution) predicts
considerable wetland losses next to the MB channel under the
proposed SLR scenarios (https://coast.noaa.gov/slr/). Although
the tool accounts for a sediment accretion rate of 6 mm/year
based on field studies (Smith et al., 2013; Runion et al., 2021),
it also neglects the effects of erosion and urbanization over
time. We argue our ‘hybrid’ physics-informed and statistical
modeling approach can be improved for future studies by
integrating ecological and morphodynamic feedbacks, and
thereby providing a comprehensive assessment of estuarine
dynamics to SLR and wetland dynamics (Khojasteh et al., 2021b;
Kumbier et al., 2022).
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4 CONCLUSIONS

Engineering projects are often designed to handle isolated physical
hazards. Ignoring compound hazards and their effects can
compromise the feasibility and life-cycle of these projects. In this
study, we analyze the compound effects of SLR, flood drivers, and
channel dredging on vessel navigation and wetland inundation
dynamics in Mobile Bay, AL. We hypothesize that dredging protocols
will have influence vessel navigability depending on the flood drivers
(e.g. fluvial, coastal, and compound) and morphology of estuarine
and coastal systems. Also, we expect that flood regimes in addition
to SLR will affect wetland dynamics and alter inundation patterns
with negligible influence of channel dredging when compared
to any baseline conditions (e.g., mean flood regime and current
channel bathymetry). To test these hypotheses, we first develop two
2D hydrodynamic models with current and modified bathymetric
data that reflect pre- and post-dredging conditions, respectively.
The models are rigorously calibrated to infer suitable roughness
coefficients that capture WL variability of both non-extreme events
and an extreme event in form of hurricane Ida that hit the Gulf Coast
ofthe U.S. on Aug/Sep 2021. We then conduct statistical analyses and
derive a set of scenarios representing a range of WL and RF forcing
conditions including low, mean, and high regimes. In addition,
we consider SLR projections by the end of the century under RCP
4.5 and 8.5. Since the forcing drivers are statistically dependent
(p-value < 0.05), we conduct a bivariate copula-based analysis to
derive a compound flood scenario representing a 50-year return
period. To account for SLR impacts on wetland spatial distribution
and elevation, we leveraged the “marsh migration tool” from the
NOAASs Sea Level Rise Viewer. The tool helps delineate wetland
regions resulting from local SLR projections and a set of average
accretion rates based on local marsh conditions. We calculate
the total accumulated sediment over future wetland regions for
each SLR projection, and then modify topobathy data of MB and
spatial Manning’s roughness values accordingly. Lastly, we run
hydrodynamic simulations based on the statistical scenarios and
generate (i) longitudinal profiles along the channel, (ii) navigation
charts for safe navigation and flood hazard assessment, (iii) PDFs
of wetland inundation, and (iv) flood inundation patterns over the
channel and adjacent wetland areas.

Results show that channel dredging slightly reduces WSE
in all scenarios. and increases tidal range by a factor of 1.1 due
to a reduction of frictional resistance associated with channel
deepening. Yet, SLR elevates WSE along the channel and increases
underkeel clearances by a factor of 4.2 and 4.6 under RCP 4.5
and 8.5, respectively. Although rising waters ensure an optimal
navigation preventing any physical damages to vessels (e.g., hulls,
rudders, and propellers), they also shift WSE into flood hazard
zones (WSE > 0.87 m) triggering minor to major flooding in the
surrounding urban and wetland areas. PDFs of wetland inundation
indicate that channel dredging can reduce minor riverine-induced
flooding over these coastal ecosystems. Moreover, channel dredging
enhances the hydraulic conveyance capacity of riverine systems
and the latter is more evident for scenarios with high RF regimes.
Nonetheless, SLR diminishes any effects of channel dredging on
wetland inundation dynamics and shift the PDFs beyond pre-
established thresholds for moderate and major flooding. Although

wetland inundation patterns are complex to interpret, we identify
a common pattern characterized by a plain (average) WSE residual
in the background and a number of ‘hot spots’ in which those
residuals are higher. These complex patterns are attributed to
nonlinear interactions among flood drivers, channel dredging, and
SLR. Based on these results, we recommend integrated analyses
in other ports and harbors of the world that account for those
compound effects on vessel navigation and wetland inundation.
Particularly, the connections among compound flooding, climate
change, and current engineering practices for harbor maintenance
(e.g., channel dredging) can provide insights into environmental-
friendly solutions for increasing cargo transportation.
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Supplementary Figure 1 | Profiles along control stations (A1 to A11) in the
Mobile Bay channel with current bathymetry (solid line) and after channel
dredging (dashed line). The scenarios consider mean river flow (RF) and mean
sea level (M-M scenario), low RF and mean lower low water (L-L), high RF and
mean higher high water (H-H), and Compound flood (CF) with sea level rise
projections at Dauphin Island. Profiles show (A, B) mean water surface elevation
(WSE), (B, C) mean tide range, and (C, D) underkeel clearance (U) for safe
navigation. Shaded bands indicate WSEs and U-values between 5" and 95"
percentiles. Left bottom corner shows a schematic of a draft-vessel and the
associated clearance.

Supplementary Figure 2 | Residuals of maximum water surface elevation
between scenarios with current bathymetry and after channel dredging. The
residuals are calculated for (A) Low-Low, (B) Mean-Mean, (C) High-High, and
(D) Compound flood scenarios.
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