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The Arthur R. Marshall Loxahatchee National Wildlife Refuge (Refuge) overlays a 58,725 ha remnant of
the Northern Everglades which is termed Water Conservation Area 1 (WCA-1). The Refuge is impacted
by stormwater inflow from flood control pump stations which discharge to a perimeter canal system
inside an impounding levee. These discharges contain elevated mineral and nutrient concentrations, with
chloride concentration averaging well over 100 mg/L. It has long been established that the Refuge natu-
rally has low mineral content softwater, and that this low-mineral condition affects the species compo-
sition of wetland periphyton that are at the base of much of the Refuge food chain. The interior marsh of
the Refuge has today been termed rainfall-driven or ombrotrophic, with median chloride concentration
averaging 20.5 mg/L. However, chloride concentration in rain water averages roughly 2 mg/L. The level of
impact of exogenous pumped inflow on the concentration of chloride and other mineral constituents in
the interior marsh has been unclear, and at times it has been debated whether atmospheric loading and
evaporation can alone explain observed concentration of chloride in the interior. We applied a spatially
explicit hydrodynamic and constituent transport model, MIKE FLOOD, to estimate the unimpacted con-
dition of the interior. We compare this with simulated and monitored chloride concentrations under cur-
rent conditions. The model was calibrated for a 5-year period (2000–2004), and validated for a 2-year
period (2005–2006). We found that when pumped inflow concentration is reduced to an estimated rain-
fall chloride concentration, interior chloride concentration ranges typically below 5 mg/L. We therefore
conclude that the interior chloride concentration is currently dominated by pumped inflows and should
not be termed ombrotrophic. We also present initial modeling of one proposed remedial solution for
reducing this impact. Our study demonstrates the feasibility and utility of modeling constituent concen-
trations in large wetlands that are flooded by overbank flow from streams or canals. This model quantifies
the importance of surface water transport mechanisms across the Refuge linking wetland concentration
to inflow concentration and volume.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

An ombrotrophic wetland receives all its water and nutrients
from the atmosphere, and is therefore acidic and low in nutrients
and minerals (Charman, 2002). Within the modern Everglades wet-
lands, this status is uniquely attributed to the Arthur R. Marshall
Loxahatchee National Wildlife Refuge (Refuge). This attribution is
based on the observed steep spatial gradient of mineral concen-
tration in surface water near the perimeter canal, and the rela-
tively low and uniform concentrations measured at most-interior
and least-impacted sampling sites (Browder et al., 1991, 1994;
Swift, 1981, 1984; Swift and Nicholas, 1987). Here, we use a
ll rights reserved.
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spatially-explicit hydrologic and transport model, MIKE FLOOD,
to assess the degree to which the Refuge interior mineral content
is impacted by surface water inflows, and to determine if a classi-
fication of ombrotrophic is appropriate.

The Refuge (Fig. 1) overlays Water Conservation Area 1 (WCA-
1), and is managed by the United States Fish and Wildlife Service
(USFWS). WCA-1 is a 587 km2 remnant of the Northern Everglades
in Palm Beach County, Florida (USFWS, 2000). Wetland loss and
degradation has taken place in the greater Everglades. The USFWS
recognized that there have been changes to the Refuge’s water
quantity, timing, and quality which have caused negative impacts
to the Refuge’s ecosystem. The Refuge is impacted by changes in
water flow and stage (Brandt et al., 2000; USFWS, 2000; Brandt,
2006), excessive nutrient loading (Newman et al., 1997; USFWS,
2000), and altered dissolved mineral concentrations including
chloride (Swift, 1981, 1984; Swift and Nicholas, 1987; Browder
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Fig. 1. Boundaries of the Loxahatchee Refuge and locations of the hydraulic structures in the canal (modified from U.S. Fish and Wildlife Service, 2000).
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et al., 1991, 1994; McCormick and Crawford, 2006). The Refuge has
supported development of hydrodynamic and water quality mod-
els to gain a better understanding of these impacts and to evaluate
alternative water management options that may reduce these
impacts.

The ability to predict the effects of manipulation of water oper-
ations upon wetlands is central to the success of wetland manage-
ment and restoration (Gilvear and Bradley, 2000; Hollis and
Thompson, 1998). Hydrodynamic and water quality models pro-
vide the predictive tool needed for management and scientific sup-
port. A calibrated hydrodynamic and water quality model provides
managers and planners with information on movement of water,
and the fate and transport of constituents (Kadlec and Hammer,
1988; Tsanis et al., 1998; Koskiaho, 2003). Models provide a tool
to assist in answering questions regarding the hydrologic, hydro-
dynamic, and water quality conditions occurring under present
conditions and management rules, and models project how these
processes would be altered by alternative structural changes and
management scenarios.

Other Refuge modeling studies have utilized spatially aggre-
gated designs (Arceneaux et al., 2007; Wang et al., 2008, 2009;
Roth, 2009; Meselhe et al., 2010). However, such models are less
appropriate for site-specific applications or where detailed spatial
analysis and visualization is needed. Therefore, efforts reported
here have been directed towards development of a distributed
physically based model (Martin and Reddy, 1991; Alvord and
Kadlec, 1996). In addition, for model calibration, previous hydro-
logical models of the Refuge used historical flow records to define
not only the inflow, but also the outflow boundary (SFWMD,
2005a). Using only historic outflow for calibration does not pro-
vide a test of the rule-based outflow management that is neces-
sary when testing scenarios that do not apply the historic inflow
time series. In this study, we simulate regulatory outflows based
on predefined stage–discharge relationship. In modeling the
hydrodynamics and chloride concentration in the Refuge, a
spatially explicit model was developed using MIKE FLOOD (Danish
Hydraulic Institute, DHI, 2008; Chen et al., 2010) to provide a
detailed quantitative framework. This paper describes the model
development, calibration, validation, and then documents model
results which assess impact of pumped inflows on wetland min-
eral status.
2. Study area

2.1. Site description

The Refuge is located 11.3 km west of the city of Boynton Beach,
Florida in the southeastern United States (Fig. 1). It is enclosed
within a levee system and a perimeter canal along the interior of
the levee (Richardson et al., 1990). The Refuge landscape consists
of a complex mosaic of wetland communities that grade from wet-
ter sloughs and wet prairies, to sawgrass, brush, and finally tree is-
lands occurring at the dryer end of the scale (USFWS, 2000). Refuge
water conditions are controlled by the inflows and outflows
through pumps and gates along the perimeter canal. Land use in
areas bordering the Refuge varies from drained agricultural land
(the Everglades Agricultural Area) on the northwest boundary, ur-
ban development to the east, and Everglades wetlands of Water
Conservation Area 2A (WCA-2A) located southwest of the Refuge.

Refuge topography is characterized by a fairly flat interior
marsh (Fig. 2) and a varying-section perimeter canal. The marsh
elevation data were collected by the United States Geological Sur-
vey (USGS) on a 400 by 400 m grid (Desmond, 2003). Elevation
ranges from 5.64 to 3.23 m (NGVD29) decreasing slightly from
north to south which, at times, may cause a slow southward sur-
face water flow (Meselhe et al., 2005). Perimeter canal cross-sec-
tion elevation data were collected by the University of Florida’s
Institute of Food and Agricultural Sciences with approximate
1600 m resolution (Daroub et al., 2002) and was supplemented
by measurements taken by the USFWS. The sediment surface ele-
vation for the eastern canal (L-40) and the western canals (L-7
and L-39) vary with a mean elevation of 0.98 and 0.73 m, respec-
tively (Meselhe et al., 2005).



Fig. 2. Topography of the Refuge (in m NGVD 1929) based on USGS published
elevations. Desmond (2003).

Fig. 3. Water level and water quality monitoring sites located in the Refuge
(enhanced stations, labeled LOXA elsewhere, are labeled A here for brevity). Here 7
marsh stations denoted (LOX3, LOX5, LOX7, LOX8, LOX9, LOX11, and LOX13) were
conjectured to be least impacted by the canal inflow.
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Water and nutrients enter and exit the Refuge through 19
hydraulic structures located around the perimeter canal (Fig. 1).
Water is pumped from inflow pump stations into the Refuge.
Several structures are bidirectional. The major outflow structures
(S-10A, S-10C, S-10D, and S39) are located toward the southern
end of the Refuge. Historical flow records for these structures are
maintained by the South Florida Water Management District
(SFWMD) in a publicly-available online database, DBHYDRO (http://
www.sfwmd.gov/dbhydroplsql/show_dbkey_info.main_menu).

2.2. Water regulation schedule

Excessive water levels in the Refuge are reduced to meet stage
limits through mandatory discharges out of the Refuge (regulatory
releases) under a seasonally varying regulation schedule. The Ref-
uge water regulation schedule (WRS) is administered by the U.S.
Army Corps of Engineers (USACE, 1994), Jacksonville District in
consultation with other agencies (Arceneaux et al., 2007). The
WRS has sets stage limits (floor) that vary from 4.8 m at the end
of the dry season, up to 5.33 m at the end of the wet season. When
stage is above this limit, the WRS is said to be in Zone A1, and re-
lease of water is mandatory.

2.3. Field data

The daily-averaged structural flows were obtained from DBHY-
DRO. Daily total precipitation and evapotranspiration data from
available gages were acquired from various sources (Meselhe
et al., 2005). Five continuous water level stations maintained by
USGS are located in the marsh, and another station (1-8C) is lo-
cated in the eastern canal (L-40) (Fig. 3). Water depth, termed
Depth to Consolidated Substrate (DCS), was measured by the
USFWS (2007) when marsh water quality samples were collected
monthly at marsh stations (Fig. 3). Chloride concentration mea-
sured from grab samples were obtained from five data collection
programs: (1) the Everglades Protection Area Project (EVPA) water
quality stations; (2) enhanced water quality monitoring stations
(data available after August 2004, alternatively termed LOXA or A
stations); (3) SFWMD transect monitoring sites (also known as
the XYZ sites); (4) water quality monitoring sites located at the
structures; and (5) additional independent monitoring sites
(Meselhe et al., 2005).
3. Methods

3.1. Modeling framework

MIKE FLOOD is a spatially distributed and physically based
modeling environment. It integrates a 1-dimensional channel mod-
el (MIKE 11) with the grid of a 2-dimensional surface flow model
(MIKE 21) through user-defined couplings at the interfaces. After
each computational time step, the computed data are exchanged
between the two models. The hydrodynamic (HD) module in MIKE
21 solves the unsteady depth-integrated 2-dimensional continuity
and momentum equations using the Alternating Direction Implicit
(ADI) technique. The HD module in MIKE 11 solves the fully
dynamic Saint Venant equations using the 6-point Abbot Finite
Difference Scheme. Water constituent transport in MIKE 21 and
MIKE 11 are simulated by the Advection–Dispersion (AD) modules,
which use velocity from the HD module to solve the advection–dis-
persion equation. The open-source ECO Lab module is used to de-
fine the mass balance relationship including the reactive and
settling process for water constituent in MIKE 21. MIKE 11 also
simulates a broad range of hydraulic structures including weir,
gate, bridge, culvert, and control structure. Details about MIKE
FLOOD can be found in the Reference Manual (2008 Ed.). Note that
the singular use of ‘‘model’’ refers to the coupled MIKE 11 and MIKE
21 model.

3.2. Calibration–validation analysis

The ability of the model to reproduce observed stage, depth, and
chloride concentration was quantified for calibration and valida-
tion periods using statistical measures (Chen et al., 2010). The
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Table 1
Manning’s n for the six vegetation categories.

Vegetation type Manning’s n (s/m1/3)

Sawgrass 4
Cattail 4
Open water and sloughs 0.8
Wet prairie 4
Tree island 2
Brush 2
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model residual is the model prediction minus the observed value.
Bias is the average residual and is a measure of under- or over-pre-
diction. Root mean square error, RMSE, is the square root of the
average of the squared residuals, representing the ‘‘typical’’ or
‘‘average’’ error to be expected (Berry and Lindgren, 1996). Vari-
ance reduction is equal to one minus the residual variance divided
by the variance of the observed values, and represents how well
the model output data follow the variations in the observed data.
The sample correlation coefficient, r, estimates the covariance of
the observed and modeled values divided by the product of their
standard deviations, and is a dimensionless representation of the
linear relationship between the observed and modeled data.
Nash–Sutcliffe efficiency (Nash and Sutcliffe, 1970), reflecting both
the bias and the variance reduction, can vary from an unboundedly
large negative value to positive one for a perfect fit, and is widely
applied to measure overall reliability of model projection. A value
of 0 indicates the model and the average value of the observed data
are equal in their ability as predictors.
4. Model setup and inputs

4.1. Marsh model

The 2-dimensional MIKE 21 model domain represents the Ref-
uge marsh with a uniform Cartesian grid of 400 m resolution which
is compatible with available USGS topographic data (Desmond,
2003). Spatial rainfall was generated from measured data at avail-
able rainfall stations using inverse-distance weighting. As the mea-
sured potential ET was taken from a single station adjacent to the
Refuge, and marsh sites that go dry for even a few weeks have con-
siderably lower annual ET loss, the measured ET was adjusted
when observed water depth was low by a reduction factor of fET

(Arceneaux et al., 2007; Meselhe et al., 2010):

ETact ¼ fET � ETobs ð1Þ

fET ¼ max fET min;min 1;
H

HET

� �� �
ð2Þ

where ETact is the actual ET estimated from ET reduction (mm/d);
ETobs the measured potential ET (mm/d); fETmin the minimum reduc-
tion of ET due to shallow water depth (%); H the estimated water
depth (m) and HET is the depth above which ET is not reduced
(m)fETmin and HET are determined via calibration. Eq. (2) shows that
fET depends on the water depth at specific location. To obtain
spatially varied daily ET, interpolation was performed to the daily
observed water level on each grid and transformed to the corre-
sponding water depth (H). Then the water depth (H) was substituted
into Eq. (2) to compute fET, which then is plugged in Eq. (1) to
calculate ETact.

Although groundwater model was not included, groundwater
seepage was considered, which was assumed constant and uni-
formly distributed across the marsh. The vegetation was classified
into six categories defined by the SFWMD (2000), and followed the
vegetation mapping of Richardson et al. (1990) from 1987 imagery:
sawgrass, cattail, open water and sloughs, wet prairie, tree island,
and brush. The resistance for each grid was derived in GIS from
vegetative class and expressed in Manning’s M (m1/3/s), the reci-
procal of Manning’s n (Table 1).

The drying and rewetting processes of the marsh were ac-
counted for by the dry and wet depths. Velocity based Smagorinsky
formula (DHI Water and Environment, 2008) was selected for tur-
bulence with the Smagorinsky constant set to 0.5.

Chloride was modeled as a conservative tracer. The current
induced transport was simulated by the AD module. The external
factors, such as rainfall, transpiration, seepage, and aerial
deposition were simulated using the template that the ECO Lab
interface provides. Transpiration was assumed to carry constituent
into the ground, and was defined using a single constant fraction of
ET (Zhang et al., 2002; Andersen et al., 2001; Arceneaux et al.,
2007) which was determined via calibration. Concentrically dis-
tributed temporally constant dispersion coefficients in six levels
were defined, which gradually increases from the peripheral zones
towards the interior. Wet and dry depositions were assumed to be
spatially uniform and temporally constant. The initial water level
in the marsh was estimated using the average of the observations
at marsh stations. The spatially varied initial concentration was
generated from the observed concentration of interior stations. A
time step of 5 min was adequate for simulating hydrodynamics
only. For the AD module, a reduced time step of 3 min was required
to maintain stability.

4.2. Canal model

Available cross-sectional data were used to define the perimeter
canal. Observed inflow and discrete chloride concentrations from
grab samples were imposed at the inflow boundary structures.
The regulatory discharges through the structures of S-10A, S-10C,
S-10D, and S-39 were defined as a function of the difference in
stage between station 1-8C and the WRS zone A1 floor. The
discharge-stage difference relationship for the S-10 structures
(S-10A, S-10C and S-10D) was derived based on the observed stage
and outflow from January 1995 to August 2007. The regulatory dis-
charge for S-39 was estimated using the ratio of the historical reg-
ulatory release of S-39 to that of the S-10 structures. The regulated
release was modeled via MIKE 11 control structure. For water sup-
ply discharge and all non-regulatory structural releases, historical
data were imposed at the boundaries.

Spatially uniform and temporally variable precipitation and
evaporation were applied for the canal. Seepage from the canal
was assumed constant in time and uniform in space, and was sim-
ulated as a boundary outflow that was determined via calibration.
Manning’s equation was used to simulate channel resistance, for
which uniform Manning’s n was assumed and calibrated. Canal
dispersion was modeled using the exponential function

D ¼ aVb ð3Þ

where V is the velocity, a and b are calibration parameters. The wet
and dry chloride depositions applied for the marsh were also
adopted for the canal. The initial canal stage was estimated by the
observed water level at 1-8C. The average observed concentration
at canal stations was used for the initial concentration. The same
time step used in MIKE 21 was applied in MIKE 11.

4.3. Coupled model

The model was initially setup to laterally couple the reaches of
the MIKE 11 with the adjacent MIKE 21 cells. However, tests re-
vealed that lateral link performs well in preserving mass for hydro-
dynamics, but has significant mass conservation error for the AD
module. To resolve this problem, standard link was used, in which
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short channels were created which connect the perimeter channels
of MIKE 11 and the adjacent fringe marsh cells in MIKE 21.
5. Model calibration and validation

A 5-year period (2000–2004) was selected for calibrating the
model (Table 2). This period contains both high and low flow years,
and is helpful to evaluate the model’s capability to capture the var-
iation of hydro-pattern. The 2-year period of 2005–2006 was se-
lected for model validation. The model was manually calibrated
through ‘‘trial and error’’ for hydrodynamics first and then for chlo-
ride concentration. The fine tuning of parameters was restricted to
a physically-realistic range. Model performance in the calibration
and validation process was evaluated both qualitatively, based on
graphical visualization, and quantitatively, based on statistical
measures.

The calibration parameters for hydrodynamics for MIKE 21 in-
clude resistance and seepage, dry and wet depths, minimum ET
reduction fETmin, and minimum depth for ET reduction HET (Eq.
(2)). Those for MIKE 11 include resistance and seepage. Preliminary
results showed that stage was insensitive to roughness, especially
for the canal. Stage was found to be sensitive to the total seepage,
but insensitive to the ratio between the marsh and the canal. A ser-
ies of values for the dry depth were tested ranging from 0.01 m to
0.05 m. The wet depth was examined over the range from 0.012 m
to 0.1 m. These two parameters showed insignificant influence to
stage. For fETmin and HET, several sets were calibrated to encompass
the physical limits for each. Calibration results varying these ET
parameters indicated that different combinations give similar pre-
dictions; thus, this parameter set is not uniquely defined through
stage calibration.

The calibration parameters for AD module in MIKE 21 and MIKE
11 include aerial (wet and dry) depositions, seepage, and disper-
sion. The transpiration fraction of ET in the marsh was another cal-
ibration parameter for MIKE 21. The wet and dry depositions
calibrated from a companion study (Arceneaux et al., 2007) pro-
vided good results, and were adopted in this model. The total seep-
age calibrated from the hydrodynamic model was further split and
assigned to the marsh and the canal. The six levels of dispersion
coefficient defined for the marsh were calibrated. For the disper-
sion in the canal, a uniform and constant coefficient was assumed
(i.e., b = 0 in Eq. (3)).

Chloride concentration was found to be highly sensitive to
marsh transpiration. The calibrated transpiration fraction of ET
was 35%. The overall chloride mass balance demonstrated to be
sensitive to the seepage ratio between the marsh and the canal.
This could be attributed to the fact that the typical canal concen-
tration is much higher than that of the marsh, thus the canal seep-
age transports more chloride per unit flow than the marsh seepage.
Table 2
Calibrated hydrodynamic and chloride model parameters.

Parameters

Marsh Roughness
Seepage
Dry/wet depth
Depth reduction factor
Depth reduction boundary
ET percent as transpiration
Dispersion

Canal Roughness
Seepage
Dispersion

Marsh and Canal Chloride wet deposition
Chloride dry deposition
The final calibrated ratio of marsh and canal seepage is 1:1. The six
levels of dispersion coefficient were assigned to the fringe towards
the interior marsh. The calibrated values were 0.001, 0.3, 0.5, 0.8,
1.5, and 2.0 m2/s. These values fall within the range given by
Kadlec and Knight (1996). In calibrating the dispersion coefficients,
numerical dispersion was considered, especially for the fringe
marsh, which led to the relatively large gradient between the
two outer most levels. Chloride transport in the canal is dominated
by advection and chloride concentration showed only slight varia-
tion to changes in canal the canal dispersion coefficient. The final
calibrated canal dispersion was 50 m2/s, which is not atypical for
natural channels (Bowie et al., 1985).

Two other parameters of dry and wet depths and the marsh
roughness, which were previously found to have only minor im-
pacts on predicted stage during the calibration for hydrodynamics,
demonstrated significant impact on predicted chloride concentra-
tion. This difference in parametric sensitivity supported a more
reliable and robust hydrodynamic model calibration. The dry and
wet depths were identified through chloride calibration to be
0.050 and 0.052 m, respectively. Early stage calibration attempts
over-predicted chloride concentration in the western marsh near
the S-6 pump station. It was conjectured that this anomaly is
caused by the limitation of the 1987 imagery (Richardson et al.,
1990) to capture recent vegetation change in this area. Vegetation
in this area was re-evaluated by inspecting the images from Google
Earth (http://earth.google.com). We found an enlarged strip of
dense vegetation along the perimeter canal in the southwestern
Refuge which was consistent with anecdotal field observations of
dense cattails invading areas surrounding water quality sampling
sites in this area. Model vegetative resistance was thus adjusted
accordingly.
6. Calibration and validation results

Graphical and statistical results of model calibration and valida-
tion are presented in this section. Additional details regarding the
model results can be found in Chen et al. (2010).

6.1. Stage and depth

The model agreed well with observed water levels, captured the
overall trends and seasonal variations, and had calibration errors of
reasonable magnitude (Fig. 4, Tables 3 and 4). It is recognized that
the point measurements at monitoring stations limit model evalu-
ation to a simple comparison of modeled and observed at the
gages. Although the model grid of 400 m resolution applied was
based on the best available Refuge topographic data, smaller scale
topographic (microtopographic) features were not included that
likely have significant influence on site-specific stage, water depth,
Unit Value

m1/3/s 0.125–1.25 (spatial variable)
m3/s 2.25 (spatially uniform)
m 0.050/0.052
none 0.2
m 0.2
% 35
m2/s 0.001–2 (six concentric zones)

s/m1/3 0.03
m3/s 2.25 (spatially uniform)
m2/s 50

mg/L 2
mg/m2 yr 500

http://www.earth.google.com
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Fig. 4. Comparisons of modeled and observed water level at selected marsh and
canal stations.
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flow, and constituent concentrations. Discrepancies between simu-
lated and observed stage are largely attributed to uncertainty in
model inputs, such as temporal aggregation in daily averaged flows
and precipitation. The model is not expected to capture stage re-
sponse to events of time scale smaller than daily. This is more
apparent for low stage events, such as the dry period during May
2001 in the canal when small diel fluctuation in canal stage was
Table 3
Calibration statistics of daily water level (2000–2004).

Station Count
(n)

Bias
(m)

RMSE
(m)

Average
observed (m)

Average
model (m)

SD
observed
(m)

North 1261 �0.04 0.08 5.10 5.04 0.12
1-7 1827 �0.01 0.07 5.01 5.00 0.13
1-8T 1820 0.03 0.08 4.94 4.97 0.20
1-9 1827 0.00 0.06 4.96 4.97 0.16
South 1304 0.04 0.07 4.91 4.93 0.21
1-8C 1827 �0.03 0.09 4.94 4.90 0.28

Table 4
Validation statistics of daily water level (2005–2006).

Station Count
(n)

Bias
(m)

RMSE
(m)

Average
observed (m)

Average
model (m)

SD
observed
(m)

North 725 �0.02 0.04 5.01 4.99 0.09
1-7 730 �0.03 0.05 4.97 4.95 0.10
1-8T 694 �0.03 0.07 4.94 4.90 0.14
1-9 730 �0.04 0.06 4.94 4.91 0.12
South 704 �0.06 0.09 4.92 4.86 0.15
1-8C 730 �0.09 0.14 4.94 4.84 0.17
observed. Uncertainty in ET estimation also likely contributes sig-
nificantly to calibration error because only one ET station located
to the northwest of the Refuge is available for the modeling period.
Major deviations are observed during the exceptionally dry and
low stage period in 2001 for the canal (1-8C in Fig. 4) and the adja-
cent marsh station of 1-8T. As previously noted, this model does
not simulate groundwater when observed water levels fall below
the marsh surface. As no deficit from below-ground stage condi-
tions needs to be replenished prior to rewetting, the MIKE FLOOD
model does tend to recover too quickly from extreme drought. Sta-
tistics for the calibration and validation (Tables 3 and 4) of daily
water level show that the hydrodynamic model was calibrated
well with high correlation coefficients (all above 0.85), low bias
(all less than 0.1 m), and high Nash–Sutcliffe efficiency (all above
0.5 except for 1-8C for the validation period).

Comparison of modeled surface water depth with DCS mea-
sured during monthly water quality sample collections provided
an independent test over a wider spatial extent than was provided
by recording stage gages in the marsh (Fig. 5). Monthly water qual-
ity samples and DCS are collected in the vicinity of a fixed location.
Because they are not taken at exactly the same location each
month, DCS measurements are expected to have lower precision
than measurements at fixed location stage gages. Furthermore, a
positive bias under more shallow conditions was expected because
samplers search for a sampling location in the vicinity of the
marked sampling site with a minimum 10 cm clear water depth.
Despite these complications, the model presented a good fit to
the observed variations in DCS at most sites. This further verifies
that the model can provide reliable predictions beyond the estab-
lished stage gage network. It also demonstrates that the effort of
carefully measuring DCS during sampling provides valuable data.
Observed marsh DCS ranged from a low below 0.1 m typically
occurring more in the north, to a high of 0.65 m in the south.

The DCS data provide an independent test of the topographic
data used in model development, because at high stage, when
there are no large inflows or outflows, the water stage is generally
flat across the Refuge. Thus, stage minus DCS provides a good esti-
mate of soil elevation at the sampling site. At the neighboring sta-
tions of LOXA130 and LOXA131, it was observed that even though
the observed data displayed a similar pattern, the model predic-
SD model
(m)

SD error
(m)

Variance
reduction (%)

R (correl.
coef.)

r2 Nash–
Sutcliffe eff.

0.14 0.07 62 0.86 0.74 0.51
0.14 0.06 77 0.89 0.80 0.77
0.17 0.07 87 0.94 0.89 0.85
0.16 0.06 86 0.94 0.88 0.86
0.22 0.06 92 0.96 0.93 0.89
0.27 0.08 92 0.96 0.92 0.91

SD model
(m)

SD error
(m)

Variance
reduction (%)

R (correl.
coef.)

r2 Nash–
Sutcliffe eff.

0.09 0.04 79 0.90 0.80 0.75
0.09 0.05 79 0.89 0.79 0.72
0.12 0.06 80 0.89 0.80 0.74
0.11 0.05 81 0.90 0.81 0.72
0.16 0.07 81 0.91 0.84 0.66
0.21 0.11 57 0.85 0.73 0.24
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Fig. 5. Comparisons of simulated and observed water depth at selected DCS
stations.
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tions showed drastically different patterns. Such modeled differ-
ences are conjectured to be related to inadequacy of spatial resolu-
tion and sampling bias for characterization of topography and
Table 5
Statistics of annual discharge of individual outflow structure and combined for the period

Station Count
(n)

Bias
(m3 � 106)

RMSE
(m3 � 106)

Average observed
(m3 � 106)

Average model
(m3 � 106)

SD
(m3

S-10A 7 8.35 15.59 64.18 72.54 26
S-10C 7 12.83 31.12 59.70 72.54 43
S-10D 7 �4.13 18.01 76.66 72.54 25
S-39 7 7.46 39.31 117.75 125.21 78
S-10ACD 7 17.06 41.59 200.55 217.61 83
S-10ACD+S-

39
7 24.51 41.28 318.30 342.81 120
vegetation. The influence of local topographic and vegetation fea-
tures with a scale below the 400 m model resolution may have sig-
nificant influence on site-specific observations.

6.2. Discharge

The simulated discharges of the four regulatory structures
(S-10A, S-10C, S-10D and S-39) were compared with the recorded
data. The daily discharge obtained at noon was aggregated to an-
nual discharge. Agreement between the predicted and recorded
annual outflows at the four structures combined is not much great-
er than the uncertainty associated with discharge estimation at
gates and pumps (Ansar and Chen, 2009). Statistics of annual dis-
charge over the entire period of simulation for the individual and
combined stations (Table 5) demonstrate that the model does pre-
dict individual structure flows well, but is more reliable in predict-
ing overall outflow.

6.3. Chloride (Cl) concentration

The modeled chloride concentration was compared with the
measured data of the EVPA, XYZ, enhanced water quality network,
and the canal hydraulic structure samples for the calibration and
validation periods. There are 54 marsh and 11 canal stations. Among
those, marsh sampling was typically monthly, but sampling at canal
structures was typically irregular. Several representative stations,
which broadly cover the Refuge, were selected to illustrate the
diversities of chloride concentration over the Refuge (Fig. 6). For
those selected stations, the comparison of observed and predicted
chloride concentration showed seasonal patterns and instances of
high chloride canal water intruding into the peripheral marsh. The
occasional gaps in the model results seen in the time series graphs
reflected periods where a cell was dry. Gaps in marsh sampling data
reflected instances when water was too shallow to sample (i.e.,
depth of clear water was less than 10 cm). The corresponding statis-
tics for those stations are given in Tables 6 and 7 for the calibration
and validation periods, respectively.

The overall model predictions compared well with the observed
data for the marsh and the canal stations. The canal station (Z0)
and those near the peripheral marsh zones (LOX6 and LOXA117)
show greater variation in concentration than the interior station
(LOX13). We believe that a major cause of errors in chloride projec-
tions can be linked to the low frequency of sampling at the canal
inflows. Inflow sampling for chloride was performed by grab sam-
pling approximately every 2 weeks. Chloride concentration was
variable and showed some dependence on discharge. Thus, more
frequent, or flow proportional sampling was needed to adequately
characterize chloride inflow loads; increased sampling frequency
or deployment of sondes to log conductivity as a surrogate for
chloride concentration at the inflows would address this data need.
This improved monitoring would significantly improve model per-
formance. Other sources of uncertainty that impacted the model
of 2000–2006.

observed
� 106)

SD model
(m3 � 106)

SD error
(m3 � 106)

Variance
reduction (%)

R (correl.
coef.)

r2 Nash–
Sutcliffe
eff.

.92 28.21 14.22 72 0.87 0.75 0.61

.83 28.21 30.63 51 0.72 0.52 0.41

.06 28.21 18.93 43 0.75 0.57 0.40

.66 57.66 41.69 72 0.86 0.73 0.71

.69 84.63 40.97 76 0.88 0.78 0.71

.72 102.49 35.87 91 0.96 0.92 0.86
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Fig. 6. Comparison of chloride concentration with measured data at selected EVPA (a–d), enhanced (e), and canal (f) stations.
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performance include uncertainty in the estimated dry and wet
deposition of chloride and the inadequate resolution of topo-
graphic data for the Refuge. The few negative Nash–Sutcliff effi-
ciency values indicate that the model does not predict daily
values at some Refuge sites with accuracy. We also examined the
model’s capability for long term prediction, for which the mean
observed concentration was plotted against the mean simulated
for the calibration and validation period (Fig. 7). Good agreement
Table 6
Statistics of discrete chloride concentration at selected stations for the calibration period

Station Count
(n)

Bias
(mg/L)

RMSE
(mg/L)

Average
observed (mg/
L)

Average
model (mg/L)

SD observ
(mg/L)

LOX6 41 �5.75 25.30 49.63 42.75 25.89
LOX13 29 14.40 21.60 16.27 29.87 5.64
LOX15 53 1.41 22.59 73.39 74.80 35.36
LOX16 51 35.85 42.33 24.72 60.57 15.19
Z0 55 0.63 28.34 126.78 127.42 33.48
was found between these two pairs with the Nash–Sutcliffe effi-
ciency of 0.88 and 0.67 for the calibration and validation, respec-
tively. This indicates that the model did a good job simulating
long term chloride variation within the Refuge.

Sampling sites were sorted according to the median of observed
chloride concentration, resulting in a list of sites ranging from
least-impacted to most-impacted by exogenous mineral impact
(Table 8). The seven sites with lowest median values were
(2000–2004).

ed SD model
(mg/L)

SD error
(mg/L)

Variance
reduction (%)

R (correl.
coef.)

r2 Nash–
Sutcliffe
eff.

27.15 24.92 7 0.64 0.41 0.08
17.26 16.39 �745 0.31 0.10 �13.78
26.02 22.76 59 0.77 0.59 0.58
25.74 22.73 �124 0.48 0.23 �6.92
38.97 28.59 27 0.70 0.49 0.27



Fig. 7. Scatter plot of mean observed and mean simulated chloride concentration
for the calibration period (EVPA, XYZ, and canal stations) and the validation period
(EVPA, XYZ, enhanced, and canal stations).

Table 7
Statistics of discrete chloride concentration at selected stations for the validation period (2005–2006).

Station Count
(n)

Bias
(mg/L)

RMSE
(mg/L)

Average
observed (mg/
L)

Average
model (mg/L)

SD
observed
(mg/L)

SD model
(mg/L)

SD error
(mg/L)

Variance
reduction (%)

R (correl.
coef.)

r2 Nash–
Sutcliffe
eff.

LOX6 20 �22.78 27.69 37.39 14.58 15.22 8.50 16.16 �13 0.25 0.06 �2.16
LOX13 14 �5.69 7.18 22.11 14.84 4.88 5.51 4.54 13 0.57 0.32 �3.10
LOX15 22 �11.40 17.29 58.58 47.18 19.76 13.53 13.30 55 0.74 0.55 0.20
LOX16 22 5.75 10.94 35.19 40.94 13.40 13.74 9.52 50 0.75 0.57 0.30
Z0 24 �2.07 18.95 122.96 120.89 31.64 32.95 19.24 63 0.82 0.68 0.63
LOXA117a 23 �2.94 25.07 70.89 67.95 36.73 39.15 25.58 51 0.77 0.60 0.51

a The data for the enhanced stations started from August 2004. The statistics are calculated for the period from the date when the data become available to the end of 2006.

Table 8
Median values (mg/L) of the observed, base and the scenario simulated chloride concentr

Site Observed Base Scen

Least-impacted
LOX13 17.1 18.7 5.3
LOX11 18.6 16.6 5.6
LOX3 18.8 14.2 4.1
LOX5 20.3 9.0 3.9
LOX8 22.8 14.1 4.7
LOX9 23.0 21.2 4.9
LOX7 23.2 14.3 5.1

Average 20.5 15.4 4.8

Transition
LOX14 25.5 37.5 5.6
LOX16 26.0 52.5 5.5
LOX10 30.0 39.5 4.5
X4 35.0 34 5.0
Z4 37.0 36.2 5.1
LOX12 38.0 42.0 5.3
LOX6 42.4 24.1 4.9
Y4 43.0 39.1 4.8
X3 50.0 48.6 4.7

Average 36.3 39.3 5.0

Most-impacted
Z3 55.3 45.2 4.9
LOX4 62.3 31.9 4.3
LOX15 65 60.4 5.1
X2 97 91.3 4.3
Z2 100 88.2 4.1
Z1 120 110 3.2
X1 130 119.2 3

Average 89.9 78 4.1
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classified as least-impacted with observed median concentration
averaged 20.5 mg/L, and ranged from 17.1 to 23.2. These sites tend
to be farther from the canal than other sites. Average observed
median concentration at the seven most-impacted averaged
89.9 mg/L, and these sites are generally close to the canal. Sites
were classified as transition that had median values between the
least-impacted and most-impacted. Average observed median con-
centration at transition sites was 36.3 mg/L. The pattern of a high
gradient and highly variable chloride concentration among the
most-impacted and transition sites, combined with the low and
less-variable chloride concentrations at the least-impacted sites,
has, we believe, led other researchers to conclude that the Refuge
interior is properly classified as ombrotrophic (McCormick and
Crawford, 2006).

The qualitative spatial pattern of observed chloride concentra-
tion was reproduced by the model. Calibration and validation sim-
ulations were combined into a base run. For comparison with
ations at the least-impacted, transition and most-impacted sites.

ario 1 Scenario 2 Distance from canal (km)

14 6.6
11.2 6.5

7.6 4.6
6.2 8.1
8.2 9.7

18.4 5.5
8.1 5.5

10.5 6.6

12.4 1.2
44.4 2
37.2 1.2
29.8 4.2
34.6 3.0
37.3 2.7

7.3 1.1
36.2 3.1
47.6 2.0

31.9 2.3

44.4 2.2
8.2 1.1

53.4 1.2
82.5 1
83.3 1

106.7 0.2
118.7 0.2

71 1
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observed median values, simulated base run values were paired by
date (Table 8). Although displaying a similar pattern, modeled base
run median values are lower than observed at 18 of the 23 sites
evaluated.

To evaluate the impacts of canal water intrusion, concentration
profiles along two transects around the XYZ stations were
extracted. The X-transect includes stations X0, X1, X2, X3, and
X4; and the Z-transect includes stations Z0, Z1, Z2, Z3, Z4, and
LOX12. Fig. 8 shows the comparisons of observed concentration
and profiles of model results for two intrusion events occurred in
2000 and 2002, respectively. The field measurements used in the
profiles were gathered at different times. Therefore, model results
were extracted over a time period including the duration over
which the field data was gathered. A 4-week window around the
field measurements proved sufficient to capture the intrusion
event. In general, the concentration gradient pattern was repro-
duced by the model. The elevated concentration observed from
the transitional zone towards the interior marsh indicates that
there is substantial canal water intrusion extending a few kilome-
ters into the marsh. The modeled concentration, in general, de-
clines more rapidly along canal–marsh transects than is
observed. This may result from inadequate vegetation and topo-
graphic data to adequately describe the zone across peripheral
marsh to the canal levee.
7. Pumped inflow impact analysis

The calibrated and validated model provides an analysis tool for
quantifying projected impacts of proposed structural or opera-
tional alternatives. Herein, two scenarios were examined. Scenario
1 quantifies the importance of chloride loading from inflows on
Refuge chloride levels (the completely rainfall-driven test sce-
nario), while scenario 2 illustrates the efficacy of a hypothetical
project designed to block overbank flow along the eastern canal
(the barrier scenario).
7.1. Chloride inflow concentration reduction scenario analysis
(scenario 1)

The chloride concentrations at all the inflow structures along
the length of the perimeter canal were reduced to a constant
2 mg/L, a value equal to the concentration assumed in wet atmo-
spheric deposition. This modeling experiment examined the influ-
ence of the chloride loading from the inflow structures on the
marsh interior. The comparison of concentration for the original
boundary concentration (referred to herein as the ‘‘Base’’ condi-
tion) and the reduced inflow concentration (2 mg/L) provided an
estimation and visualization of the flushing time of water in the
marsh and canal systems as both models use the same initial
concentration (Fig. 9). The flushing time at the selected marsh sites
(Fig. 9a and b) was equal to or greater than 1 year, but the canal
(Fig. 9c) initially responded much more rapidly, while continued
to respond as chloride flows from the marsh.

This scenario also quantified the concentrating of chloride
through evaporation (a distillation process) by simulating marsh
that is no longer impacted by canal water intrusion. During the
dry season, when ET and seepage exceed precipitation, the chloride
concentration increased and at times reached as high as 12.5 mg/L
for LOX10 and 18.6 mg/L for LOX11. When the wet season started,
the rainfall diluted the concentration, but most marsh stations re-
main over 3 mg/L. Evaporation therefore concentrated chloride at
times by a factor of 1.5 to nearly 10 at more isolated interior marsh
sites like LOX11. Although the concentrating effect of evaporation
does at times significantly raise modeled chloride concentrations,
comparison to base run concentrations at these sites illustrate that
most of the chloride mass observed at interior sites originates at
pumped inflows rather than in aerial deposition.
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Fig. 9. Comparison of chloride concentration with original boundary inflow
concentration (base) and reduced concentration (2 mg/L, same as rainfall concen-
tration) at selected marsh stations (a and b) and canal station (c).

Fig. 10. Scatter plot of median concentration for the base and scenario 1.
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Observed chloride grab sample concentrations were paired by
date with simulated chloride concentrations. The median values
at the EVPA and the XYZ stations for the observed concentrations,
base simulation, and the scenario simulation results were calcu-
lated (Table 8, Fig. 10). From this list, the seven least-impacted
(lowest median chloride concentration) sites, and seven most im-
pacted sites were identified. The average median concentration
of the seven least-impacted sites is 15.4 mg/L for the base case,
and 4.8 mg/L for the scenario. Thus, chloride concentration in the
marsh under the base condition is over three times that of the re-
duced concentration scenario which indicates that chloride in the
marsh primarily comes from the pumped inflows. This shows that
the least-impacted marsh is not ombrotrophic and is not properly
described as a rainfall-driven system.

7.2. Preliminary analysis of an eastern canal–marsh barrier
(scenario 2)

At times, water supply use has been routed through the eastern
Refuge L-40 Canal for delivery to users east and southeast of the
Refuge. It has been proposed (SFWMD, 2005b) that it would be
beneficial to greatly reduce or eliminate contact and mixing be-
tween the water from the eastern canal and the marsh because
that would reduce marsh nutrient and mineral concentration,
and might avoid unnecessarily treating water that is simply being
routed to water supply structures. In this scenario, a hypothetical
barrier is built along the eastern canal. The barrier was modeled
by simply removing the links between the canal and marsh along
the entire length of the eastern canal. Comparisons of stage and
concentration at several stations between the base conditions
(without barrier) and with barrier show little impact on marsh
stage, and significant reduction of chloride concentration at some
sites (Fig. 11).

The Refuge’s WRS primarily uses the stage measured in the
eastern (L-40) canal to require regulatory water releases. When
pumped inflows discharge into the L-40 canal, a transient local
water accumulation and stage rise occurs that may result in addi-
tional regulatory discharge. The resultant effect is that the canal
water was drained faster, which leads to a slightly lower stage than
the base conditions (1-8C, Fig. 11a). Minor operational changes
could be used in the future to reduce this excessive regulatory
release. The water stage in the easternmost region of the marsh
(1-8T, Fig. 11b) increased as rain water could not be drained to
the eastern canal.

Blockage of the marsh flow to the eastern canal caused the chlo-
ride concentration in the eastern canal to increase (G-94B,
Fig. 11g). The effect of constructing the barrier on the western
marsh and canal is not as pronounced, but did reduce chloride con-
centrations. The chloride concentrations decreased slightly in the
western canal (X0, Fig. 11f) as well as adjacent western marsh sites
(LOX10, Fig. 11c). The decrease demonstrates that additional low
chloride runoff from the marsh interior that would have drained
to the eastern canal is forced by the barrier to flow to the west.

For the marsh interior the chloride concentration was drasti-
cally reduced at eastern sites (LOX14, Fig. 11e) due to the protec-
tion from the eastern canal water intrusion events, while only
slightly reduced in the western marsh (LOX10, Fig. 11c). Minor de-
crease was even found for the more isolated interior marsh sites
(LOX13, Fig. 11d). Based on our model simulations, we project that
with the barrier in place, canal water of higher concentration
would be directed south down the eastern canal, and would sub-
stantially reduce high concentration canal water from penetrating
into the Refuge. This analysis focused on characterizing hydrology
and canal–marsh dynamics related to a barrier. It is important to
note that no ecological or other analyses were conducted. This
analysis demonstrates a potential for a water quality benefit from
physically barring water penetration into the marsh, but any man-
agement decision to support such an extensive and intrusive struc-
ture would require further detailed consideration and design to
quantify the multiple direct and indirect wetland impacts and ben-
efits of alternatives.
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Fig. 11. Comparison of simulated stage (a and b) and chloride concentration (c–g) without barrier (base) and with barrier at selected marsh and canal stations.
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8. Discussion

Our study simulated regulatory outflows triggered by stages
higher than a seasonally variable regulation schedule, and used
historical flows for water supply and storm-forecast related out-
flows. Thus, our model adjusted regulatory outflow under the
barrier scenario to account for altered canal stage. Decisions on
regulatory water releases from the Refuge often depend partially
on information unavailable within the Refuge model (stages down-
stream, weather forecasts, and water supply needs), as well as pro-
fessional judgment of water managers. Any model of regulatory
outflow operations is challenging and should be tested before
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being used in analyses involving changes in Refuge inflows and
outflows (Arceneaux et al., 2007). In our approach, historic struc-
ture outflow provides an additional calibration test through com-
parison of modeled outflows with calibration and validation
results to test if our stage–discharge relationship is credible.

Calibration shows that stage is relatively insensitive to certain
hydrologic parameters, such as canal and marsh roughness, and
dry and wet depths. Site-specific velocity and patterns of mass
transport, however, are sensitive to these parameters. One could
use velocity measurements as added calibration criteria to aug-
ment the stage calibration criteria, but such measurements were
unavailable in the canal or marsh to apply to model calibration.
Indeed, velocity measurements of adequate spatial and temporal
resolution are technically challenging and expensive, particularly
in the spatially heterogeneous marsh system. Because of the con-
servative nature of chloride, inclusion of this constituent into the
model calibration provides an alternative to identify deficiencies
and evaluate the adequacy of model predicted flows.

Chloride was found to be sensitive to both dispersion and
roughness, but these parameters had quite different spatial pat-
terns of sensitivity. Chloride was found to be more sensitive to dis-
persion in the interior marsh than in the peripheral marsh. This can
be explained that velocity in the interior is low, and chloride is
transported mainly by dispersion compared to the peripheral zone
where transport is dominated by advection. Inversely, roughness
plays a more important role in the peripheral marsh because of
the relatively higher velocities and advective transport.

Literature survey reveals that dispersion in large wetland sys-
tems is not well studied. In surface water modeling, the dispersion
coefficient can vary over 11 orders of magnitude, ranging from
10�5 cm2/s for molecular diffusion to well over 100 m2/s for some
cases of dispersion in open estuaries (Bowie et al., 1985). In our cal-
ibration, it was found that dispersion in the central area of the
marsh wetland was best characterized by a dispersion coefficient
of 2 m2/s. Although this is below values typically estimated in
open-water, it is more than an order-of-magnitude above the dis-
persion measured in laboratory flume studies with flow around
simulated emergent plant stems (Nepf et al., 1997; Lightbody
and Nepf, 2006). This result suggests that dispersion modeled here
largely results from the heterogeneity of flow paths and velocities
that exist in this natural wetland. It further suggests that stagnant
zones (dead zones) and short circuiting along sloughs and boat
trails may play a similarly significant role in affecting dispersion
in a natural wetland as it does in constructed wetland treatment
systems (Martinez and Wise, 2003; Paudel et al., 2010).

The 400 m grid currently employed in the model is the best
topographic resolution currently available to the Refuge, but still
restrains model performance from fully capturing some events. It
does not capture the sloughs or other topographic features that
may impact circulation patterns within the marsh interior. Further,
available topographic data do not capture microtopographic fea-
tures that likely control flows at shallow depths. Min and Wise
(2009) has demonstrated through simulation models that small
scale topographic variation can have a large impact on mixing
and dispersion. The importance of local site-specific conditions
was illustrated in this study by sampling sites LOX15 and LOX16
(Fig. 6). Although these stations are at a similar distance to the
canal and are close to each other, they at times display a consider-
able divergence in observed chloride concentration. From a
modeling perspective, it appears that station LOX16 is somehow
isolated from canal water carrying high chloride concentrations
by topographic or vegetative features that were not captured in
the topographic or vegetation surveys, and thus not properly re-
flected in the model. As also demonstrated by the discrepancy in
modeled water depth for geographically close stations of LOXA130
and LOXA131 (Fig. 5), it is believed that certain areas in the marsh
interior are more protected or exposed by local features. As with all
models, this model must be interpreted with an understanding of
the uncertainty introduced by local topography and other local
conditions beyond the resolution of the model input data.

Our modeling has shown that MIKE FLOOD is an efficient tool
for simulating the hydrodynamics and constituent transport be-
tween canal and marsh. It takes approximately 70 min to run a
year of simulation on 2.83 GHz Intel(R) Core(TM)2 Quad CPU.
However, several limitations were identified for this model. Bed
roughness was found to be essential for proper modeling of chlo-
ride transport. However, MIKE 21 does not include the capability
to define depth-dependent roughness, thus the resistance of the
marsh was defined based on vegetation. As no ET or groundwater
model was included, the ET reduction and seepage rate were im-
posed and calibrated. Finally, as needed by the commercial pro-
prietary software license, the MIKE FLOOD model is not easily
portable and accessible to other interested agencies or researchers.
9. Conclusions

In this paper, we demonstrated that the MIKE FLOOD program
provides a useful platform for simulation of the hydrology of a
large coupled canal and marsh system. It dynamically couples a
1-dimensional channel model and a 2-dimensional structured-grid
overland flow model. The user programmable ECO Lab module pro-
vides a practical tool for constituent simulation, and provides con-
siderably greater flexibility of model structure definition when
compared to solely using the advection–dispersion module avail-
able in MIKE FLOOD. The graphical and statistical analysis of the
model performance using observed water levels, water depths, dis-
charge, and chloride concentrations demonstrates that this model
typically provides good long-term projections of the Refuge hydro-
dynamics and chloride concentration that result from inflows and
outflows over long and short temporal scales. It is essential for the
Refuge to have the capability of assessing and comparing alterna-
tive water management plans and alternative structures’ operation
schemes. The calibrated and validated model provides this capabil-
ity. Additionally, a better understanding of the hydrologic and
water quality processes affecting the Refuge and alternative oper-
ations of flow structures can be gained through application of
hypothetical scenarios.

The model was calibrated to the spatial and temporal patterns
of chloride as a conservative constituent. This process assisted in
fine tuning the hydrodynamic calibration of water flow. The model
also provides a calibrated modeling base for further development
of reactive constituents such as total phosphorus and sulfate.
Although some specific data limitations were identified with re-
gard to the quality of input data, the Refuge is data-rich and has
potential for use as a prototypical system for the testing and devel-
opment of future wetland models.

The model provides a useful tool for better understanding the
causes of canal water intrusion into the marsh, and supplements
analyses based solely on monitoring (Harwell et al., 2008; Surratt
et al., 2008). Previous applications of MIKE FLOOD focused on riv-
ers, lakes, and estuaries (Patro et al., 2009; Miller and Meselhe,
2008). To the authors’ knowledge, modeling a spatially expansive
wetland using MIKE FLOOD presented here is unique. As the MIKE
FLOOD model structure is capable of simulating large-scale cou-
pled stream-wetland systems, it provides a spatial and temporal
resolution that is adequate to credibly support many Refuge man-
agement decisions concerning water quality and quantity.

Applications presented here illustrate the value of modeling to
contribute to both the understanding of large wetland ecosystems,
as well as management of those systems. The interior marsh of the
Refuge has often been termed ombrotrophic or rainfall-driven,
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implying that interior water chemistry is not significantly im-
pacted by the pumped stormwater which discharges into the ca-
nals. Using modeling, it was shown here that even at relatively
isolated interior sites (e.g., LOX11), chloride primarily originates
in pumped inflows rather than rainfall, and therefore no part of
the system is appropriately classed as ombrotrophic.

Even when using well-tested software, it is important to test
simple mass and volume balance in model output. We found mass
balance anomalies in some options including lateral links between
the MIKE 11 and MIKE 21 models, and in one complex structure
definition. Our preliminary Refuge model used lateral links to cou-
ple the MIKE 11 canal model with the MIKE 21 model of the marsh.
It simulated stage and discharge well, and tests showed the model
conserved water volume. However, mass balance analysis of chlo-
ride demonstrated that MIKE FLOOD lateral links (at the time of
writing this manuscript) do not adequately conserve constituent
mass. Our revised model, which is presented herein, uses standard
links to simulate exchange between the MIKE 21 marsh model and
the MIKE 11 canal model. The revised model adequately conserves
water and mass. However, mass balance error is detectable; this
error results from the MIKE 21 implementation of modeling drying
and wetting cycles. This error is directly associated with the wet/
dry switching frequency and the number of cells involved in the
switches. Therefore, modelers are advised to use caution and test
mass balance when simulating periods when the cells are cycling
between wet and dry states.

We conclude that this model can provide a valuable manage-
ment tool supporting alternative analysis and operational deci-
sions within the Refuge. An analogous approach toward model
development and application should similarly prove to be of value
in management of other Everglades wetlands, and in similar large
wetland systems.
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