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Abstract
A model-based assessment of the response of mean salinities to relative sea level rise (RSLR) in a brackish floodplain region 
is presented. The study area is located on the Gulf coastal region of Louisiana which is experiencing some of the highest 
rates of relative sea level rise in the world. A two-dimensional modeling approach is developed, and the local hydrodynamic 
model is well calibrated for scenario testing purposes. Numerous alternative scenarios of RSLR are evaluated to simulate 
the salinity response in both the open water and adjacent floodplain areas under a range of wetland roughness and dispersion 
factors. The analysis reveals key insights on the mean salinity response patterns to RSLR including the sensitivity to dete-
rioration of wetlands and offshore boundary conditions. Also developed are expressions describing the qualitative nonlinear 
response. A novel partitioning strategy is also employed in the simulation trials to analyze the effect of various accretion 
deficit scenarios on the nonlinear RSLR-induced salinity response. The analysis shows that the fraction of the floodplain 
which is able to keep pace with RSLR has an effect an order of magnitude larger than transport parameters associated with 
marsh deterioration on the RSLR salinity response. Sites exhibiting sustained accretion surpluses over the long term are able 
to keep pace and would likely contribute to greater overall resilience to future RSLR-induced salinity changes. The robust 
scenario analysis and findings of this study are widely applicable to the global challenge of managing the effects of RSLR 
in coastal wetland areas.
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Introduction

Relative sea level rise is a critical challenge facing coastal 
regions worldwide (Church and White 2011). Ambient sea 
levels play a role in coastal flood risk management and are 
a significant driver of coastal wetland ecosystem dynam-
ics (Morris et al. 2002). Sea level rise and inland salinity 
encroachment have been identified as key processes which 
can accelerate coastal land loss (Reed et al. 2020). Salin-
ity levels and various forms of hydrologic stress (e.g., pro-
longed inundation) affect wetland population dynamics. 
These interacting factors affect growth, reproduction, mor-
tality, and ultimately wetland species persistence (Spalding 
and Hester 2007; Pathikonda et al. 2008). Moreover, salinity 

affects estuarine fish population dynamics and inland salin-
ity encroachment threatens the future availability of fresh-
water supplies used for irrigation and drinking (Sunde 
et al. 2018; Krvavica et al. 2012). As such, the relationship 
between future sea level rise and salinity is a critical factor 
in coastal protection, ecological, and water resource man-
agement resiliency (Rice et al. 2012).

Numerous studies have addressed the link between rela-
tive sea level rise and future salinities (Hong and Shen 
2012; Vargas et al. 2017; Bhuiyan and Dutta 2012). Process- 
based mathematical models have been successfully  
used for these purposes. A three-dimensional (3-D) hydro-
dynamic model was used to assess the relative sea level rise 
(RSLR)–induced salinity response in the Wu River estuary 
in Taiwan (Liu and Liu 2014). 3-D modeling was also used 
to study this response under high and low flow regimes with 
an emphasis on the growth rates of oysters in Apalachicola 
Bay (Huang et al. 2015). Yang et al. (2015) similarly used a 
3D modeling approach (FVCOM) to study changes involv-
ing RSLR-induced salinity response coupled with land use 
and river inflows in the Snohomish River estuary. Recently, 
a two-layer approach was employed to study saltwater wedge 
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dynamics in the Neretva River estuary (Krvavica and Ruzic 
2020). Shallow estuaries are often well approximated with 
2D analysis depth-averaged approaches as was recently dem-
onstrated by Vargas et al. (2017) in their study on the RSLR-
induced salinity response in the Ria de Aveiro estuary. Thus, 
physics-based models (having varying spatial resolutions 
based on the study objectives and key system attributes) can 
serve as valuable management tools to quantify the problem 
of RSLR-induced salinization.

The existing modeling literature generally focuses on the 
RSLR-induced salinity responses in the open water compo-
nents of the estuary (i.e., tidal bays and rivers). Additional 
study is needed to investigate the RSLR-induced salinity 
effects in the floodplain areas adjacent to the open water 
bodies in estuaries. This point is salient for inquiry cen-
tered on land loss and sustainability of wetland plant eco-
systems. Such investigations would naturally extend upon 
the rich body of existing research focusing on the primary 
open water hydraulic components. However, the response 
of coastal floodplains to RSLR-induced salinity is not 
straightforward as it will likely depend on biological com-
ponents (e.g., wetland vegetation dynamics) which evolve in 
response to changes in flooding and salinity regimes (Reed 
and Cahoon 1993; Morris et al. 2002). Changes in land-
scape elevations would also likely play a major role in the 
overall response (Reed and Cahoon 1993; Fagherazzi et al. 
2019; Morris et al. 2002). Process-based approaches aimed 
at gaining quantitative insights on the RSLR-induced salin-
ity response in coastal floodplains should begin to account 
for these dynamic factors — a task undertaken in this paper.

The objective is to present a process-based study aimed 
at understanding the sea-level rise salinity response in a 
brackish-water coastal floodplain located in the Vermil-
ion Bay estuary in south-central Louisiana, USA. Coastal 
Louisiana is experiencing some of the world’s highest rates 
of relative sea-level rise, and large-scale interventions are 
being undertaken to mitigate these effects (Jankowski et al. 
2017; White et al. 2019a, b; Cahoon 2015). One of the chal-
lenges of using physically based modeling to address the sea 
level induced salinity response is the dynamic coastal flood-
plain which responds to persistent changes (e.g., RSLR) by 
deterioration (i.e., vegetation dieback) or by dynamically 
adjusting its elevation to establish a new equilibrium. These 
anticipated adjustments should be factored into a modeling-
based framework. To meet these study objectives, a descrip-
tion of the setup and calibration of a two-dimensional model 
for hydrodynamics and depth-integrated salinities and the 
development of numerous simulation trials aimed at gaining 
quantitative insights into the relative sea-level rise/salinity 
response patterns within the floodplains are described. In 
addition to sea level forcing, the scenario trials analyze a 
range of physical parameter combinations (Manning’s n and 
horizontal dispersion coefficients) which are generally well 

correlated with wetland vegetation characteristics affecting 
saltwater transport within floodplain habitats. An exami-
nation is also made on the role of the accretion deficit in 
shaping the RSLR-induced salinity response by quantita-
tively investigating the role played by dynamic elevation 
adjustments.

This paper is organized in the following manner. In 
“Methods,” the setup is described along with the field data 
collection and calibration efforts, as well as the methodology 
for the simulation trials. In “Results,” the scenario results 
and analysis are presented and in “Discussion” is a summary 
of the findings from the study, modeling uncertainties, and 
offer topics for future research. “Conclusions” presents the 
main conclusions of this study.

Methods

A two-dimensional hydrodynamic and salinity modeling 
approach is employed to analyze various alternative sce-
narios which simulate the sea-level rise salinity response in 
the Avery Island, LA coastal wetlands. Notably, analysis of 
gauge records suggests that Louisiana is subject to some of 
the most rapid sea level rise rates in the world (Penland and 
Ramsey 1990).

Description of the Study Area

The Avery Island study area is located in the subtropical 
Teche/Vermilion basin of coastal Louisiana (Fig. 1). This 
region receives discharge from rainfall-runoff emanating 
from watershed areas located upstream (tributary points 
labeled Q1,… ,Q5 ) as well as tidal influence via Vermilion 
Bay located to the south. The overall watershed area encom-
passes 519 km2 of total drainage area. The upland portions 
of this watershed study region are primarily dominated by 
agricultural land use (60–65%) based on GIS analysis of 
land cover data. Field visits further suggest that the remain-
ing land uses include aquaculture and rice production and 
relatively small urban areas clustered around municipal cent-
ers as well as wetlands which dominate the areas southward 
of the coastal zone boundary (CZB). The wetland plant types 
vary from cypress-tupelo swamps (observed in field visits) 
along the northerly fringe of the coastal zone while transi-
tioning to the dominant marsh species (e.g., Schoenoplectus 
americanus and Spartina patens based on floristic quality 
indices at Coastwide Reference Monitoring System (CRMS) 
stations 511 and 531 moving southerly towards Vermilion 
Bay. Soils are generally poorly drained (e.g., Jeanerette silt 
loam and silty clay loam) based on evaluation of soil data 
(USDA 2021). Yearly precipitation at the nearby Acadiana 
Regional Airport Cooperative Station National Climatic 
Data Center site averages 152 cm. Fontenot (2004) suggests 
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that yearly reference evapotranspiration generally ranges 
between 120 and 140 cm in Louisiana.

Salinities below the coastal zone are influenced not only 
by local hydrology but also by runoff occurring at the Atch-
afalaya River (ARD) and Wax Lake Outlet (WLO) deltas 
located to the east (Mossa 2016). Review of the Cypremort 
Point tide gauge salinities in Vermilion Bay suggests that 
the outflow plume generally meanders westward with the 
alongshore current and greatly affects salinities in the bay. 
Evaluation of discrete field data collected by the author since 
2014 suggests that salinities in the study area typically range 
from 0 to 2 psu from winter through the early summer peri-
ods with an increase occurring in mid-summer as a result of 
the receding WLO/ARD freshwater plume. Higher salinities 
prevail during the fall with values often ranging from 2 to 
5 psu particularly when discharge is at a minimum on the 
Atchafalaya River with locally higher spikes during droughts 
and storm surge events. The tide gauge data suggests that 
tidal amplitudes are on the order of 50 cm during a com-
mon tide cycle, although local weather patterns (e.g., frontal 
systems, tropical storms) play a significant role in local tidal 
water level variations.

The floodplains consist of emergent vegetation including 
cypress-tupelo swamp along the limnetic upland fringe with 
the typical transition to common marsh plant species moving 
along a seaward trajectory (Visser et al. 2000). A review of 
the available CRMS (stations 511 and 531) vegetation data 

suggests the existence of a gradient of marsh types rang-
ing from oligohaline (0.5–5) near the CZB to mesohaline 
types (5–18) occurring along the downstream fringe near 
Vermilion Bay.

An extensive network of open channels exists across the 
floodplain regions. GIS measurements show the top widths 
of the primary channels generally range from 15 to 120 m, 
and field measurements suggest channel depths of 1.5 to 
4 m. The channel network has been extensively altered over 
the years to facilitate more rapid drainage of runoff from 
adjacent agricultural and municipal lands. The most typi-
cal types of hydro-modifications of the main flow paths are 
straightening and dredging of natural channels as well as 
the placement of spoil banks along dredged reaches. The 
spoil banks feature prominently in the region and heights 
of 2 m above adjacent grade are common (based on GIS 
review of elevation data). In addition to local drainage, the 
channel network has also been altered for navigation. The 
navigation interests are mostly related to the heavy oil and 
gas production and mining industries and offshore explo-
ration and commercial fishing activities which are present 
in the area. Of considerable local interest and geomorpho-
logical relevance are the prominent geo-topographic features 
associated with the salt-dome islands (e.g., Jefferson and 
Avery Island) as well as Lake Peigneur located adjacent 
to Jefferson Island (Hernandez et al. 1976). Lake Peigneur 
was historically 2–3 m deep prior to an infamous salt mine 

Fig. 1   (a) Overall study area 
relative to the Atchafalaya 
Basin. The circles represent the 
Wax Lake Outlet (WLO) and 
Atchafalaya River Delta (ARD) 
freshwater outflow points whose 
plume influences salinities in 
the area. (b) Vermilion Bay 
closer view of the study area 
showing the regional hydrology 
model limits and local hydro-
dynamic model domain(s). 
TG-1 (USGS 07387050) and 
TG-2 (USGS 07387040) are 
tide gauges used to provide 
downstream boundary condi-
tions for the local model. (c) 
Local hydrodynamic model 
mesh, Louisiana coastal zone 
boundary (CZB) limits and key 
geographic features. The crosses 
indicate tributary inflow points 
provided by the regional hydrol-
ogy model while black squares 
represent gauges used in the 
calibration effort
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collapse of 1980 which abruptly deepened and expanded the 
southeastern corner of the lake considerably (Autin 2002).

Modeling Approach

Two MIKE 21 numerical models were deployed for the anal-
ysis — a regional watershed model to capture the rainfall-
runoff hydrology and a local model having a higher spatial 
resolution for the area of interest. MIKE 21 has been widely 
used to study salinity circulation in the adjacent Chenier 
Plain of coastal Louisiana (Miller and Meselhe 2007). The 
sole purpose of the regional model was to generate rainfall 
runoff hydrographs from the contributing watershed areas 
upstream of the main study area, and salinity was not simu-
lated with this model. Rainfall-runoff was generated using 
a rain-on-grid (RoG) approach. This method allows for the 
specification of hourly inflow boundaries to the local model 
in the absence of discharge measurements in this area. The 
use of MIKE 21 to simulate the overland hydrology also 
avoids some of the difficulty associated with deploying more 
traditional hydrologic models (e.g., HEC-HMS) in extremely 
flat coastal regions. In these areas, key parameters such as 
time of concentration and unit hydrograph peaking factors 
may not be well defined. The regional model was extended 
upland all the way to the watershed boundary so as to cap-
ture all rainfall-runoff inflows. Hence, no additional bound-
ary inputs were required in this model.

The local MIKE 21 model also conformed to the regional 
watershed boundaries but was confined to the lower por-
tions surrounding the coastal zone where a higher resolu-
tion is appropriate. Given the nested spatial configuration 
of the two models, future adjustments of the coastal zone 
boundary can be reflected by moving the upland extents of 
the local model further inland. The runoff hydrographs at 
the handoff points can thusly be easily adjusted for the new 
configuration. This approach provides flexibility in imple-
menting future boundary conditions at the upland/coastal 
interface which can be difficult in ungauged low-gradient 
systems such as this one (Saad et al. 2020). The local model 
analyzes both hydrodynamics and salinity transport which 
are the main focus of this study. The shallow water model 
approximation, advection–dispersion transport model, and 
numerical integration procedures employed in MIKE 21 
have been described by others elsewhere (e.g., see (DHI 
2017)).

Model Setup

The study area projected coordinate system was taken 
as Universal Transverse Mercator (UTM) zone 15. The 
regional hydrology model occupies an area of 519.4 km2 
and consists of square grid cells having a resolution of 
Δx = Δy = 100  m for a total of 51,943 computational 

points. The local hydrodynamic model consists of 62,467 
computational points having a structured mesh resolution 
of Δx = Δy = 63 m. The local model north–south extents 
were selected to encompass the current CZB while extend-
ing into Vermilion Bay far enough to provide a suitable 
boundary condition. The east–west extents were based 
on a watershed delineation using GIS analysis based on 
5 m × 5 m light detection and ranging (LiDAR) digital 
elevation model contours (Cunningham et al. 2004). Mean 
land elevations in the local hydrodynamic model are 0.54 
± 1.44 m NAVD 88 G99.

Above-water ground elevations were resampled from 
available LiDAR DEM. Underwater bathymetry eleva-
tions were inferred based on a review of available naviga-
tion charts (NOAA 2021) and depth measurements taken 
at various access points by the author. These datapoints 
coupled with prior studies on similar channels in the sur-
rounding regions were used to inform the manual creation 
of underwater bathymetric contours. For channels narrower 
than the grid spacing, the bottom elevations were selected 
with the goal of preserving the mean cross-sectional area. 
This seamless process also controlled for spurious discon-
tinuities which may occur when implementing automated 
interpolation-based grid generation methods or from the 
resampling process itself. Marsh connectivity was also 
enforced in the resampled grid by inspection of available 
aerial photos, LiDAR, and deployment of a DEM condition-
ing (i.e., “burning”) procedure based on manually delineated 
connection pathways. Spoil banks and road embankments 
were also captured in the manual grid creation process to 
ensure that the resampled grid more accurately reflects key 
aspects affecting the circulation of water and salinity within 
the system.

Since there were no discharge gauges located in the area 
at the time of the study, the regional model was used to fur-
nish instantaneous estimates of rainfall runoff hydrographs 
entering the primary area of interest (local hydrodynamic 
model) at tributary points. Hydrologic losses were lumped 
together as the sum of losses due to evapotranspiration of 
surface waters and infiltration losses into the soil. A sim-
ple uniform and constant loss rate of 5 mm/day was cal-
culated from nearby meteorological measurements applied 
to the Penman–Monteith equation and was applied to both 
regional and local models. This value was also the result of 
an assumption that evapotranspiration was the predominant 
loss mechanism given the poorly drained soil types and rela-
tively frequent precipitation events occurring in this subtrop-
ical area during the summer study period. Flow rates were 
extracted from the regional model at key tributary points 
(Fig. 1) and used as discharge boundary inputs into the local 
hydrodynamic model. Inflow concentrations were assigned 
a background value of 0.05 psu based on review of salinity 
samples taken after several heavy rain events.
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Precipitation inputs into both models were furnished by 
an hourly rain gauge located nearby to the study area (LSU 
AgCenter — Iberia Research Station). This gauge also pro-
vided wind speed and direction information for the models 
on an hourly timescale (Price 2020). Offshore boundary con-
ditions and boundaries on the Gulf Intracoastal Waterway 
(GIWW) for water level (hourly) and salinity (daily) were 
provided by available measurements at nearby tide gauges. 
Given the influence of the Atchafalaya outlets on Vermilion 
Bay salinities, the salinity time series in Vermilion Bay was 
developed as a composite of the United States Geological 
Survey (USGS) salinity readings at the east and west tide 
gauge locations. The model simulation period of analysis 
was May 1, 2020 to October 18, 2020.

Field Data

At the time of this study, two stations featuring publicly 
accessible data were available in the study area at locations 
to serve as water level and salinity calibration points (CRMS 
511, 531). Given the relatively large size of the study area, 
an additional field data collection campaign was undertaken 
by the author. Synoptic samples of conductivity, salinity, 
dissolved oxygen, water temperature, and relative water 
surface elevation as well as estimates for surface flow direc-
tion were obtained. An intensive measurement campaign 
was conducted during the study period from May 1, 2020 
to October 18, 2020. Measurements at three locations (PB, 
LEE, and PA) were taken from bridge structures so as to 
obtain vertical variation in salinities within the water column 
when feasible (Fig. 2). This was done in order to verify the 
well-mixed assumption inherent in the vertically integrated 
MIKE 21 modeling approach being applied for this study. 
Note that additional measurements (not shown) were also 
taken on the tributaries beyond the coastal zone boundary 
to estimate the upstream limits of the local hydrodynamic 
model based on consistently fresh salinity readings.

The salinity, temperature, and dissolved oxygen meas-
urements were taken using a handheld YSI-556 multi-
parameter water quality sonde, and in most cases, top and 
bottom salinities were measured along with vertical pro-
files when water velocities did not prevent accurate pro-
filing from occurring. The relative water surface eleva-
tions were measured directly via top-of-water tape-down 
estimates which converted to water surface elevations 
where feasible based on manual review of geo-referenced 
raw LiDAR points and measurements taken at the sites. 
A total of 298 sampling visits were taken yielding 126 
discrete stage measurements and 494 top and bottom salin-
ity samples, including 49 full-depth salinity, temperature, 
and dissolved oxygen profiles (0.61-m increments at 
location “PB”). The discrete salinity and water surface 
elevation measurements were used to calibrate the local 

hydrodynamic model supplemented by the continuous 
CRMS measurements (Coastal Protection and Restoration 
Authority (CPRA) of Louisiana 2021). Depth soundings 
at approximately mid-channel were inferred at each site 
where salinity profiles were collected during each visit 
as a result of the profiling routine. The soundings were 
checked via tape-down measurements taken during slack 
water periods.

The region was affected by storm surge from the pas-
sage of two hurricanes — Laura and Delta during the latter 
half of the study period. Salinities at the sample points 
were mostly well mixed, but location PB became moder-
ately stratified for several weeks after the first hurricane 
(estuarine Richardson number 0.3–0.5). All salinity meas-
urements were converted to depth-averaged estimates for 
the sake of consistency in calibrating the salinity model. 
Given the shallowness of the system and relatively low 
levels of salinity stratification observed at most field sam-
ple locations except immediately following a hurricane 
storm surge, the two-dimensional depth-averaged mod-
eling approach was sufficient for the purposes of the study.

Fig. 2   (a, b) Field measurements (red crosses, grey squares and cir-
cles) vs. model outputs (black solid lines) at location “PB.” (a) Stage 
simulation vs. stage measurements (red crosses). (b) Simulated depth-
averaged salinities vs. top (gray squares), bottom (gray circles) and 
depth averaged measured salinities (red crosses). Names in quotes 
refer to hurricanes which affected the study area in 2020. (c) Recent 
trend in annual mean gauge heights for the nearby tide gauge TG-2 
(see Fig. 1 for the gauge location)
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Model Parametrization

Beyond the upstream tributary inflows (from the regional 
hydrology model) and offshore boundary forcing condi-
tions, the main processes analyzed in the local hydrodynam-
ics model include bed resistance, wind stress, and turbulent 
eddy viscosity. For this study, the main model calibration 
parameter was taken as the bed roughness which is modeled 
in MIKE 21 via the Chezy friction term. Spatially varying 
Manning’s numbers were specified. This approach allows 
for MIKE 21 to implement a depth-dependent (hence time-
varying) spatially distributed bed resistance which is obtained 
via the relationship C = Mh

1

6 . A spatially varying Manning’s 
M map (M = 1∕n where n is the Manning’s resistance value) 
was developed by a simple land–water classification scheme. 
The Freshwater Canal tide gauge (NOAA/NOS/CO-OPS 
8,766,072) was used to establish a mean tide level (MTL) of 
+ 0.15 m NAVD 88 G99, whereby all mesh elements hav-
ing an elevation less than MTL were classified as water with 
the remaining cells classified as land. Land elements were 
assigned a roughness value of n = 0.07 ( M = 14.3 ), and water 
elements were given a value of n = 0.015 ( M = 65 ). The base 
Manning’s n values of 0.07 and 0.015 approximately corre-
spond to vegetated marsh/marsh platform and muddy sea bed 
conditions respectively (e.g., Table 2 in Sullivan et al. (2015)).

The wind stress term was presumed to be the next most sig-
nificant process affecting the hydrodynamics in the area. Wind 
effects are significant in the computation of water stages in the 
area. The time-varying wind stress is implemented in MIKE 
21 using the following sub-model for the wind friction factor:

Here, V  is the time-varying wind speed (m/s) being 
applied, and V0 = 0.0 m/s and V1 = 30 m/s. The recom-
mended values for the wind friction factor are f0 = 0.00063 
and f1 = 0.026 (representative of open sea conditions). To 
simplify the computations, a constant wind friction factor of 
f = 0.021 was employed uniformly across the local hydrody-
namic model domain. A constant flux-based eddy formula-
tion was utilized with the eddy viscosity of E = 3.0 applied 
uniformly throughout the analysis noting that this parameter 
value improved model stability but did not play a major role 
in stage performance overall.

The horizontal dispersion coefficients were the main 
parameters used in calibrating the salinity transport model. 
Salinity circulation within the system is mainly governed 
by transport due to advection and dispersion which models 
additional transport due to the combined effects of unre-
solved flow processes. Such processes include shear due 

(1)f (V) =

⎧⎪⎨⎪⎩

f0,

f0 +
V−V0

V1−V0

�
f1 − f0

�
,

f1,

V ≤ V0

V0 ≤ V ≤ V1

V > V1

to gradients in spatial velocity fields as well as diffusion 
effects due to molecular motions and (more significantly) 
turbulence. A key difficulty in estimating the dispersion 
coefficients when dealing with spatial discretization is the 
characterization of these non-resolved scales which can 
depend significantly on local bathymetry configuration, den-
sity gradients, and wind. As such, the general assumption 
taken in this effort is that the dispersion coefficients should 
vary directly with the model resolution Δx over which larger 
values should correspond with a greater degree of sub-grid 
dispersive effects. As such, the following strategy was used 
to estimate the dispersion coefficients

where Dx is the dispersion coefficient ( m2∕s ), K is a dimen-
sionless constant, and Δx is the grid spacing (m). Dx,min is 
the minimum dispersion coefficient and identical sub-models 
applied for the dispersion coefficient in the y-direction, Dy . 
For this study, K = 0.24 was taken for an effective propor-
tionality constant E of 15.0 which is within the range of 
previous studies in coastal Louisiana (Miller and Meselhe 
2007). A minimum dispersion coefficient was imposed to 
represent dispersive transport which occurs when depth-
averaged velocities become very small — as would often be 
the case in shallow flow across vegetated floodplain wetland 
areas. The minimum value of Dx,min = Dy,min = 0.05m2∕s 
was applied based on suggested typical values for wetland 
areas in a mesoscale tracer study conducted in the Florida 
Everglades (Ho et al. 2009).

Model Skill Assessment

The skill of the model was assessed based on simulated val-
ues compared against instantaneous measurements of water 
level and salinity. In addition to qualitative assessment of 
the model performance and the Pearson coefficient of deter-
mination ( R2 ), the model skill was assessed quantitatively 
using model skill, root mean square error (RMSE), and per-
cent bias (%BIAS) (Fig. 3). Model skill is defined in the 
following manner:

where Xk
model

 represents the modeled value and Xk
obs

 is the 
observed value respectively at time step k . The overbars are 
used to denote the time mean over the number of compari-
sons k = 1,… , L . Skill values range between 1 and 0 with 
one representing perfect agreement and zero representing 
complete disagreement with the observed measurements. 
Mean skill scores for simulated stages are 0.95 with average 

(2)Dx = max(KΔxu,Dx,min) = max(Eu,Dx,min)

(3)SKILL = 1 −

∑L

k=1

�
Xk
model

− Xk
obs

�2
∑L

k=1

����Xk
model

− Xobs
��� +

���Xk
obs

− Xobs
���
�2
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RMSE and %BIAS values of 0.11 m and − 7%, respectively, 
indicating that the model has high skill and performs accept-
ably well for predicting instantaneous stages (Table 1). 
The mean skill, RMSE, and %BIAS metrics for salinity are 
0.76, 0.9 psu, and 11.6%. Overall, the results suggest that 
the model performs acceptably well in terms of simulating 
instantaneous stage and salinity for the purpose of scenario 
testing. Notably, the 5.5-month time period of analysis and 
salinity performance statistics are very comparable to other 
recent work (Vargas et al. 2017) focusing on the RLSR-
induced salinity response.

Description of Alternative Scenarios

The calibrated local hydrodynamic model was applied to 
simulate the RSLR-induced salinity response under various 

alternative conditions. The model simulates depth-integrated 
salinity, water level, depth-integrated velocity, and volumet-
ric flux in both coordinate directions at 62,427 locations 
each representing 63 m × 63 m land parcels. The salinity 
results are reported on an hourly basis while the hydrody-
namic results are reported at a 4-h increment.

The scenario analysis began by defining the area of inter-
est ΩAOI on which comparisons would be made where Ωmodel 
denotes the computational domain; hence, ΩAOI ⊂ Ωmodel . 
Furthermore, the partition ΩAOI = ΩOW ∪ ΩFP is imposed 
where OW and FP denote floodplain grid points classified 
based on elevation relative to the mean tide level. Fur-
ther excluded from subsets of ΩAOI were all points falling 
upland of the coastal zone boundary, points in the offshore 
bay region, and upland points located on the Avery Island 
salt dome. The OW/FP partition was kept the same over the 

Fig. 3   (a) Model performance 
for instantaneous salinity at 
various locations. (b) Scatter-
plots for instantaneous stage (in 
meters NAVD 88 G99)

Table 1   Statistical measures 
of model performance. Stage 
comparisons were restricted 
to the three locations where a 
reliable vertical datum could 
be established. N is the number 
of instantaneous salinity 
comparison points

Location Stage Salinity

SKILL RMSE [m] %BIAS SKILL RMSE [psu] %BIAS N

CRMS-511 - - - 0.93 1.18  − 3% 4153
CRMS-531 0.99 0.06 3% 0.54 2.27 68% 3196
BT - - - 0.69 0.38 9% 37
LEE - - - 0.70 0.48 41% 59
PB 0.92 0.10  − 2% 0.74 0.77  − 12% 83
DB - - - 0.85 0.45  − 11% 53
PA 0.95 0.16  − 21% 0.82 0.80  − 12% 66
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scenarios to facilitate consistency in comparisons between 
future vs. base conditions.

The relative sea level rise effect was simulated by apply-
ing a uniform datum shift to the downstream tidal bound-
ary conditions in discrete step increments. A 1-m range of  
increase in relative sea level was considered noting that  
accelerated rates of RSLR currently exist on the Louisiana  
coast (Tornqvist et al. 2020). Tornqvist et al. (2020) proposed an  
overall present day RSLR rate of 12 mm/year for Louisiana 
while Penland and Ramsey (1990) reported a RSLR rate of 
14 mm/year for the Teche Basin (which includes the study 
area). Boon et al. (2018) suggest a weakly accelerating SLR 
rate is occurring at Grand Isle, LA, located to the east of the 
study area. Assuming a purely linear trend, the projected 
RSLR from 2021 to 2100 (79 years) is 0.948 and 1.11 m using  
the published values from Tornqvist et al. and Penland, respec- 
tively. The 1.0-m endpoint value analyzed in the forthcoming 
RSLR scenarios falls within this range. The 1.0-m value is 
also within the range for long-term (50–100 year) planning 
and performance horizon for coastal management activities 
— although, Fig. 2c suggests this value may be optimistic 
compared to a recent trend in Vermilion Bay (1998–2020).

For each RSLR increment being analyzed, an initial water 
level condition was applied (uniformly in space) having the 
same value as the initial boundary time point. Enforcing 
hydrodynamic compatibility in this way minimizes numeri-
cal instabilities (i.e., “shock”) associated with “warm-up” as 
the numerical model attempts to reach a new equilibrium. 
Initial sensitivity tests comparing scenarios with and without 
a 2-month warm-up period further confirmed that the salin-
ity comparative analysis was not sensitive to the warm-up 
period. After completing these preliminary checks, three 
distinct sets of numerical simulation trials (A, B, and C) 
were developed and are described next.

Trial set A examines sensitivity of RSLR-induced salinity 
change to deterioration of the floodplain vegetation/marsh 
platform (note: edge erosion is not considered). Three values 
of RSLR are considered: + 0.0 m, + 0.2 m, and + 0.4 m. The 
bathtub assumption ignores vertical accretion, and hence, 
the floodplain elevations do not change in response to RSLR. 
The bathtub assumption was imposed in trial set A. Deterio-
ration was modeled by reducing the floodplain Manning’s 
roughness values and increasing the dispersion coefficients. 
On a physical basis, marsh deterioration should correlate 
positively with a reduction in the floodplain net resistance 
and an increase in turbulent dispersivity. To illustrate the 
roughness effects, Shih and Rahi (1982) developed the fol-
lowing expression n = D

2

3X0.5(2g)0.5 relating the Manning’s 
n to the depth D in meters, vegetation density X (1/meter) 
and gravitational acceleration g ( m2∕s ). From this expres-
sion, it can be inferred that reducing the n value by a factor 
of 2 corresponds to a fourfold reduction in vegetation density 
for the same flow depth. When combined with three values 

for composite floodplain resistance ( nFP = 0.07, 0.057, and 
0.04s∕m

1

3 ) and three values of the minimum dispersion coef-
ficient ( DFP = 0.05, 0.10, 0.20m2∕s ), this first set of sensitiv-
ity runs yields a total of 3 × 3 × 3 = 27 combination scenarios 
denoted by A1-A27. The reduced values for Manning’s n and 
increased values for DFP were taken for convenience over a 
range given the highly uncertain nature of predicting future 
deteriorated marsh flow resistance and dispersion regimes. A 
1-month period (July 2020) which featured a modest salinity 
spike was the basis of trial set A.

Trial set B expanded the deterioration analysis in 
set A by analyzing the full range of eleven RSLR val-
ues (+ 0.0, + 0.1, …, + 0.9, + 1.0 m) for (1) base/existing 
parameters ( nFP = 0.07,DFP = 0.05) , (2) reduced hydrau-
lic roughness of the floodplain ( nFP = 0.034,DFP = 0.05) , 
(3) increased dispersion coefficients in the floodplains 
( nFP = 0.07,DFP = 2.5) , and (4) increased offshore salin-
ity boundary by a factor of 2 with base/existing parameters 
( nFP = 0.07,DFP = 0.05) . The rationale for the doubled 
salinity boundary simulation was primarily to test the sen-
sitivity of the RSLR-induced salinity response to future 
boundary uncertainty (e.g., due to droughts). This yields 
four trial groups for a total of 11 × 4 = 44 simulation sce-
narios where the RSLR = + 0.0 m for each group served as 
the basis of the comparison. Expanding the range of RSLR 
values and enhancing the deterioration effects allowed for an 
analysis of the fate of the RSLR-induced salinity curves over 
the long run. For simplicity, the bathtub assumption was also 
invoked in trial set B and the same 1-month period was used 
as the comparison basis. The robustness of the short-term 
response to boundary effects and choice of analysis period 
is also tested by analyzing an increased offshore boundary 
and an extended 3-month period.

The final trial set (C) examines the RSLR-induced salin-
ity response when explicitly taking into account dynamic 
adjustments in vertical elevations of the marsh. This trial 
set took the base/existing parameters for floodplain resist-
ance and dispersion ( nFP = 0.07,DFP = 0.05) while varying 
the RSLR values by + 0.0, + 0.4, + 0.6, + 0.8, and + 1.0 m. 
In the spirit of the process model described in (Jankowski 
et al. 2017), a given floodplain location exhibits an accretion 
deficit when the vertical accretion rate is less than the rate 
of RSLR. Accretion surplus is defined analogously. In the 
absence of a detailed morphological model describing the 
temporal evolution of each elevation point in the domain, it 
was assumed that all sites currently exhibiting an accretion 
deficit would not keep pace with RSLR. The elevation of 
these vulnerable location points was held constant over all 
RSLR simulation scenarios in trial C. In similar fashion, 
sites currently exhibiting accretion surplus were presumed 
to all perfectly keep pace with RSLR. This analysis allows 
for a fixed (constant-in-time) partitioning of the floodplain 
symbol ΩX%

FP
 where X% represents the percentage of areas 
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under an accretion deficit. Noting the technical challenge 
of capturing the spatial configuration of ΩX%

FP
 and the lack of 

accretion measurements spatially representative of the entire 
study domain (CRMS 511 and 531 are the only sites), an 
elevation cutoff criterion was employed based on published 
accretion deficit statistics for proximal regions in coastal 
Louisiana (Chenier Plain to the west, and Mississippi Delta 
to the east). The cutoff was defined by assuming that sites 
having lower elevations are more likely to exhibit accre-
tion deficits compared to marsh sites having higher existing 
elevations.

Three scenarios were developed in trial C corresponding 
to the case where 100%, bottom 65%, and bottom 35% of 
the floodplain marshes are unable to keep pace with RSLR 
respectively (i.e., accretion deficit). The 65% and 35% val-
ues were chosen to approximate the percentage of CRMS 
sites experiencing accretion deficits in the western Chenier 
Plain and eastern Mississippi Delta — see (Jankowski et al. 
2017). The cutoff elevations were established by examin-
ing the cumulative distribution of the existing digital topo-
graphic surface model elevation points comprising ΩFP . The 
cutoff was then used to spatially delineate Ω65%

FP
 and Ω35%

FP
 . 

For the marsh locations keeping pace, the elevations were 
adjusted stepwise by adding to them the incremental RSLR 
values in each simulation scenario. A 5-month period (May 
1, 2020–October 1, 2020) was analyzed in addition to the 
1-month July spike period as was the case in trials A and B.

Results

Trial Set A: Sensitivity to Marsh Deterioration Effects 
in the Short Term

The results show the relative sea level rise of + 0.2 
and + 0.4 m would likely cause an increase in mean monthly 
salinities in open water areas ( �OW

S
 ) by 13% and 26% respec-

tively compared to the base on average when considering the 
results of all scenarios (mean salinity increase). Salinities 
within the floodplain areas ( �FP

S
 ) increase by 57% and 97% 

respectively under the + 0.2 and + 0.4 RSLR scenarios where 
the percent change is based on the same set of floodplain 
grid cells. This result suggests that RSLR can be expected 
to impact salinities in adjacent floodplain habitats to a much 
greater degree than the open waters under the constant eleva-
tion case. For nFP = 0.07, 0.057, and 0.04, when averaging 
over the range of dispersion coefficients the open water areas 
experience increases in mean salinities of 25.6%, 25.9%, 
and 26.9% while the floodplains experience increases of 
100.2%, 96.5%, and 94.4% compared to base when subjected 
to RSLR = + 0.4 m. Conversely, for DFP = 0.05, 0.1, and 0.2, 
when averaging over the range of roughness parameters, the 
open water areas experience increases in mean salinities of 

26.3%, 26.0%, and 26.1% while the floodplains experience 
increases of 99.1%, 95.8%, and 96.3% compared to base 
when subjected to RSLR = + 0.4 m (Table 2).

Trial Set B: Sensitivity to Marsh Deterioration Effects 
in the Long Term

The mean salinity response was analyzed by comparing 
values against the mean water surface elevations relative to 
the current median elevation for the floodplain areas in the 
domain ( Zmed

FP
 = + 0.87 m). This same value for Zmed

FP
 was 

taken as a constant vertical reference to facilitate consistent 
comparisons. The mean water surface relative to floodplain 
is given by HR = How − Zmed

FP
 where How is the mean open 

water surface elevation. The results suggest the existence of 
a nonlinear relationship between RSLR and salinity increase 
with the most drastic changes occurring before RSLR causes 
the mean water levels to exceed the current median flood-
plain elevations (Fig. 4). This nonlinear effect holds across 
all of the deterioration combinations investigated. The 
robustness of these effects was also tested by examining two 
additional scenarios which doubled the offshore boundary 
and extended the analysis period to 3 months. The extended 
period notably included a second salinity pulse associated 
with Hurricane Laura.

When How ≥ Zmed

FP
 , a saturating effect occurs whereby 

increasing relative sea levels no longer correspond with 
increasing salinities. As was the case in trial set A, the 
mean floodplain salinities surpass the mean salinities in the 
open water areas during the land loss progression. Increas-
ing variability in the floodplain salinity response compared 
to the open water areas is also observed. This increase in 
variability is followed by a homogenization of floodplain 
salinities as the conversion their conversion to open water 
is completed (Fig. 4). Since this set of trials assumes the 
entire floodplain is at an accretion deficit, eventually all land 
is lost to RSLR and both salinity mean and variance in the 
floodplain converge to the open water values. Regression 
relationships were developed for the mean salinity response 
in floodplain areas (Table 3).

Trial Set C: Sensitivity to Dynamic Elevation 
Adjustments

Trial set B demonstrates a curvilinear relationship between 
�
FP

S
 and �OW

S
 which shows a saturating behavior when 

HR ≥ 0 . The effect of accretion deficit/surplus on the cur-
vilinear behavior of �S is now analyzed. First note that for 
floodplain areas under an accretion deficit, it is presumed that 
ZFP(x, y, t) = ZFP(x, y) for all RSLR increments. For the other 
floodplain areas, their ability to uniformly keep pace is mod-
eled by applying the rule ZFP(x, y, t) = ZFP(x, y) + SLR(t) . 
The model bathymetry for these areas is updated accordingly 
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for each SLR increment. Here x and y denote spatial posi-
tion, and t denotes a time in the future associated with a step 
increase in RSLR, e.g., SLR(0) = 0.0m , SLR(1) = +0.1m . 
For open waters, the bathymetry is static, and hence, 
ZOW(x, y, t) = ZOW(x, y).

In addition to regional effects, local effects are studied in 
two sub-regions of interest which have the same spatial area 
measurement (Fig. 5(b.1)). These areas correspond to an oil-
field marsh which is currently bisected by oilfield canals and 
spoil banks and a more natural marsh to the east of Avery 
Canal. The hydrodynamic model results are also used to 
approximate the volumetric flux occurring under each sce-
nario. These fluxes are measured across transects located on 
the main tidal inlet (Avery Canal; FTS-2) and another larger 
transect which captures all flux being exchanged across the 
interior domain north of GIWW (FTS-1). The time-varying 
volumetric flow rates are denoted by QFTS−n;i (location and 
scenario denoted by n and i , respectively) and take the sign 
convention of positive flow occurring during rising tide (i.e., 
influx) and negative flow occurring during outflow periods. 
With this convention, the following definitions are made for 

cumulative inflow at a given time t ∈ [0, T] where T  is the 
end time of the simulation:

Here (V+)n,c;i
(
tk
)
 represents cumulative inflow volume 

through transect n under RSLR scenario i at time tk from 
the start of the simulation run. Also, k denotes the model 
output time step k = 0,… , L − 6 , tk = kΔt where the model 
output time increment is Δt = 4 h, and tL = T  . The cumula-
tive outflow is defined analogously and is denoted by the 
symbol (V−)n,c;i

(
tk
)
 . The overbar denotes the application of 

a (forward) daily moving average operator being applied to 
4-h incremental outputs. Increases in cumulative inflow gen-
erally indicates a larger tidal prism and hence an enhanced 
potential for salinity intrusion. Since precipitation rates gen-
erally are comparable to ET in this area, it is expected that 

(4)

(V+)n,c;i
(
tk
)
= ∫

tk

0

max(QFTS,n;i(�)
daily

, 0)d�

≈

k∑
s=0

(
1

6

5∑
p=0

max
(
QFTS,n;i(s + p), 0

))
Δt

Table 2   Summary of mean 
salinity sensitivity to floodplain 
parameter scenarios. The time 
period is the 31-day period of 
July 2020. The results illustrate 
the simulated effects of sea level 
rise under various combinations 
of floodplain parameters (mean 
hydraulic roughness n

FP
 and 

minimum dispersion coefficient 
D

FP
 ) affecting the key transport 

processes of advection and 
dispersion respectively. The 
designation “b” represents 
the base case (zero RSLR) 
for each subgrouping of fixed 
parameters. SE is the standard 
error of the mean

Scenario ID RSLR [m] nFP= 1/MFP[s/
m1/3]

DFP [m2/s] Mean salinity ± 1 SE [psu]

Open water Floodplains

A1-b  + 0.0 0.070 0.05 2.39 ± 0.08 1.62 ± 0.07
A1-1  + 0.2 0.070 0.05 2.70 ± 0.08 2.67 ± 0.10
A1-2  + 0.4 0.070 0.05 3.01 ± 0.08 3.36 ± 0.11
A2-b  + 0.0 0.057 0.05 2.41 ± 0.08 1.71 ± 0.08
A2-1  + 0.2 0.057 0.05 2.71 ± 0.08 2.68 ± 0.10
A2-2  + 0.4 0.057 0.05 3.04 ± 0.08 3.36 ± 0.11
A3-b  + 0.0 0.040 0.05 2.42 ± 0.08 1.75 ± 0.08
A3-1  + 0.2 0.040 0.05 2.74 ± 0.08 2.72 ± 0.10
A3-2  + 0.4 0.040 0.05 3.07 ± 0.08 3.39 ± 0.11
A4-b  + 0.0 0.070 0.10 2.40 ± 0.08 1.71 ± 0.08
A4-1  + 0.2 0.070 0.10 2.70 ± 0.08 2.67 ± 0.10
A4-2  + 0.4 0.070 0.10 3.01 ± 0.08 3.35 ± 0.11
A5-b  + 0.0 0.057 0.10 2.41 ± 0.08 1.71 ± 0.08
A5-1  + 0.2 0.057 0.10 2.71 ± 0.08 2.68 ± 0.10
A5-2  + 0.4 0.057 0.10 3.03 ± 0.08 3.36 ± 0.11
A6-b  + 0.0 0.040 0.10 2.42 ± 0.08 1.74 ± 0.08
A6-1  + 0.2 0.040 0.10 2.74 ± 0.08 2.72 ± 0.10
A6-2  + 0.4 0.040 0.10 3.07 ± 0.08 3.39 ± 0.11
A7-b  + 0.0 0.070 0.20 2.40 ± 0.08 1.70 ± 0.08
A7-1  + 0.2 0.070 0.20 2.69 ± 0.08 2.67 ± 0.10
A7-2  + 0.4 0.070 0.20 3.01 ± 0.08 3.35 ± 0.11
A8-b  + 0.0 0.057 0.20 2.41 ± 0.08 1.70 ± 0.08
A8-1  + 0.2 0.057 0.20 2.71 ± 0.08 2.67 ± 0.10
A8-2  + 0.4 0.057 0.20 3.03 ± 0.08 3.35 ± 0.11
A9-b  + 0.0 0.040 0.20 2.42 ± 0.08 1.74 ± 0.08
A9-1  + 0.2 0.040 0.20 2.73 ± 0.08 2.71 ± 0.10
A9-2  + 0.4 0.040 0.20 3.07 ± 0.08 3.39 ± 0.11
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|V−| ≥ |V+| due to temporary retention of incoming surface 
runoffs from upland areas. The difference in net cumulative 
inflow relative to the base/existing condition is

and the change in net outflow ( ΔVoutflow
n,c;i

(
tk
)
 ) are defined by 

analogy. Ignoring any enhancement of sedimentation/shoal-
ing effects, RSLR generally increases both ΔV inflow

n,c;i

(
tk
)
 and 

ΔVoutflow

n,c;i

(
tk
)
 owing to a RLSR-induced increase in the cross-

sectional flow area at tidal inlets.

(5)ΔV inflow
n,c;i

(
tk
)
= (V+)n,c;i

(
tk
)
− (V+)n,c;base

(
tk
)

Table 4 illustrates the preceding effects noting a general 
increase in tidal inflow and outflow volumes as a result of 
RSLR for the 1-month July spike scenario. Notably, the 
amplification of outflows is nearly an order of magnitude 
larger than the amplification of inflows both for the over-
all system inland (FTS-1) and the channel (FTS-2). By 
the comparison at FTS-1, reducing the accretion deficit 
from 100 to 65% reduces the overall inflow amplification 
from 54 to 48% under the RSLR = + 0.4 m scenario. Under 
this same scenario, reducing the accretion deficit further 

Fig. 4   Mean salinity (psu) in floodplain areas (red solid lines) and 
open water areas (black solid lines) for a range of sea level rise sce-
narios for the 1-month period (July 2020) which featured a 2-week 
salinity spike. The various cases represent (a) effects using base 
calibration parameters ( nFP = 0.07,DFP = 0.05 ), (b) effects under 
reduced floodplain roughness ( nFP = 0.034,DFP = 0.05 ), (c) effects 

under increased floodplain dispersion rates ( nFP = 0.07,DFP = 2.5 ), 
(d) effects under doubling of the offshore salinity boundary condition 
with base parameters ( nFP = 0.07,DFP = 0.05 ). Horizontal bars rep-
resent ± 1 SD which is an indicator of the mean salinity variability 
within the focus areas

Table 3   Nonlinear regression relationships for mean floodplain salinities �FP

S
(H

R
) (psu). Offshore time varying salinity boundary is denoted by 

S
o

n
��

D
��

S
�

Period Relationship

0.07 0.05 Base 7/1–7/31 �
FP

S

(
HR

)
= 5.1928H3

R
− 3.941H2

R
+ 0.4894HR + 3.5194(R2 = 0.9988)

0.034 0.05 Base 7/1–7/31 �
FP

S

(
HR

)
= 5.2874H3

R
− 3.8072H2

R
+ 0.4989HR + 3.5664(R2 = 0.9986)

0.07 2.5 Base 7/1–7/31 �
FP

S

(
HR

)
= 4.4896H3

R
− 3.9631H2

R
+ 0.7355HR + 3.4538(R2 = 0.9987)

0.07 0.05 2 × Base 7/1–7/31 �
FP

S

(
HR

)
= 2(5.1125H3

R
− 3.8003H2

R
+ 0.4299HR + 3.4017)(R2 = 0.9987)

0.07 0.05 Base 7/1–9/30 �
FP

S

(
HR

)
= 1.264H3

R
− 2.1968H2

R
+ 1.2966HR + 4.0959(R2 = 0.9998)
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from 65 to 35% causes an even greater reduction in the 
inflow amplification from 48 to 36%. For steadily increas-
ing values of RSLR, the impact of reducing the accretion 
deficit in terms of hydraulic amplification becomes more 
pronounced. For RLSR = + 1.0 m, reducing the accretion 
deficit from 65 to 35% reduces the overall inflow ampli-
fication from 191 to 116%. Similar compound effects are 
observed for the RSLR-induced amplification of outflows. 
When restricting the analysis to the main channel inlet 
only (FTS-2), a similar pattern holds with lowering of the 
accretion deficit in the marsh corresponding to a reduction 

in the RSLR-induced amplification of outflow volumes in 
the channel.

The effects of the accretion deficit on RSLR-induced 
mean salinity follow directly from the hydraulic amplifi-
cation effects. This is owing to the fact that larger inflow 
volumes generally correspond with larger salt transport 
into the estuary for the same inflow salinity. Figure 6 illus-
trates that larger accretion deficits in the marsh/floodplain 
exacerbate the nonlinear mean salinity increase to RSLR 
for both open water and floodplain habitats. Comparison of 
the analysis periods shows this effect is more pronounced 

Fig. 5   (a.1, a.2) Red-colored 
areas depict the floodplain 
regions keeping pace under 
accretion deficits of 65% and 
35%, respectively. (b.1) The two 
local sub-regions of interest — 
a relict oilfield marsh (OFM-w) 
and a natural marsh region 
(NAM-e). (b.2) Volumetric 
flux transects (FTS-1, FTS-2), 
and the bottom pane plots the 
model digital surface elevations 
along FTS-1 for the scenarios 
in trial C

Table 4   Cumulative volume 
change compared to base 
scenario (RSLR = + 0.0 m) 
under varying marsh accretion 
deficits for the 1-month July 
2020 salinity spike period

Transect RSLR =  Increase in ΔV inflow

n,c;i
(T) Increase in ΔVoutflow

n,c;i
(T)

0.4 m 0.6 m 0.8 m 1.0 m 0.4 m 0.6 m 0.8 m 1.0 m ΩFP

FTS-1 54% 94% 140% 191% 332% 578% 856% 1168% 100%
48% 73% 95% 116% 291% 444% 578% 705% 65%
36% 50% 62% 76% 221% 308% 382% 467% 35%

FTS-2 31% 41% 45% 49% 205% 308% 363% 392% 100%
32% 45% 53% 60% 195% 275% 319% 351% 65%
27% 37% 43% 51% 159% 218% 265% 316% 35%

1281Estuaries and Coasts  (2022) 45:1270–1286



during a salinity spike. Conversely, larger accretion surplus 
in the marsh tends to dampen the RSLR-induced nonlinear-
ity — although this salinization dampening effect is less in 
the open water areas compared to directly inside the marsh 
regions. The local analysis provided in Fig. 6 further illus-
trates this point. There it is noted that the RSLR-induced 
nonlinear salinity increases in the oilfield marsh (generally 

consisting of more open water) are considerably less respon-
sive to the overall accretion deficit of the region compared 
to more natural marsh sub-regions. However, the bottom 
pane of Fig. 6 demonstrates that preserving an accretion 
surplus in adjacent natural marshes can reduce the impact 
of RSLR-induced salinization in the oilfield marsh during 
spike periods by 25% at the + 1.0 m RSLR endpoint.

Fig. 6   Mean salinity response to RSLR (relative to the floodplain, 
H

R
 ) under accretion deficits of 100%, 65%, and 35%. Note the period 

5/1/20–10/1/20 period includes the relatively fresh months of May 
and June, while the July 1, 2020–August 1, 2020 period featured a 
modest salinity spike. FP and OW denote statistics over all floodplain 
and open water areas respectively within the coastal zone (exclud-
ing Avery Island). Horizontal bars represent standard deviations 
(SDs) which reflect the natural variability in salinities in the parti-
tions. The results suggest greater sensitivity to RSLR-induced salinity 

response in the east natural marsh areas (NAM-e) compared to the 
marshes  modified by oilfield activity (OFM-w) and similarly larger 
effects in existing floodplain areas vs. areas which have already con-
verted to open water. Reducing the accretion deficit in the floodplains 
reduces the RSLR-induced salinity increase under both the longer 
(5-month) and shorter (spike) event time scales. The salinity variabil-
ity is also preserved in the natural marsh areas by reducing the accre-
tion deficit
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Discussion

Summary of Main Findings

A physically based approach is presented to model the 
RSLR-induced salinity response which accounts for non-
linear interactions between local drivers such as upland 
inflow, tidal range, marsh deterioration, and topographic 
variation both in space and time. The nonlinear RSLR-
induced salinity response agrees with the initial findings 
reported by Yang et al. in their study on the Snohomish 
River estuary while providing a more detailed investiga-
tion of the nonlinearity (Yang et al. 2015). The results 
highlight the significance of the regional accretion deficit 
in the RSLR-induced salinity response in coastal flood-
plain areas. When the entire estuary region is under an 
accretion deficit, the bathtub assumption is invoked to 
model this case. Under this regime, the adjacent floodplain 
undergoes a nonlinear salinity response to RSLR scenarios 
based on mean water surface elevations relative to adja-
cent marsh. This finding is consistent with a simulation 
study whereby the authors demonstrate that sediment-poor 
regions are the most vulnerable to land loss under RSLR 
scenarios (White et al. 2019a, b). Although limited in its 
range of realistic applicability (Fagherazzi et al. 2019), a 
“bathtub” condition naturally arises in open water areas 
(such as tidal bays) or in floodplains artificially cut off 
from natural sedimentation processes. Examples of such 
sediment-deficient floodplain areas may include impound-
ments or agricultural fields in the coastal zone. Spoil banks 
(e.g., associated with canal dredging activity and munici-
pal drainage enhancement) may also promote sediment 
starvation leading to large accretion deficits. Moreover, a 
recent study by Turner and Swenson (2020) reports that 
the abundance of spoil banks in coastal parishes of Loui-
siana has a combined length that is 80 times longer than 
the entire coast of Louisiana. Although the analysis shows 
the RSLR-induced salinization nonlinearity is somewhat 
affected by marsh deterioration rates, the balance between 
the mean elevations of land and water plays a role an order 
of magnitude larger than these factors together. By analyz-
ing scenarios based on published accretion deficit preva-
lence in adjacent regions in coastal Louisiana (Jankowski 
et al. 2017), the findings underscore the importance of the 
accretion deficit in assessing the coastal wetland response 
(Reed and Cahoon 1993; Reed et al. 2020).

The analysis also suggests that hydraulic amplification 
(i.e., increasing inflows and outflow rates) from RSLR 
in open waters can be reduced somewhat by managing 
the accretion deficit in the surrounding floodplain. This 
finding is relevant for salinization management since 
the water balance (starting with the main channels) is a 
primary driver of salinity dynamics in coastal regions 

(and constituent transport more generally). Many coastal 
regions depend heavily on surface waters to support people 
activities, and increasing salinities is a global management 
concern (Minar et al. 2013). In a study on the Chesapeake 
Bay, the authors demonstrate upstream migration of criti-
cal salinity thresholds under RSLR scenarios (Rice et al. 
2012). Increasing saltwater intrusion has also been cited as 
an increasing challenge in the Pearl River Delta in China 
(Gong and Shen 2011). Given the complexity of all the 
factors involved in shaping the RSLR-induced salinity 
response, the model-based approach taken in this study is 
complementary of previous efforts taken in this direction.

The analysis presented here did not consider effects which 
could exacerbate the RSLR-induced salinity response. Such 
factors include canal widening, accelerated subsidence, hur-
ricane shears, or municipal interventions to mitigate upland 
riverine flooding (LWI 2020). The finding of amplification 
of the tidal exchange due to RSLR may accelerate shore-
line erosion and canal widening compared to the present. 
As indicated in previous studies, coastal Louisiana is expe-
riencing significant shoreline erosion (Scaife et al. 1983). 
Widening of canals has also been documented (Thatcher 
et al. 2010). Moreover, as indicated in the study following 
hurricanes Katrina and Rita, hurricane-induced “shears” 
of the marsh can cause abrupt conversion from marsh to 
open water (Barras 2007). Accelerated subsidence due to 
the extraction of petroleum fluids has also been noted in past 
studies which highlight localized affects and potential time-
dependence of this dynamic (Mallman and Zoback 2007). 
Significant oilfield activities in the past and ongoing min-
ing operations in the study region (e.g., associated with the 
salt domes) suggest the potential for accelerated subsidence 
to occur in this area. In light of the preceding factors the 
findings are likely conservative with respect to the RSLR-
induced salinity changes and would likely underestimate the 
total cumulative effects.

Future Work

This study focused on the salinity response during a modest 
salinity spike which evolved during a one-month summer 
period prior to the hurricanes of 2020. It also examined a 
larger 5-month period (May 1, 2020–October 1, 2020) dur-
ing the accretion deficit trials. The relative impacts of the 
RSLR-induced salinity response were demonstrated in the 
context of similar critical periods under various accretion/
deterioration scenarios. Further research on the RSLR-
induced mean salinity response during all seasons would 
help to better understand the effects of this dynamic through-
out the year. The numerical model performance was suf-
ficient for the current study but some improvements can be 
made. One challenge was establishing accurate stage meas-
urements and datum consistency. Additional instantaneous 
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stage readings having reliable datums would help in this 
regard — one example would be the use of GPS water level 
measurements (Cheng 2005). This is relevant for coastal 
Louisiana in light of current subsidence rates (Shinkle and 
Dokka 2004). A minimum floodplain dispersion factor 
of 0.05 m2∕s (for existing conditions) was applied in the 
absence of dye/tracer studies in the area. Prior studies reveal 
a wide range of variation in estuarine dispersion coefficients 
in general, and additional field measurements would help 
to reduce the uncertainty associated with this aspect of the 
modeling (West et al. 1990; Jabbari et al. 2004). The simu-
lation scenarios were also limited to 1-month and 5-month 
summer periods and hence did not consider the effects of 
seasonality — particularly during fall and early spring.

Aside from a test of robustness with respect to the bound-
ary condition in trial B, it was presumed that the offshore 
salinity boundary does not change as a result of RSLR. This 
assumption does not disagree with previous work on the 
Louisiana coast which detected statistically significant trends 
in estuarine salinity at many stations but no apparent under-
lying pattern in space (Wiseman et al. 1990). However, with 
uncertainties surrounding quality control of historical salin-
ity records and consistency in record-keeping methods, it is 
unclear whether nearshore boundary salinities are increasing 
in coastal Louisiana (Wiseman et al. 1990). It is reasonable 
to expect that the spatial position of the riverine freshwa-
ter plumes will also adjust to future RSLR. Conversely, the 
river discharge associated with these plumes affects local 
RSLR rates (Piecuch et al. 2018). The trend of increasing 
river discharge on the Mississippi and Atchafalaya further 
complicates future predictions (Tao et al. 2014).

For the stepwise-based accretion deficit partitioning, it 
was assumed the accretion deficits are most likely concen-
trated in sites having a lower existing average marsh ele-
vation. A more flexible approach would allow for greater 
spatial heterogeneity owing to physical factors such as prox-
imity to the sediment supply and marsh vegetation types. 
Note also that larger inflow volumes associated with RSLR-
induced hydraulic amplification can result in net sediment 
import which may affect the accretion deficit in the adjacent 
floodplains. Differential accretion or subsidence rates occur-
ring at different spatial locations in the domain were also not 
analyzed. Given the time-varying nature of these local fac-
tors, a more physically accurate accretion deficit partitioning 
should also be time-varying as well.

Another challenge associated with RSLR/salinity 
response studies, most notably for predominantly brack-
ish/intermediate estuaries, are the relatively low existing 
salinities. This makes numerical model calibration and 
validation in these regions more difficult because there 
are usually fewer salinity measurements showing enough 
variability to support tuning of the parameters. Also, 

model performance in these settings would be more sen-
sitive to errors given the lack of variance in the exist-
ing salinity signals, e.g., it can be easily shown that some 
commonly used statistical performance metrics such as 
Nash–Sutcliffe Efficiency (NSE) decrease as the mean 
squared deviation in the measurements decreases (Gupta 
and Kling 2011). Moreover, in this study, the upland limits 
of the local hydrodynamic model were fixed based on the 
existing coastal zone boundary delineation but future sea 
level rise would naturally lead to inland adjustments of 
these zones (Fagherazzi et al. 2019). The nesting strat-
egy employed to couple the regional hydrologic and local 
hydrodynamic models allows some flexibility in dealing 
with the uncertainty of the future location of the upland 
boundary.

Conclusions

This study presents a physically based two-dimensional mod-
eling approach to study the critical coastal management prob-
lem of RSLR-induced salinity changes in the coastal zone. 
The study focused on brackish floodplain regions which have 
been less studied compared to RSLR-induced salinity in open 
water areas or salt marsh systems. The calibrated model is 
used to investigate nonlinear process interactions (e.g., marsh 
flow resistance and dispersion factors) and the role played by 
the accretion deficit on the RSLR-induced salinity response 
in coastal floodplains. The results highlight that the accretion 
deficit will likely play a major role in shaping the overall 
salinity response to RSLR. The fraction of the floodplain 
which is able to keep pace with RSLR has an effect an order 
of magnitude larger than transport parameters associated with 
marsh deterioration. Sites exhibiting sustained accretion sur-
pluses over the long term are able to keep pace and would 
likely contribute to greater overall resilience to future RSLR-
induced salinity changes. Under rising sea levels, these areas 
would also most likely preserve their natural salinity vari-
ability in comparison to other more vulnerable marshes — 
a finding which is significant for biodiversity preservation 
(Galvan et al. 2016). The results further demonstrate the 
effects of the accretion deficit on the regional hydraulics with 
reductions in overall RSLR-induced hydraulic amplification 
associated with a higher accretion surplus. In this regard, 
coastal management efforts which target the establishment or 
maintenance of an accretion surplus in the floodplain should 
be a priority towards managing the RLSR-induced salinity 
response. The findings also highlight the value of regional 
stakeholder investment in comprehensive marsh elevation 
monitoring networks in efforts to manage and mitigate future 
RSLR-induced challenges.
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