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ABSTRACT

Recently developed models of coastal barrier morphodynamics include marsh and lagoon processes that have
been shown to impact barrier island evolution. To gain additional insights into the simulated barrier-backbarrier
system dynamics, this study explores the parameter space of a barrier evolution model using global sensitivity
analysis. Influential parameters, their interactions with one another, and regions of sensitivity within the
parameter space were identified using Sobol indices and factor mapping techniques for model results through the
end of the century. The results of this study highlight an important relationship between initial and critical
barrier island geometries and suggest that narrow and low-relief barriers are most vulnerable to be eroded away
(width drowning) or overtaken by sea level rise (height drowning), respectively. Width drowning was also
strongly associated with other model input parameters such as toe depth, sea level rise rate, and backbarrier
critical bed shear stress, which suggests that sub-centennial drowning is dependent on a unique combination of
input parameter values and may be averted (or delayed) with a single input parameter change. Barrier dynamics
were significantly influenced by the backbarrier marsh platform, which was more impacted by sediment
transport parameters such as critical bed shear stress and ocean sediment concentration than maximum annual
overwash flux. This suggests that inorganic sediment deposition through tidal inlet dispersion is much more
significant to the backbarrier marsh and lagoon system than overwash over sub-centennial timescales and can

help to reduce the risk of width drowning.

1. Introduction

Barrier islands front an estimated 10% of the world's coastlines (Stutz
and Pilkey, 2011) and provide a variety of socioeconomic benefits such
as flood risk reduction (Grzegorzewski et al., 2011), recreation and
tourism (Barbier et al., 2011). One of the most interesting features of
barrier islands is that they are dynamic landforms; they change both
shape and location in response to storm events and chronic changes in
their environment such as sea level rise (SLR) and changes in sediment
supply (e.g., Plant et al., 2017; Moore and Murray, 2018; McBride et al.,
2022). Understanding the processes that drive the evolution of coastal
barriers over decades or centuries and accurate prediction of future is-
land states through modeling are two active and interdependent fields of
research, both of which are necessary to effectively manage coastal

resources.

In the 1980s and 90s, coastal evolution models of various type and
formulation began to appear more frequently in the scientific literature
(Hoagland et al., 2023). These early models ranged in complexity from
one-line models of shoreline change (e.g., Pelnard-Considere, 1956;
Hanson, 1989), to simplified 1D translation models (e.g., Bruun, 1962;
Dean and Maurmeyer, 1983; Everts, 1985; Cowell et al., 1992), to two-
dimensional and quasi-two-dimensional approaches (e.g., Bakker, 1968;
Perlin and Dean, 1979; Larson et al., 1990; de Vriend et al., 1993;
Niedoroda et al., 1995). Models also varied in their application, some
applied to barrier island systems specifically (e.g., Dean and Maurmeyer,
1983; Cowell et al., 1992) and others to shorelines more generally (e.g.,
Bruun, 1962; Perlin and Dean, 1979; Hanson, 1989; de Vriend et al.,
1993). In recent decades, new models have continued to be developed,
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many of which improve existing formulations and include processes that
were not previously captured such as changes in alongshore sediment
supply via inlet dynamics (e.g., Buijsman, 1997; Larson et al., 2002; Frey
et al., 2012; Dean and Houston, 2016) overwash (e.g., Ashton and
Murray, 2006; Storms et al., 2002; Stolper et al., 2005; Rosati et al.,
2013; Lorenzo-Trueba and Ashton, 2014), dune growth and erosion (e.
g., Rosati et al., 2010; Antolinez et al., 2019; Palalane and Larson, 2020;
MecCarroll et al., 2021; Reeves et al., 2021), and substrate consolidation
by barrier migration (Rosati et al., 2006, 2010).

Sediment transport processes in the backbarrier marsh and lagoon
system have also been included in barrier island models of the last two
decades. Two notable models that include marsh-lagoon constituents are
GEOMBEST+ (Walters et al., 2014) and the Lorenzo-Trueba and Mari-
otti (hereafter ‘LTM17’) model (Lorenzo-Trueba and Mariotti, 2017).
These models attempt to capture the inherent complexity in the
naturally-coupled barrier and backbarrier systems. The use of these
models to explore the coupled system behavior across a variety of sce-
narios has yielded additional insights into long-term barrier dynamics.
For example, Walters et al. (2014) found that narrow backbarrier
marshes were sustained by barrier island overwash, which slowed the
rate of barrier island transgression with sea level rise (SLR). Lorenzo-
Trueba and Mariotti (2017) arrived at the same conclusion from their
modeling study, finding that transgression rates were reduced by the
presence of backbarrier marsh, which was impacted by overwash rates,
inorganic sediment contributions, and lagoon geometry.

The numerical experiments conducted by Walters et al. (2014) and
Lorenzo-Trueba and Mariotti (2017) were de facto sensitivity analyses in
that they measured model output variability in response to changes in
model input parameters. These studies also focused on long-term
behavior over a 1000-year simulation time period. While the sensi-
tivity analyses by Walters et al. (2014) and Lorenzo-Trueba and Mariotti
(2017) yielded important insights, we hypothesize that a more thorough
exploration of the parameter spaces over a shorter simulation time
period may yield additional findings.

To gain additional insights into the simulated barrier-backbarrier
system dynamics, our study simulates barrier evolution using the
LTM17 model through year 2100, which may be in view at the end of
some long-term planning horizons, and explores the model's input
parameter space using global sensitivity analysis, which is a tool that can
help modelers better understand the impact of their model's input pa-
rameters. Twenty of the LTM17 model's input parameters were evalu-
ated in this study. These parameters are related to initial and
equilibrium system geometries, external forcing conditions, and inor-
ganic sediment transport, erosion, and deposition. More specifically, this
study will focus on answering the following questions:

1. Which parameters significantly influence the model results?

2. Are there significant parameter interactions that influence the model
results?

3. Are there regions of higher or lower sensitivity within the parameter
space?

A variety of simulations and calculations were performed to address
these questions. Input parameter sensitivities were characterized by
estimating their contribution to the total model variance using the Sobol
method (Sobol, 1993). Factor mapping was also used to explore the
association of input parameter values with distinctive simulation cate-
gories (e.g., drowning) and regions within the parameter space. This
analysis may be used to inform future modeling efforts in terms of un-
derstanding which parameters are most important to constrain, which
parameters are relatively unimportant and can be fixed at a particular
value, and which parameters should always be included as part of un-
certainty analysis.
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2. Lorenzo-Trueba and Mariotti (2017) model

The LTM17 model was created as a coupled reformulation of two
previously published standalone models, namely the Lorenzo-Trueba
and Ashton model (Lorenzo-Trueba and Ashton, 2014, hereafter
‘LTA14’) and the Mariotti and Carr model (Mariotti and Carr, 2014,
hereafter ‘MAC14"). The LTA14 model focuses on projecting changes in
the barrier island itself, while the MAC14 model simulates changes in
the backbarrier marsh and lagoon system. For a full description of the
LTM17 model, the reader is referred to Lorenzo-Trueba and Mariotti
(2017) and references therein.

The LTM17 model simulates long-term changes in both the barrier
island and backbarrier (marsh and lagoon) subsystems. These sub-
systems are delineated in the model by six horizontal state variables: the
toe position (X7), shoreface position (Xs), backbarrier position (Xp),
backbarrier marsh position (Xpn ), interior marsh position (Xps2), and the
mainland position (Xys3). Four vertical state variables, which include the
barrier height (Hp), lagoon depth (Dr), and marsh depths (D1, Das2), are
also used to define the system geometry. Fig. 1 provides a graphical
representation of the barrier subsystems and state variables. Together,
simulated changes in these ten state variables are tracked over time
through equilibrium-based sediment flux calculations, also shown in
Fig. 1, including shoreface sediment flux (Qsr), overwash flux (Qow),
sediment flux between the shoreface and lagoon (I,s), sediment flux
between the lagoon and marshes (Ij,; and I;;;), and biomass production
within the marsh platforms (O, and Oyy).

Shoreface sediment flux is calculated using the equilibrium profile
assumption of Swart (1974), who found cross-shore sediment transport
on the shoreface to be proportional to its deviation from an estimated
equilibrium profile. Overwash flux is driven by the barrier's deficit
volume, which is the volume of sediment required to extend the barrier's
height (Hp) to a critical value (H,) such that overwash could no longer
be deposited on the island, plus the volume of sediment required to
extend the barrier's width (W) to a critical value (W) such that
overwash could no longer be deposited in the backbarrier system (Lor-
enzo-Trueba and Ashton, 2014). This idea of a barrier height or width
that prevents overwash deposition originated as the ‘Critical Length
Concept’ from Leatherman (1979). The volume deficit indicates the
amount of sediment a barrier is able to accommodate before reaching its
critical width and height; hence, the volume deficit is also commonly
described as ‘accommodation space’ in the literature. Sediment is
exchanged between the shoreface, lagoon, and marshes through tidal
dispersion based on the relative concentration of sediments in each
zone. Organic creation of marsh sediment and inorganic deposition of
sediment in the marshes offset the loss of marsh elevation due to sea
level rise and marsh erosion by backbarrier waves.

A number of ‘result variables’ may be calculated from the state
variables shown in Fig. 1. For example, change in shoreline position
(AXs) is aresult variable that may be calculated by subtracting the initial
shoreline position (Xg,) from the final shoreline position (Xsf). Change in
barrier width (AWj3) is another result variable that is calculated by
subtracting the initial difference between the barrier and shoreline po-
sitions (Xp, — Xs,) and the final difference between the barrier and
shoreline positions (XBf - Xsf). The result variables considered in this
study are presented in Table 1 with their state variable calculations and
associated units. Note that many of the result variables involve calcu-
lations between the values at the beginning and end of the simulation to
account for variations in the initial system geometry.

The LTM17 model has multiple strengths. One notable strength is its
inclusion of marsh-lagoon processes, which relatively few barrier evo-
lution models account for explicitly (Hoagland et al., 2023) and which
have been shown to significantly impact barrier island evolution dy-
namics (e.g., Walters et al., 2014; Lorenzo-Trueba and Mariotti, 2017).
Another strength of the model is its simplicity, from its transect-based
setup to its straightforward state equations and Eulerian solution
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Fig. 1. Idealized barrier profile from LTM17 model.

Figure modified from Lorenzo-Trueba and Mariotti (2017). Aerial image of Assawoman Island section from (VGIN, 2021).

Table 1

LTM17 model result variables.
Result variable Symbol  Calculation Units
Change in shoreline position AXs (Xs; — Xs,)" [m]
Change in barrier width AWg (Xp, — Xs;) — (X, — Xs,) [m]
Change in barrier height AHg (Hp, — Hg,) [m]
Change in backbarrier marsh ABan (X1, — Xp,) — (X1, — Xp,) [m]

width
Change in lagoon width ABp (Xmz; — Xnry) — (Xnaz, [m]
Xa,)

Marsh depth Dy (D) [m]
Lagoon depth Dr (Dr;) [m]
Interior marsh width B (Xn3, — Xnzy) [m]

# The f and 0 subscripts denote final and initial positions, respectively.

scheme. This simplicity leads to a relatively fast model runtime and
gives the model a computational advantage over other, more complex
models. This computational advantage allows modelers to evaluate
parameter sensitivities toward a more robust understanding of the
model and system dynamics, and to perform uncertainty analysis, which
accounts for knowledge gaps and inherent parameter randomness in the
final model projections.

However, these modeling advantages also come with certain as-
sumptions and limitations which must be considered when interpreting
the results. For example, model transects have a perfectly linear shore-
face slope and rectangular representations of the subaerial island,
marshes, and lagoon. This idealized transect geometry, combined with
the equilibrium-based approach to sediment flux calculations, stream-
lines the model computations but can also lead to some over-
simplifications. For example, the linearized shoreface slope is assumed
to respond to deviations from the equilibrium value at a single rate,
whereas in reality, we would expect the lower shoreface to respond
more slowly than the upper shoreface (Stive and de Vriend, 1995; Ortiz
and Ashton, 2016; Cowell and Kinsela, 2018). Another limitation stems
from the absence of modeled dunes. The relationship between the water
level and dune elevation is typically used to define the storm regime (e.
g., Sallenger, 2000) which then has a direct impact on the barrier
morphology (e.g., Long et al., 2014; Passeri et al., 2020). Additionally,

washover is assumed to be deposited uniformly across the rectangular
island and backbarrier marsh platform, whereas in reality, washover
deposits become increasingly shallow toward the mainland (Carruthers
et al., 2013).

2.1. Distinctive simulation categories

As the coupled barrier-backbarrier system evolves in the LTM17
model, there are four types of distinctive simulation categories in which
the barrier system undergoes such a substantive change that the simu-
lated processes that drive evolution of the system are no longer appli-
cable. In such simulations the computations are either halted with
results at the current timestep taken to be the final results, or significant
geometry modifications are introduced. Simulations that do not fall into
one of the distinctive categories described above are referred to as
‘Normal’ simulations, since they experience neither drowning nor
lagoon infilling.

The first two distinctive simulation categories are those that result in
barrier width drowning, referring to the condition in which the barrier
island width reaches zero before the year 2100, and those that result in
barrier height drowning for which the barrier height reaches zero before
year 2100. The third type of distinctive simulation occurs when the
marsh depth exceeds the maximum depth for marsh growth, which is
referred to as marsh drowning. The fourth type of distinctive category is
lagoon infilling, which occurs when the lagoon depth becomes equal to
the marsh depth due to sediment deposition in the lagoon. In this type of
simulation, the model's computation are not halted, but the marsh ge-
ometries are modified by setting the backbarrier marsh position (Xpn)
equal to the barrier position (Xg) and the interior marsh position (Xpz2)
equal to the intersection position of interior marsh and the mainland
(Xum3)- This effectively eliminates the marsh widths when the lagoon fills
and should be considered in the interpretation of the results.

2.2. Previous sensitivity studies

The findings of previous sensitivity studies are briefly highlighted
below for comparison with the results of this study. At least four studies
have been published that explore the sensitivity of the LTM17 model or
its predecessor, the LTA14 model. The four studies were performed by
Lorenzo-Trueba and Ashton (2014), Ashton and Lorenzo-Trueba (2015),
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Lorenzo-Trueba and Mariotti (2017), and Ashton and Lorenzo-Trueba
(2018).

In the first study of the LTA14 model, Lorenzo-Trueba and Ashton
(2014) explored how interactions between key parameters such as
maximum annual overwash flux (Qow+), shoreface flux constant (K),
SLR rate (2), and mainland slope (f) influenced long-term behavior
patterns. The authors found barrier systems to behave in one of four
ways: 1) dynamic equilibrium, 2) periodic retreat, 3) barrier height
drowning, and 4) barrier width drowning. Since their study was focused
on long-term system behavior out to 1000 years, the authors evaluated
how changes to input parameters affected the model's proclivity toward
one of these four behaviors. Thus, parameters that did not impact the
long-term oscillatory behavior pattern were considered insensitive.

In the second study, Ashton and Lorenzo-Trueba (2015) coupled the
longshore model of Ashton and Murray (2006) with the LTA14 model to
study the effects of sea level rise and longshore coupling over 400 years
of barrier evolution. Using an initial shoreline disturbance of decreased
width as the catalyst for system change, the authors found that increased
sea level rise rates exacerbated the alongshore differences between
adjacent island cross-sections. However, they also found that a stronger
coupling between adjacent cross-sections could dampen these differ-
ences and had a significant impact on producing a smoothed, more
uniform shoreline.

In the third study, Lorenzo-Trubea and Mariotti (2017) explored how
larger initial lagoon widths (Br), smaller ocean sediment concentrations
(G,), and smaller mainland slopes () affected system dynamics over
1000 years. They found that each of these parameters increased the
accommodation space (either directly or indirectly) and lead to
increased likelihood of width drowning.

In the fourth and most recent study, Ashton and Lorenzo-Trueba
(2018) evaluated the impact of a changing mainland slope, and found
that changes to the backbarrier slope directly impacted the accommo-
dation space and associated behavior, similar to previous studies. Re-
sults from each of these studies are summarized in Table 2.

A common theme across the previous sensitivity analysis studies is a
focus on millennial-scale, system-level behavior patterns. While these
results shed light on system feedbacks, they do not explicitly consider
system sensitivities over the short-term planning horizon, which may be
given higher consideration in coastal management decisions. These

Table 2
Results from previous sensitivity studies.

Study” Parameter”  Impact

LTA14  #(+)
LTA14  K(+)

Increased width drowning; reduced by higher K and Qqy.
Reduced width drowning; increased migration.

LTA14 Qow(+) Reduced width drowning; increased migration.

LTA14 pl—) Increased width drowning and decreased migration.

LTA14° Wy(+/—) Insignificant impact on long-term behavior.

LTA14"  Vowax(+) Increased dynamic equilibrium; decreased periodic
retreat.

LTA14Y  Dy(+) Requires increased Qo and K to maintain equilibrium.

LTA14" W (-) Increased width drowning.

ALT15 2(+) Increased and sustained change between cross-sections.

ALT15 dn(— ) Increased and sustained change between cross-sections.

LTM17 Bro(+) Increased marsh erosion and width drowning.

LTM17 Co(—) Increased width drowning; decreased migration.

LTM17 B(—) Increased lagoon depth and width drowning.

ALT18 dp/dx(+) Decreased accommodation space; increased migration.

ALT18 dp/dx(—) Increased accommodation space and width drowning.

2 LTA14: Lorenzo-Trueba and Ashton (2014); ALT15: Ashton and Lorenzo-
Trueba (2015); LTM17: Lorenzo-Trueba and Mariotti (2017); ALT18: Ashton
and Lorenzo-Trueba (2018).

b Signs following the parameter should be read as an increase or decrease in
that parameter leading to the associated impact. E.g., ‘Z(+ )’ should be read, ‘An
increase in £ leads to... [associated impact].’

¢ Exception: high Q,, can diminish shoreface sediment and lead to drowning.

4 published in Lorenzo-Trueba and Ashton (2014) supporting information.

¢ Shoreline diffusivity constant (proxy for alongshore coupling).
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studies also do not explore the full range of input parameter combina-
tions and thus may not identify all relevant parameter interactions.

3. Methodology

For this study, the Sobol method, developed in 1993 by Russian
mathematician Ilya M. Sobol (Sobol, 1993), was selected due to its
widely recognized robustness as a global sensitivity analysis method and
its ability to identify parameter interactions. As of 2016, this method
was considered to be one of the “most sophisticated [sensitivity analysis]
approach[es] developed to-date” (Razavi and Gupta, 2016).

3.1. Sobol method overview

The Sobol method involves calculating sensitivity indices for each
input parameter that quantifies the percentage of model variance
accounted for by that input parameter individually and interactively.
Higher index values are associated with more sensitive parameters. In
this study, three types of Sobol indices are calculated: (1) first order
indices, (2) k-th-order indices, where k is the total number of input pa-
rameters being evaluated, and (3) interaction indices.

The first order index for a given input parameter, also commonly
referred to as a parameter's ‘main effect,” is defined as the variance of the
conditional mean associated with fixing said parameter at a given value,
divided by the total variance. Mathematically, the first order index (S;) is
as follows:

VIE(Y|X))

STV

@

where V(E(Y|X;)) is the variance of the expected value, or mean, of the
model output (assuming sufficiently many model simulations for sta-
bility) given that parameter X; is fixed at a randomly sampled value in its
range, and V(Y) is the total model variance. This calculation produces S;
values between 0 and 1, with higher S; values indicating greater sensi-
tivity. Because the index calculation involves expected values (means)
and variances, the index values will become increasingly stable as more
simulations are performed. Conversely, too few simulations increase the
likelihood of numerical error in the results.

In many models, input variables often interact with one another so as
to amplify or dampen their impact on the results. The Sobol method's k-
th order index, more commonly called the ‘total effect,” captures a pa-
rameter's main effect and all other higher-order or interactive effects.
Mathematically, the calculation is represented by:

V(E(Y|X.))
Sr, =1 Ty )
where E(Y]X.;) is the conditional mean of the model output associated
with fixing the value of all parameters except for X;.

The k-th order Sobol index provides a couple of important insights.
First, if the k-th order index is zero or near zero, then it may be
concluded that the factor does not significantly contribute to the total
model variance and can therefore be fixed at any value in its range.
Second, by subtracting the first order index from the k-th order index,
the impact of the parameters' interactions is isolated - this metric is
referred to herein as an ‘interaction index.” Therefore, if there is a sig-
nificant difference between the first and k-th order indices for a given
parameter (i.e., if its interaction index is large), that particular param-
eter, it may be concluded, significantly contributes to the results through
one or more interactions.

3.2. Model parameterization
Twenty input parameters were selected for evaluation in this sensi-

tivity study. Since the Sobol Method requires numerous model simula-
tions and randomly sampled input parameter values, each input
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parameter was assigned a value range that defined the upper and lower
limits of the sampling range. Parameter ranges were selected for this
study based on typical ranges or values that have been justified and used
in previous studies including Lorenzo-Trueba and Ashton (2014), Mar-
iotti and Carr (2014), Lorenzo-Trueba and Mariotti (2017), and Miselis
and Lorenzo-Trueba (2017). A comparison of this study's parameter
ranges to those of previous studies is presented in Table S1.1 of the
Supplementary material. The 20 input parameters are presented in
Table 3 with their value range and units. Each parameter was also
broadly categorized as influencing the system geometry, forcing condi-
tions, or sediment transport calculations. Initial geometries of the sys-
tem were also randomized for this sensitivity study to determine the
influence of a system's current state on its long-term evolution; some of
these initial geometries were also later constrained to evaluate their
impact (see Section 3.3). The sensitivity of the 20 input parameters was
evaluated for each result variable in Table 1.

3.3. Simulation sets

Three sets of simulations were performed to answer the proposed
research questions. For all of the simulations described below, ran-
domized input parameter values were sampled from a uniform distri-
bution across their value range.

To gain a preliminary understanding of model behavior, we ran
50,000 simulations with fully randomized input parameter values and
used factor mapping to associate the parameter values with the
distinctive simulation categories described in Section 2.1. These simu-
lations required approximately 3.59 CPU-hours and are hereafter
referred to as Simulation Set A. Since initial barrier geometries and
critical bed shear stress were found to significantly impact the model
results toward drowning and lagoon filling (see Section 4.1), the ge-
ometry parameters were fixed at their average range values and the
shear stress parameter was constrained (maximum 0.2 Pa) for the other
simulations.

To calculate numerically stable first order and k-th order Sobol
indices for input parameters (Table 3) and result variables (Table 1),
250,000 model simulations were run per input parameter. A total of 5
million simulations were run for conditional variance calculations

Table 3
LTM17 model input parameters.
Symbol  Input parameter Value range Units Category”
B Mainland slope 0.0001-0.005 [m/m] Geometry
Dy Toe depth 5-15 [m] Geometry
W Critical width 100-600 [m] Geometry
H,. Critical height 0.5-4 [m] Geometry
Wo Initial width 100-1,000 [m] Geometry
Hy Initial height 0.5-4 [m] Geometry
Qe Equilibrium shoreface slope ~ 0.005-0.025 [m/m] Geometry
B er Critical backbarrier marsh 50-500 [m] Geometry
width
Buio Initial backbarrier marsh 50-1,000 [m] Geometry
width
Brp Initial lagoon width 1,000-10,000 [m] Geometry
Dro Initial lagoon depth 1-3 [m] Geometry
Qow Max. annual overwash flux 1-100 [m3/m/ Forcing
yr]
Z Sea level rise rate 3-20 [mm/yr] Forcing
K Shoreface flux const. 100-10,000 [m®/m/ Forcing
yrl
Ures Reference Wind speed 5-10 [m/s] Forcing
r Tidal range 0.7-2.8 [m] Forcing
[N Sediment settling velocity 0.05-0.5 [mm/s] Sediment
Ter Critical bed shear stress 0.05-0.4 [Pa] Sediment
C, Ocean sediment conc. 30-200 [mg/1] Sediment
Bp Peak biomass production 1.5-3.5 [kg/m?] Sediment

# The categories indicate the general nature of the input parameter; some alter
the system geometry others the forcing conditions, and some the sediment
transport.
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which required 346 CPU-hours. These simulations are hereafter referred
to as Simulation Set B. Input parameter values were randomly generated
and index values were calculated following the matrix resampling pro-
cedure described in Saltelli et al. (2008).

To explore specific parameter interactions and regions of sensitivity
within the parameter space, we again ran 50,000 simulations with fully
randomized input parameters. This set of simulations required approx-
imately 3.59 CPU-hours and is hereafter referred to as Simulation Set C.

4. Results
4.1. Preliminary results

Select results from Simulation Set A are presented in the boxplots in
Fig. 2 (see Figs. S2.1 through S2.4 in the Supplementary material for all
results). Comparing these boxplots to one another allows us to see
whether an input parameter significantly influences the model toward a
drowning and/or filling scenario, which should be taken into consid-
eration in the interpretation of results. Statistically significant differ-
ences between each category's median value and the ALL category
median value were identified by non-overlapping 95% confidence in-
tervals and are indicated by gray-colored boxplots. Confidence intervals
are provided in the Supplementary material in Tables S2.1-S2.4 and
S4.1-54.3.

The initial and critical barrier geometry parameters (Wy, Hy, W,
H_,;) were found to be most influential on the barrier results. Low values
of initial barrier width were strongly associated with width drowning
simulations (Fig. 2a) while low values of initial barrier height were
strongly associated with height drowning simulations (Fig. 2b). Signif-
icant interaction indices and heatmap plots of the preliminary results
confirm that a significant interaction is present between the initial ge-
ometries and critical geometries (see Fig. S3.1 in the Supplementary
material). The barrier geometry tends to increase when critical geome-
try is greater than initial geometry, and the barrier geometry decreases
when critical geometry is less than initial geometry.

Preliminary results also show that critical bed shear stress (zc,)
significantly influences the simulation toward lagoon filling and/or
drowning, as noted by the statistically significant difference between the
ALL and NRM medians in Fig. 2c. Since the WD and HD boxplots greatly
overlap NRM but the FIL boxplot does not, it may be concluded that high
7o values drive the model toward lagoon filling.

In addition to showing general tendencies or associations, the box-
plots in Fig. 2 also show parameter thresholds. For example, the results
suggest that barrier drowning does not typically occur when initial
barrier width is above 400 m. Similarly, height drowning does not occur
when initial barrier heights are above 3 m, and lagoon filling does not
occur when the critical bed shear stress is below 0.2 Pa.

4.2. Influential parameters

From Simulation Set B, the first and k-th order Sobol indices were
calculated for each combination of input parameter (Table 3) and result
variable (Table 1). These results are presented graphically in Fig. 3.

From Fig. 3a, it may be observed that most input parameters tended
to impact a subset of result variables, the exception being SLR rate (2),
which influenced a majority of the results. However, in Fig. 3b, pa-
rameters were more influential over many different result variables. In
addition to SLR rate (2), reference wind speed (Uyy), tidal range (r),
critical bed shear stress (z..), and the ocean sediment concentration (C,)
all show at least moderate influence for most result variables. Other
parameters such as the shoreface equilibrium slope (a.), critical back-
barrier marsh width (Bpn ), shoreface flux constant (K), sediment
settling velocity (ws), and peak biomass production (Bp) had zero (or
near-zero) Sobol indices for many of the results, suggesting these pa-
rameters were relatively non-influential.
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Similar to the preliminary results, critical barrier geometries (W,
and H,,) were highly significant for the barrier results. Changes in bar-
rier width and shoreline position were also influenced by the barrier toe
depth (Dr). Forcing conditions such as maximum annual overwash flux
(Qow,+) and SLR rate (2) influenced the barrier results individually,
while other forcing parameters such as wind speed (Uys) and tidal range
(r), and sediment transport parameters such as critical bed shear stress
(7o) and ocean sediment concentration (C,), showed low to moderate
influence on the barrier results through interactions. The backbarrier
results were also consistently influenced by the same forcing conditions
and sediment transport parameters. Backbarrier geometry parameters
tended to influence one or two related result variables. Mainland slope
() influenced interior marsh and lagoon widths; the initial backbarrier
marsh width (Byio) influenced the backbarrier marsh and lagoon
widths; and the lagoon results were influenced by the initial lagoon
width (Brp) and initial lagoon depth (Dg).

The influence of parameters may also be seen in their association
with distinctive simulation categories from Section 2.1. Boxplots were
generated for each input parameter from the 50,000 fully randomized
simulations in Simulation Set C. Select results are presented in Fig. 4 (see
Fig. S4.1 in the Supplementary material for all results). Of the 50,000
total simulations, 0.3% resulted in width drowning, 3.2% resulted in
marsh drowning, and 4.0% resulted in lagoon filling. There were no
height drowning simulations in Simulation Set C. These drowning sce-
nario numbers exclude cases where lagoon filling lead to drowning. Of
the lagoon filling scenarios, 6.0% ended in width drowning and 66%
ended in marsh drowning. Thus, only 28.0% of lagoon filling scenarios
did not lead to drowning of the marsh or barrier island.

From Fig. 4, width drowning simulations are associated with low
values of toe depth, critical bed shear stress, and ocean sediment con-
centration, and high values of critical barrier width, SLR rate, and wind
speed. Marsh drowning simulations correspond to high SLR rate and low
ocean sediment concentration, and lagoon filling is associated with low
wind speed, high critical bed shear stress, and high ocean sediment
concentration.

4.3. Interactions and sensitive regions

Interaction indices were calculated for each input parameter and
result variable combination from Simulation Set B. These indices, pre-
sented in the heatmap in Fig. 5, show that the most interactive param-
eters are wind speed (U,), tidal range (r), critical bed shear stress (z.),
and ocean sediment concentration (C,), which have very high index
values for marsh depth, and relatively high indices across most other
result variables. SLR rate (2) also has moderately high interaction indices
across the result variables. Maximum annual overwash flux (Qow,+) is
highly interactive for the barrier results, but is not interactive with the
backbarrier. Critical barrier geometries (W, and H,) are primarily
interactive with the barrier system, with critical barrier width also

impacting the backbarrier marsh width. Initial backbarrier marsh width
(Bu1o) interactions impact both the marsh width and transgression
rates, and initial lagoon width (Bry) interactions impact marsh depth
and to a lesser extent, barrier width and transgression.

While the relative interactivity of the input parameters and result
variables may be known from the interaction indices, it is not always
apparent which parameters interact and to what effect. From Fig. 5, the
most interactive parameters for each result variable were identified and
used to generate heatmaps using factor mapping from Simulation Set C
in Figs. 6 and 7. In Fig. 6, it should be noted that for each of the results (e.
g., barrier height: panes a-c), each pane shows one of the three combi-
nations; thus, all three panes combined give a glimpse of the 3-dimen-
sional parameter space.

Interactions for the barrier results primarily involve critical/initial
geometry parameters and forcing conditions. Larger critical geometries
are associated with greater barrier heights and widths and greater
changes in shoreline position (Fig. 6a, b, d, e, g, h). However, this
relationship is offset by lower values of overwash flux, SLR rate, and
initial marsh width, and by greater values of toe depth. Overwash flux
also interacts with SLR rate, initial marsh width, and toe depth to in-
fluence the barrier height, width, and transgression results, respectively.

In the backbarrier, initial marsh width controls the change in marsh
width results for large critical barrier widths; however, low critical
barrier widths significantly reduce the changes in marsh width (Fig. 7a).
Interior marsh widths are significantly increased by low mainland slopes
and high SLR rates (Fig. 7b). Larger values of critical bed shear stress
tend to increase marsh depth and lagoon width but only for low values of
wind speed (Fig. 7c, d). Higher critical bed shear stress is also associated
with more significant reductions in lagoon depth, particularly for low
initial lagoon widths (Fig. 7e).

Figs. 6 and 7 also show regions of sensitivity or nonlinearities within
the parameter space. For greater critical barrier heights and widths, a
significant nonlinearity is observed in the overwash flux parameter be-
tween 5 and 10 m®/m/yr for all of the barrier results. Nonlinearities are
also observed for barrier width and transgression results where the
critical barrier width nears the initial width. For the backbarrier results,
significant nonlinearities are observed for the interior marsh width
when mainland slope is lower than 0.001 m/m, and for marsh depth
when critical shear stress exceeds 0.15 Pa for lower wind speeds.

5. Discussion

Initial and critical island geometry were found to significantly in-
fluence the barrier results, both individually and interactively, over the
100-year simulation period. This is because the model was formulated
using the critical length concept of Leatherman (1979), which acts as a
pseudo-equilibrium formulation that determines where and when
overwash flux occurs. The critical length concept was based on Leath-
erman's observation of a barrier island that narrowed to an observed
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Fig. 3. Heatmaps of (a) first order indices and (b) k-th order indices from Simulation Set B. Result variables are shown on the x-axes according to their symbols, and

input parameters are shown on the y-axes according to their symbols.

threshold, or critical width, before experiencing higher rates of trans-
gression, where the overwashed sediment could reach the backbarrier to
offset shoreline erosion (Leatherman, 1979). This phenomenon was also
noted in the subsequent work of Everts (1987), who found barrier retreat
rates were notably less than preceding rates due to the islands' nar-
rowing states. Robbins et al. (2022) have shed additional light on this
phenomenon in a more recent study of a U.S. East Coast barrier island
chain. Therein, a proposed conceptual model shows eroded sediment
from narrowing barriers helps to sustain the width of downdrift

neighboring islands, which maintains their low retreat rates. The model
results presented herein clearly demonstrate this well-documented
behavior, where the change in shoreline position is greatly increased
when the initial barrier width is less than or equal to the critical barrier
width (Supplemental material Fig. S.3.1c, f), or when the critical barrier
width is comparatively large (Fig. 6g, h). The interaction plots indicate
that critical geometries act as an equilibrium anchoring point to which
the system naturally gravitates.

Initial island geometry was also found to have significantly
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influenced whether or not barriers experienced sub-centennial width
drowning or height drowning. From Simulation Set A, barriers that were
more than 450 m wide (the 39th percentile of the barrier width range)
rarely experienced width drowning and barriers greater than 3 m high
(the 71st percentile of the barrier height range) rarely experienced
height drowning during the multi-decadal simulation period (Fig. 2a, b).

This expands on and confirms our understanding gained from previous
studies, which focused more on the behavioral tendencies of barrier
islands toward drowning, periodic retreat, or dynamic equilibrium over
centuries. For example, Lorenzo-Trubea and Ashton (2014) found that
long-term behavior was not significantly influenced by initial geometry
parameters as the initial system trajectories would reverse course
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Fig. 6. Heatmaps of parameter interactions for barrier results (Simulation Set C).

toward dynamic equilibrium values over time; however, they did find
that width drowning was associated with decreases in critical barrier
width. This is likely a result of the phenomenon previously discussed,
that a low critical width drives the system toward a sustained low-width
equilibrium state that is more likely to drown as ocean-side erosion
outpaces backbarrier expansion toward the mainland (e.g., Lorenzo-
Trueba and Ashton, 2014; Ashton and Lorenzo-Trueba, 2015).

The results from this study suggest that moving boundaries (i.e.,
changes in height, width, and shoreline position) of barrier islands
through the end of the 21st century will be most significantly influenced
by the relationship between the initial and critical geometries and that
narrow and low-relief barriers are most vulnerable to width drowning
and height drowning, respectively. While barrier drowning is certainly
significant, the question remains whether the boundary changes in non-
drowning simulations are of any consequence. Wolinsky and Murray
(2009) concluded that even though initial geometries could influence
short term shoreline changes, long-term trends would be independent of
such influences and would be controlled primarily by the substrate
slope, which was demonstrated in subsequent numerical experiments
conducted by Moore et al. (2010) and Murray and Moore (2018). For
barriers that transgress in a state of periodic retreat, short term changes
in barrier geometry could be irrelevant, since the barrier system might
shift back toward its dynamic equilibrium state and prograde during the
next cycle (Lorenzo-Trueba and Ashton, 2014). However, a more recent
modeling study by Ciarletta et al. (2019) showed that it is possible for

dynamic forcing conditions to interrupt the stability of these cycles. In
this study, the authors showed that sudden changes or ‘pulses’ in SLR
could modify depositional patterns and increase a barrier's potential for
drowning (Ciarletta et al., 2019). Therefore, short term boundary
changes from initial and critical geometries may impact the sustain-
ability of barriers, even those which are in a presently stable form of
retreat.

Width drowning simulations showed a remarkable association not
only with critical and initial widths, but also with multiple other pa-
rameters including low toe depth (<8 m), low initial marsh width
(<350 m), high initial lagoon width (>6500 m), high rates of SLR rate
(>15 mm/yr), high reference wind speeds (>9 m/s), low critical bed
shear stress (<0.08 Pa), and low ocean sediment concentration (<60
mg/1) (Fig. 4; Supplemental material Fig. S4.1). The significance of most
of these parameters regarding width drowning confirms the findings of
previous studies summarized in Table 2, including Lorenzo-Trueba and
Ashton (2014), Ashton and Lorenzo-Trueba (2015), Lorenzo-Trueba and
Mariotti (2017), and Ashton and Lorenzo-Trueba (2018). However, to
the authors' knowledge, these results are the first to show that modeled
short-term width drowning is dependent on the unique combination of
these parameters. Taken together, the statistically significant parameter
associations suggest that all are required for width drowning to occur
within the multi-decadal simulation time period. It also indicates that if
one or more of these parameters falls outside of the ranges described
above, through either natural or anthropogenic changes, then width
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drowning can be avoided in the short term or at least delayed. Such
results may be used to inform localized alternatives analysis of nature-
based solutions (Bridges et al., 2015) or other viable coastal restora-
tion practices.

Barrier width and shoreline position were also influenced by the
equilibrium shoreface slope and the shoreface toe depth, the latter being
more significant (Fig. 3). Toe depth was found to influence transgression
through interactions with critical barrier width and overwash flux
(Figs. 5, 6h, i), and lower toe depth values were associated with width
drowning (Fig. 4a). These influences are a result of conservation of mass
from the nearshore-shoreface boundary to the barrier-backbarrier marsh
boundary. In the model formulation, overwash volume that is deposited
on or behind the barrier is eroded from the shoreface and ocean side of
the island (Lorenzo-Trueba and Mariotti, 2017). Thus, all else being
equal, islands with smaller toe depths have less available sediment for
transport by overwash than islands with larger toe depths, meaning that
islands must migrate larger distances to balance the eroded and depos-
ited sediment volumes. This finding is consistent with other published
studies that found a relationship between decreased sediment supply
and increased island transgression (e.g., Moore et al., 2007, 2010;
Brenner et al., 2015).

Furthermore, because toe depth is defined as the depth of the toe or
seaward extent of the active shoreface profile, it can also be connected
with the equilibrium profile concept of closure depth, which marks the
location at which temporal profile adjustments due to changes in wave
climate becomes negligible, effectively separating the active profile
from the inactive profile (Hallermeier, 1977, 1980). While this depth
threshold of shoreface activity is well-recognized and implemented in
various models (e.g., Bruun, 1962; Cowell et al., 1995; Lorenzo-Trueba
and Ashton, 2014), it has been shown that the time frame over which the
simulation or study is conducted will impact the threshold, with longer
time frames being associated with greater closure depths (Nicholls et al.,
1998; Cowell et al., 2003). It has also been shown that modifying toe
depth based on accelerations in SLR rate can also have a significant
impact on transgression rates (Cowell and Kinsela, 2018).
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One surprising result was the relative insignificance of the mainland
slope parameter across the barrier and backbarrier results. Numerous
studies have demonstrated the importance of antecedent substrate on
the morphology of modern barriers (e.g., Oertel, 1979; Belknap and
Kraft, 1985), including more recent studies of U.S. East Coast barriers in
which the antecedent substrate was critical to understanding the
migrational history of the islands (e.g., Raff et al., 2018; Shawler et al.,
2021). In this study, it was expected that lower mainland slopes would
result in larger changes in shoreline position (Pilkey and Davis, 1987)
and/or larger lagoon widths as mean sea level rose. However, the lagoon
results in Fig. 3 show only modest index values for SLR rate and insig-
nificant values for mainland slope. Although it is not entirely clear why
mainland slope appears insensitive, two hypotheses for these interesting
results are: 1) that the LTM17 model's assumption of instantaneous
interior marsh growth with SLR increments reduced the mainland
slope's impact on lagoon width, and/or 2) the simulation time scale was
too short to produce a notable impact on the transgression rates. Addi-
tional modeling is suggested to explore this interesting result.

Most of the forcing parameters were found to significantly influence
the model results, the exception being shoreface flux (Fig. 3), which is
associated with how fast the shoreface is driven back toward its equi-
librium state by wave climates during recovery periods between storm
events. The insignificance of shoreface flux was somewhat surprising,
given its demonstrated influence in helping barrier's sustain long-term
behaviors such as periodic retreat and dynamic equilibrium (e.g. Lor-
enzo-Trueba and Ashton, 2014; Ciarletta et al., 2019) and its more
detailed formulations in other models (e.g., Storms et al., 2002; Stive
and de Vriend, 1995). The results were also surprising given the sig-
nificance of toe depth, which, in reality, is related to shoreface flux.
Taken together, these results suggest that the geometric constraints of
the shoreface were more influential than the rates of shoreface response
for short term simulations.

Although there were no instances of height drowning in Simulation
Set C, the instances of height drowning from the preliminary results
(Simulation Set A) help us understand the importance of overwash. Low
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overwash values (<15 mg/m/yr) were associated with all of the simu-
lations that resulted in height drowning in the preliminary results
(Supplemental material, Fig. S2.4). This highlights the criticality of
overwash processes in maintaining the elevation of barrier islands with
respect to SLR (e.g., Rosen, 1979; Ashton and Ortiz, 2011; Carruthers
et al., 2013). Based on this understanding, a future increase in the fre-
quency and localized intensity of coastal storms, which is expected
among coastal scientists (e.g., Ciavola and Coco, 2017; Gopalakrishnan
et al., 2018) and supported by observations and modeling studies (e.g.,
Bender et al., 2010; Seneviratne et al., 2023), would naturally lead to
increases in overwash flux that would enable barriers to maintain their
elevations. However, storm-driven overwash can also have destructive
effects on barrier island morphology including beach and dune erosion,
channelization of antecedent low spots, and washout (Morton and Sal-
lenger, 2003) that are largely dependent on the storm regime (Sallenger,
2000; Stockdon et al., 2007; Plant and Stockdon, 2012). Higher storm-
driven water levels generally increase in the morphological impact on
barriers (Plant et al., 2017), although not in every case (Long et al.,
2014). Based on modeling results from Passeri et al. (2020), increases in
storminess can result in barriers changing from a narrowing (i.e.,
decreasing width) to a flattening (decreasing height) state and can in-
crease the likelihood of breaching and drowning when coupled with
increases in SLR. Mariotti (2021) found that sediment supply played a
key role in whether or not barriers gained or lost elevation due to storms,
with high sediment supply leading to accretion and low sediment supply
leading to barrier flattening. The results of this study also strongly imply
that where overwash is artificially reduced, height drowning is possible
by the end of the century for low-relief barriers under high rates of SLR.
This finding is underscored by other studies which have found anthro-
pogenic impacts to significantly impact overwash and barrier
morphology (e.g., Rogers et al., 2015; Miselis and Lorenzo-Trueba,
2017; Tenebruso et al., 2022).

While high overwash values help maintain barrier height, they can
also impact the barrier width positively or negatively depending on
other geometry parameters such as initial marsh width, toe depth,
critical barrier width, and initial barrier width, the latter of which was
fixed at 350 m for Simulation Set C. Higher overwash flux values can
increase island width when critical width values are high (Fig. 6d), and
since overwash removes sediment from the shoreface and subaerial is-
land, greater change in the shoreline position is also observed (Fig. 6g).
The increase in barrier width can be modulated by the initial marsh
width, for which lower values offset the changes or lead to decreases in
barrier width (Fig. 6f). This is because lower backbarrier marsh widths
increase accommodation space, requiring additional washover volume
to maintain the barrier width (Walters et al., 2014). Increases in barrier
transgression are also regulated by increasing toe depth, which requires
less retreat distance to achieve mass balance of the profile (Fig. 6i). In
short, under high overwash conditions, barriers with low toe depths and
low marsh widths were the least efficient at converting the change in
shoreline position to the change in (back)barrier position, which led to
reduced barrier widths. Deaton et al. (2017) observed this phenomenon
in a study of U.S. East Coast barrier islands and estimated that 51% of
the observed marsh loss was due to barrier transgression.

The rate of SLR was very influential on the model results, particularly
for barrier transgression and marsh depth (Fig. 3). Higher rates of SLR
created larger accommodation spaces that required liberated sediment
from the seaward side of the transgressing barrier to fill. Thus, a direct
relationship exists between the rate of SLR and rate of barrier trans-
gression. This is in line with the previous sensitivity results (see Table 2)
and is supportive of findings from other modeling studies such as Moore
et al. (2007), who found that significant changes in SLR (based on
Intergovernmental Panel on Climate Change projections) could result in
a 150% increase in the transgression rate of the studied U.S. East Coast
barrier and increase the possibility of drowning.

The results from this study showed that backbarrier marsh and
lagoon dynamics were closely aligned with previous modeling studies.
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Parameters that were associated with the original MAC14 model, such as
reference wind speed, tidal range, critical bed shear stress, and ocean
sediment concentration, all impacted the backbarrier results in line with
the original model (Mariotti and Carr, 2014), while the parameters
associated with the original LTA14 model impacted the backbarrier
results very little - the exceptions being critical barrier width and
mainland slope (Fig. 3). SLR rate was a parameter in both original
models (LTA14 and MAC14) and was found to be very influential across
the board. Backbarrier parameters also influenced the barrier results,
specifically the change in barrier width and change in shoreline position.
This influence was manifested via reductions in backbarrier marsh
width and depth, which increased backbarrier accommodation space
and led to increased overwash volumes, decreases in barrier width, and
drowning, similar to Lorenzo-Trueba and Mariotti (2017).

Critical bed shear stress, which affects the erodability of the lagoon
sediment, was found to have significantly influenced the model results.
Shear stress was significant both in the original simulations (Simulation
Set A) where values greater than 0.2 Pa led to lagoon filling and values
lower led to barrier drowning (Fig. 2¢), and in the modified simulations
where higher values (0.15-2.0 Pa) still led to lagoon filling and lower
values (less than 0.08 Pa) were associated with width drowning
(Fig. 4e). Increasing the critical bed shear stress simulates an increase in
the lagoon's erosion resistance. As less lagoonal sediment is eroded, less
is exported to the marsh or ocean which causes the lagoon to fill;
oppositely, when critical bed shear stress is reduced, the lagoon deepens
which increases marsh erosion, accommodation space, and leads to
width drowning. Reeves et al. (2020) modeled the impact of modified
critical bed shear stress by adding seagrass beds to the GEOMBEST+
model of Walters et al. (2014) and found very similar results as their
seagrass beds act as source and sink terms for inorganic backbarrier
sediment. However, they also found that decreases in seagrass beds,
corresponding to a decrease in critical bed shear stress, allows the
sediment that it had trapped to be exported to the marsh, resulting in
marsh progradation (Reeves et al., 2020).

Ocean sediment concentration, which influences the amount of
inorganic sediment deposition, was also found to have significantly
influenced the model results, as low values corresponded to both width
and marsh drowning (Fig. 4f). These findings support the conclusions
from the original study by Lorenzo-Trueba and Mariotti (2017), who
found that reduced sediment concentrations led to increased width
drowning and decreased migration (see Table 2). Low ocean sediment
concentrations reduce all inorganic sediment deposition in the back-
barrier, thereby increasing accommodation space through reductions in
marsh width, marsh depth, and lagoon depth. These results highlight the
importance of considering the inorganic sediment transport dynamics in
the marsh and lagoon (Fagherazzi et al., 2013; Mariotti and Fagherazzi,
2013) and suggest that tidal inlet dynamics, including the formation of
new inlets (i.e., breaching), are critical morphodynamic components of
the barrier island system and should be considered in long-term barrier
island modeling approaches (e.g., Nienhuis and Lorenzo-Trueba, 2019;
Nienhuis et al., 2021). Considering the influence of these parameters
alongside the relative insignificance of overwash for the backbarrier
system, these results suggest that inorganic sediment deposition through
tidal inlet dispersion is much more significant to the backbarrier marsh
and lagoon system than overwash over sub-centennial timescales.

6. Conclusions

The aim of the study was to gain additional insights into multi-
decadal barrier-backbarrier system dynamics by exploring the param-
eter space of the LTM17 model using global sensitivity analysis, spe-
cifically the Sobol Method. The influence of each input parameter on the
wide range of model results was tested both individually and interac-
tively, and specific regions of sensitivity within the parameter space
were identified through heatmaps of parameter interactions and box-
plots of parameter values associated with distinctive simulation
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categories.

Initial and critical barrier geometry parameters were found to
significantly influence barrier width, height, and shoreline position
through the end of this century, with narrow, low-relief barriers being
most vulnerable to drowning. Width drowning was also found to be
associated with multiple parameter value ranges, suggesting the risk of
sub-centennial width drowning may be averted (or delayed) with a
single input parameter change. The barrier profile's toe depth and the
shoreface equilibrium slope, which are influenced by average wave
climate, were also found to moderately influence barrier width and
transgression due to conservation of mass within the barrier profile. The
significant influence of critical bed shear stress and ocean sediment
concentration on the backbarrier results, especially in contrast to the
insignificance of overwash, suggests that inorganic sediment deposition
through tidal inlet dispersion is much more significant to the backbarrier
marsh and lagoon system than overwash over sub-centennial timescales.

The application of global sensitivity analysis to the LTM17 barrier
island morphodynamic model using both the Sobol Method and simple
factor mapping techniques has provided new insights into the modeled
system dynamics and has confirmed various elements of our current
understanding of barrier evolution. Future modeling studies of barrier
evolution should use these sensitivity results to constrain the parameters
identified as most significant and to minimize uncertainty.
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