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Abstract

Controls  on  organic  matter  cycling  across  the  tidal  wetland-estuary
interface  have  proved  elusive,  but  high-resolution  observations  coupled
with process-based modeling can be a powerful  methodology to address
shortcomings  in  either  methodology  alone.  In  this  study,  detailed
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observations  and  three-dimensional  hydrodynamic  modeling  are  used  to
examine  biogeochemical  exchanges  in  the  marsh-estuary  system  of  the
Rhode River, MD, USA. Analysis of observations near the marsh in 2015
reveals a strong relationship between marsh creek salinity and dissolved
organic matter fluorescence (fDOM), with wind velocity indirectly driving
large amplitude variation of both salinity and fDOM at certain times of the
year. Three-dimensional model results from the Finite Volume Community
Ocean Model implemented for the wetland system with a new marsh grass
drag  module  are  consistent  with  observations,  simulating  sub-tidal
variability of marsh creek salinity. The model results exhibit an interaction
between wind-driven variation in  surface  elevation and flow velocity  at
the marsh creek, with northerly winds driving increased freshwater signal
and  discharge  out  of  the  modeled  wetland  during  precipitation  events.
Wind setup of a water surface elevation gradient axially along the estuary
drives  the modeled local  sub-tidal  flow and thus salinity  variability.  On
sub-tidal  time scales  (>36 h,  <1  week),  wind  is  important  in  mediating
dissolved  organic  matter  releases  from  the  Kirkpatrick  Marsh  into  the
Rhode River.
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Introduction
Wetlands can be important buffers for coastal flooding and storms (Haddad
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et al. 2016), and they provide habitat and nursery grounds for many species
of animals that have cultural and economic significance, including birds,
fish, mammals, and invertebrates. In addition to more tangible ecosystem
services, the generally high productivity of tidal wetlands makes them
dynamic carbon fixers and transformers of organic material, playing a
potentially substantial role in the coastal carbon cycle. In the face of rising
seas and warming coastal oceans, interest in marsh biogeochemistry and the
ecosystem services and carbon cycling associated with them has been
increasing.

Numerous studies have quantified the fluxes of materials between tidal
wetlands and adjacent estuaries on varying time scales (e.g., Teal 1962;
Nixon 1980; Dame et al. 1991; Childers et al. 1993; Tzortziou et al. 2008).
Brackish and salt marshes have high rates of primary production, generally
being net carbon sinks from the atmosphere (Chmura et al. 2003; Bridgham
et al. 2006), while also contributing a large source of dissolved inorganic
carbon and dissolved organic matter (DIC and DOM) to the coastal ocean
(Wang and Cai 2004; Herrmann et al. 2015). A recent estimate of a tidal
wetland organic carbon flux of 1.2–2.5 Tg C year  to the eastern coastal
waters of the USA indicates tidal wetlands play an important role in the
coastal carbon cycle (Herrmann et al. 2015). Within the bulk DOM pool
produced by marshes, there are significant amounts of chromophoric DOM
(CDOM; Tzortziou et al. 2008; Tzortziou et al. 2011). CDOM is an
important water quality optical constituent that makes up a substantial
portion of the ultraviolet light-absorbing capacity of optically complex
estuarine and coastal waters (Del Vecchio and Blough 2002; Twardowski et
al. 2004; Sulzberger and Durisch-Kaiser 2009). Marsh-derived CDOM has
been shown to be highly photolabile (Moran et al. 2000; Miller et al. 2002;
Tzortziou et al. 2007) and studies in the Chesapeake Bay show that it is also
optically and chemically distinctive (i.e., more humic and more strongly
absorbing) compared to CDOM from other terrestrial sources (Lu et al.
2013; Tzortziou et al. 2008). Furthermore, DOM fluorescence (fDOM) has
been strongly linked to wetland-derived dissolved organic carbon (DOC)
fluxes with both fDOM and DOC concentration having a strong tidal
component peaking around low tide (Tzortziou et al. 2008).

AQ1
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AQ2

In addition, marsh carbon fixation and processing have widespread
implications for net ecosystem production of the east coast of North America
and in particular Chesapeake Bay (Herrmann et al. 2015). Wetlands make up
1% of the total watershed in the mid-Atlantic Bight but contribute up to 40%
of the total organic carbon export into estuarine and coastal waters
(Herrmann et al. 2015). Marsh-estuary dissolved organic matter (DOM)
fluxes have been studied extensively for over 30 years, with most studies
showing that coastal marshes are strong sources of dissolved organic carbon
and nitrogen to adjacent waters (e.g., Dame et al. 1986; Childers et al. 1993;
Tzortziou et al. 2008). However, generalizations about the magnitude of
these fluxes and the factors that drive their spatiotemporal variability have
proven elusive.

Wetland inundation regimes and water flux exert substantial control over
many biogeochemical processes in marsh-estuary systems (Fagherazzi et al.
2013). Factors that influence marsh water intrusion on temporal scales longer
than tidal cycles can have potentially important implications in microtidal
environments such as Chesapeake Bay. In Chesapeake Bay, variations in
freshwater discharge (Schubel and Pritchard 1986) and wind speed (e.g.,
Blumberg and Goodrich 1990; Scully et al. 2005) can both have a strong
influence on the residual flow patterns of the Bay. Wind also affects flushing,
residence time, and salinity variability in shallow water estuaries (Geyer
1996). It is therefore not surprising that wind forcing also impacts
biogeochemical fluxes associated with marsh ecosystems. For example,
Childers et al. (1993) reported that salt marshes in coastal Georgia have
varying inorganic nutrient flux responses associated with changes in wind
direction and wave height at exposed marsh sites, and that more exposed
marshes have higher amounts of potentially wind-driven DOM exchange.
Sub-tidal inundation variation in tidal wetlands has also been linked to wind
forcing (Dame et al. 1986; Childers et al. 1993; Bockelmann et al. 2002), but
sub-tidal flow variability has yet to be quantitatively linked to DOM
transport across the wetland-estuary interface. Implementing high-resolution
monitoring programs that can capture transient wind and storm events
associated with marsh-estuary fluxes is challenging, partly due to high
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human resource and material costs in addition to high spatial and temporal
heterogeneity associated with intertidal wetlands (Jordan and Correll 1991).
The advent of in situ optical sensors that can measure various water column
properties including fDOM has made high-frequency observations much
more attainable. Furthermore, modeling combined with the in situ sensing
technology can offer insights into the spatiotemporal variability of marsh-
estuary coupled water flow with high resolution over a wide range of scales.

AQ3

Biogeochemical degradation, physical transport and mixing, and
photochemical transformations all contribute to the distribution of DOM in
estuarine waters. The highly variable tidal signal inherently influences the
biogeochemical processes that occur as wetland DOM is advected between
the wetland and estuary. This study addresses the processes of physical
mixing and transport to examine the influence they have on the observed
temporal patterns of DOM variability at the wetland creek. Specifically, a
combination of observations and modeling is used to investigate how wind
influences the outflow of DOM from the Kirkpatrick Marsh into the Rhode
River in Chesapeake Bay, USA. First, an instrument deployment at the marsh
creek is used to provide insight into the temporal variability of salinity and
fDOM. Insight gained from the instrument deployment is then used to inform
numerical experiments utilizing a Rhode River implementation of the Finite
Volume Community Ocean Model (RhodeFVCOM). Specifically,
RhodeFVCOM is used to examine how wind velocity influences the
temporal and spatial salinity and flow variability. These experiments reveal
that wind forcing affects inundation timing and extent and significantly alter
marsh creek flow velocity, with northerly winds enhancing marsh water
efflux. The results of this numerical study, in conjunction with the
observational data set, demonstrate that wind largely controls water
advection and inundation in the marsh and sub-tidal hydrological variability
and thus controls marsh-estuary DOM exchange.

Methods
Site Description and Observations
The Rhode River, MD, USA is a shallow water tributary located on the
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western shore of Chesapeake Bay just south of Annapolis, MD (Fig. 1a, b).
The Kirkpatrick Marsh is a fully developed mesohaline (0–14 psu) marsh
that is located near the head of the Rhode River at 38°52′30″N, 76°32′50″W
(Fig. 1c). The bathymetry in the Rhode River slopes from a depth of
approximately 0.3 m at the marsh edge to 4 m at the mouth of the river.

Fig. 1

a  Chesapeake  Bay  with  the  b  RhodeFVCOM  model  domain,  and  c  the
Kirkpatrick Marsh area in the RhodeFVCOM model domain. Stars  represent
freshwater discharge points and the dot represents the marsh element used in
marsh  hydrology  analysis.  The  Kirkpatrick  Marsh  is  outlined  in  c,  and
measurements  were  taken  at  the  marsh  creek  and  SERC,  indicated  by  the
arrows
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The largest input of freshwater into the estuary is from Muddy Creek (Fig.
1c), with a maximum instantaneous discharge of 15 m  s  and a median
daily discharge of 0.13 m  s  in the modeled year 2005 (Breitburg et al.
2008). Marsh plant community density in the Kirkpatrick Marsh ranges from
200 to 1000 plants m  with substantial inter-annual variability (Rasse et al.
2005). Schoenoplectus americanus makes up a significant portion of the
plant community and average high marsh plant diameter at an adjacent marsh
measured 3.75 mm (Ikegami et al. 2006). Among other species commonly
found in brackish marshes, there are stands of Spartina patens in areas with
higher elevation (Jordan and Correll 1991). The portion of the Kirkpatrick
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Marsh under study is mainly flushed by a tidal creek outfitted with a flow-
through flume that is the main conduit linking ~3 ha of marsh area to the
Rhode River (Jordan and Correll 1991).

A multiparameter EXO2 6-port water quality sonde (Yellow Springs
Instruments, YSI) was deployed at the Kirkpatrick Marsh creek starting in
November 2014 and sampling nearly continuously through 2015.
Measurements included salinity, temperature, chl a fluorescence, dissolved
oxygen, DOM fluorescence (fDOM), and pH at 15-min intervals 0.25 m
above the marsh creek sediment. A similarly configured instrument was
operated at the Smithsonian Environmental Research Center (SERC) dock
(38°53′8″N, 76°32′30″W) which is about 1 km downstream of the marsh in
the Rhode River (Fig. 1c). Both instruments are outfitted with an automatic
wiper that cleans the active surface of all probes, allowing for less
maintenance and longer deployment times. The probes were regularly
inspected for bio-film accumulation, and the instrument was cleaned and
calibrated before and after each deployment. Deployment periods between
calibrations in the summer were around 2 weeks, longer during cool weather.
fDOM data have been corrected for the effects of turbidity and temperature-
dependent variation in quantum yield (cf. Downing et al. 2012).

A SonTek-IQ acoustic doppler velocimetry (ADV) probe was intermittently
deployed at the marsh creek flume beginning June 2015 to measure current
velocity and depth at 5 cm above the marsh creek sediment surface. The
ADV sampled for a 120-s period every 5 min, averaging the measured
velocity and depth over the sample period. Flow measurements obtained at
15 min intervals over a 55-day ADV deployment in the summer were used to
generate a hypsometric relationship for area inundated for a given tidal stage.
The flow data obtained was used to compare the calculated wetland
inundation with the model predicted wetland inundation. In addition, a
deployment in November 2015 is used for a comparison between model
dynamics and observed velocity at the marsh creek.

Model Development and Implementation
The Finite Volume Community Ocean Model (FVCOM, Chen et al. 2003)
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was implemented for a section of mid Chesapeake Bay including the Rhode
River and Kirkpatrick Marsh (Fig. 1b) to analyze controls on hydrodynamic
processes in the marsh and the estuary downstream. The wetting and drying
treatment of intertidal areas available in FVCOM gives an accurate
representation of intertidal hydrodynamics in a wetland-estuarine system in
the Satilla River, GA (Chen et al. 2008), and was therefore selected for this
application.

The model domain includes two main stem EPA Chesapeake Bay Program
(CBP) long-term water quality model stations as well as four stations on the
east and west shoals of the bay (Fig. 1b). The northern open boundary of the
model domain is near the Chesapeake Bay Bridge, and the southern open
boundary is just north of Poplar Island. The near-continuous measurements
of temperature and salinity at the SERC dock allowed for shallow water
model validation (see “Results”).

Eight freshwater discharge sites were included in the model domain, four of
which are adjacent to the Kirkpatrick Marsh (stars in Fig. 1c). Measured
freshwater discharge from the three V-notch weirs (Breitburg et al. 2008) in
the Rhode River watershed was extrapolated to the other five discharge
points by normalizing the flow measured at the weir to watershed area. When
a flow meter records low or no flow over a long period of time and a sudden
increase in discharge occurs, the flow recorders miss the initial increase in
discharge. In order to prevent an over-estimate of flow into the model
domain, an algorithm was employed to account for the missed flow when
doing a linear temporal interpolation (Jordan, personal communication).
When there is a sharp increase in flow after extended low flow periods, the
algorithm assumes a constant flow rate until the sharp increase in flow is
observed.

A nested model approach is used to force the northern and southern open
boundaries with temperature, salinity, and sea surface height (SSH). Time
series of SSH at the open boundaries were extracted at hourly intervals from
a solution of a larger-scale FVCOM simulation developed for this study to
drive the RhodeFVCOM tidal forcing. A model solution for daily
temperature and salinity was taken at daily intervals from the Chesapeake
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Bay Regional Ocean Modeling System (ChesROMS; Xu et al. 2012) grid
points closest to the RhodeFVCOM north and south open boundaries. Two-
and three-dimensional interpolations were done for SSH, temperature, and
salinity onto the RhodeFVCOM open boundaries. Lastly, the spatially
interpolated temperature and salinity from ChesROMS were linearly
interpolated in time from a daily output to the hourly time step and used to
force RhodeFVCOM.

The estuarine surface boundary is forced using North American Regional
Reanalysis (NARR) model output for the year 2005 ( http://rda.ucar.edu
/datasets/ds608.0/ ). Three-hourly NARR data from the NARR grid cell that
covers the majority of the RhodeFVCOM domain was applied uniformly
over the entire model domain. Wind speed u and v vector components at
10 m above sea surface were used to calculate surface wind stress in the
model (formulated from Large and Pond 1981). Temperature at 10 m above
sea level, surface pressure (Pa), and relative humidity (%) at 2 m above sea
level, along with the NARR wind and model calculated sea surface
temperature (SST, °C), were used to compute the sensible and latent heat
flux in the model internally using the COARE 2.6 algorithm (Fairall et al.
1996). This method allowed a dynamic feedback between the model
predicted SST and the heat flux calculation. Net short-wave and long-wave
radiation from NARR was used to close the heat flux calculation internally.
A correction factor of 0.5 was applied to the NARR estimated net long-wave
radiation flux in order to resolve the temperature in the summer and partially
account for systematic over prediction of long-wave radiation flux (Kumar
and Merwade 2011).

Model horizontal resolution increases from ~400 m in the main channel
portion of Chesapeake Bay to less than 10 m in the marsh area. The high
spatial resolution is necessary to attempt to resolve bathymetric features
within the marsh. The unstructured mesh contains 8138 nodes and 14,572
elements. Rhode River bathymetry was input manually into the Surface
Water Modeling System (SMS) mesh generation software package (SMS
version 8.0, AQUAVEO) from NOAA chart #12270 ( www.charts.noaa.gov )
and interpolated to the nodes of the model grid.
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1

FVCOM uses a vertical hybrid terrain following coordinate system
commonly referred to as sigma coordinates. In areas with still-water depth
less than 3 m, the vertical coordinates form an exponential distribution with
decreasing resolution with depth. In areas with depth greater than 3 m, the
vertical coordinates change to a parabolic distribution with coarser vertical
resolution in the middle of the water column. This is implemented to
counteract spurious heating and cooling in the surface layers of the shallow
areas of the model, while resolving boundary layer effects in deeper regions.

A marsh plant momentum sink wasis included in the model (Wang et al.
2014) in order to simulate the drag imposed by marsh grass on the tidal
water flowing through the marsh. Following Nepf (1999), the momentum
sink calculates the drag imposed by a rigid cylindrical body and subtracts it
from the momentum equation solved for each grid cell in the water column.
Eq. 1 (Wang et al. 2014) is used to numerically solve for the drag force on
the flow due to the presence of marsh grass in a spatially explicit context,
where F  is the momentum sink due to drag (m s ), N is the number of
plants in the marsh element, C  is the drag coefficient (dimensionless), A is
the cross-sectional area of plant stems (Diameter x Height, m ), V  is the
element volume (m ), and u is the velocity of the water at the element
centroid (m s ).

An average stem number density of 600 plants m  (Rasse et al. 2005) and a
stem diameter of 3.75 mm (Ikegami et al. 2006) were used to calculate a
cross-sectional area of influence in each cell specified upon model startup as
containing marsh plants. Table 1 summarizes the marsh plant drag model
parameterization.

Table 1

Parameters tuned for salinity, temperature, and marsh plant drag properties

Parameter Description Value

M −2

d 2
C3

−1

=FM 1
2

N ACd
VC

∣∣u⃗ ∣∣ u⃗ 

−2
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Parameter Description Value

VPRNU Vertical Prandtl number 1.00

HPRNU Horizontal Prandtl number 1.00

UMOL Molecular diffusivity (m  s ) 10

HORCON Horizontal diffusion coeff. (m  s ) 2.00

B Bottom friction 0.002

N Marsh plant stem density (m ) 600

D Marsh plant stem diameter (mm) 3.75

C Marsh plant drag coefficient 0.005

In FVCOM, a minimum depth (D ) is required to maintain computational
logic in the intertidal zone for the wetting and drying scheme (Chen et al.
2013). The minimum depth is the modeled water elevation where “dry”
conditions take place and calculations for temperature and salinity diffusion
cease until D  is exceeded. A D  value of 0.05 m was used in this
research for model stability purposes.

The boundaries of the marsh areas were extracted from traced paths in
Google Earth (GoogleEarth 7.1.5). The mode-split time stepping scheme of
FVCOM requires a small external mode (barotropic) to internal mode
(baroclinic) time step ratio when grid resolution is fine and intertidal areas
are shallow (see Chen et al. 2013 for intertidal tests and numerical
constraints). Therefore, an external time step (DTE) of 2 s and internal time
step (DTI) of 6 s were used. The computations were carried out using
OpenMPI on an 8 core 2014 Mac Pro, which took approximately 2 days in
wall clock time for 242 model days.

Model Numerical Experiments
Model parameter optimization tests were carried out to find the best
parameter set for predicting salinity and temperature in the Rhode River. The
parameter set that produced the best results was used as the control run for

2 −1 −6

2 −1

FRIC

−2

D

min

min min
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the numerical experiments (Table 1). The bottom friction (B ) and
horizontal diffusion coefficient (HORCON) were the most important
parameters affecting salinity and SSH in the Rhode River. Temperature
variation was strongly dependent on the surface forcing and the vertical layer
distribution in the modeled water column. In order to find out how wind
velocity affected the system, two model “experiments” with varying
atmospheric forcing were carried out in addition to a control run.
Observations at the Kirkpatrick Marsh creek in 2015 suggested a non-linear
relationship between wind forcing and salinity. To explore this relationship,
numerical experiments were set up to test how the model replicated the
observed non-linear interactions at different times of the year.

Test B is the baseline model run (the control). Tests SW and NW were set up
so that southerly (Test SW) and northerly (Test NW) winds blow for a 48-h
bracket (±24 h) around storm events. Storm events were defined as an
increase in total discharge of 0.25 m  s  into the entire Muddy Creek
watershed over a 15-min time period, totaling 12 events. Wind climatologies
from Baltimore-Washington Airport, MD from 2010 through 2013 reveal
that, in general, winds are stronger and from a more northwesterly direction
in autumn, winter and spring (Vinnikov 2015; http://www.atmos.umd.edu
/~kostya/NIST/WIND/SURFACE/KBWI_2010_13_WIND_2.pdf ). In the
summer, winds tend to be of smaller magnitude and the direction switches to
having a more pronounced southerly component. The 2-day wind bracket in
the model was designed to capture any potential lag influences associated
with salinity intrusion, flow velocity, and wind speed.

AQ4

The model initial condition was set using output from a previous baseline
model run ending March 31, 2005 and run recursively three times for the
entire year. The numerical experiments were conducted beginning March 31,
2005 running 242 days through November 30, 2005. The model time period
captured the spring freshet in 2005 that peaked in mid-April. Hydrodynamic
parameters were adjusted in order to minimize model temperature and
salinity solution error at the SERC dock (Table 1).

Statistical Analysis

FRIC

3 −1
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2

Time series comparisons of root mean square error (RMSE) and correlation
coefficient (r) characterized model skill for temperature and salinity (Stow et
al. 2009). A low frequency pass cutoff filter MATLAB function (lpfilt;
Sherwood 1989; MATLAB Version R2014B, The Mathworks Inc.) was used
to remove the tidal signal from both the observed (salinity, fDOM, depth,
wind velocity) and the modeled (salinity, flow velocity, and SSH) time series
in order to examine the response of the sub-tidal variability to the effect of
wind. This algorithm employs a fast Fourier transform (fft) and tapered
moving box-car algorithm to filter both modeled and observed time series in
the frequency domain before statistical analysis. Non-stationary time series
were detrended by removing the best-fit least-squares regression line of the
data from the total data set. Cross-covariance analysis of the three observed
time series was conducted to assess covariance of fDOM, salinity, wind
velocity, and depth.

AQ5

Equation 2 is used to calculate the area of inundated marsh at the Kirkpatrick
Marsh creek where AI is the area inundated of the marsh (m ), V  is the flow
velocity at the marsh flume (m s ), A  is the cross-sectional area

of the marsh flume (m ), and dZ/dt is the temporal derivative of the tidal
height (m s ). The hypsometry of a wetland is based on the relationship
between flooding or ebbing water flow across a known cross-sectional area
and marsh tidal inundation rate of change. If the discharge through the flume
is known, then the area flooded within the marsh can be inferred using Eq. 2.
RhodeFVCOM predicted total, instantaneous area inundated combined with
the observed area inundated calculated from the hypsometric relationship
allows an indirect but useful comparison of the model and the Kirkpatrick
Marsh. For the hypsometry analysis, only flood tides where the change in
tidal height, dZ, was greater than 0.01 m were used to eliminate noise
associated with low or no flow (Jordan and Correll 1991).

2
F−1

F

AI = VFAF
dZ
dt

2

−1
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Augmented Dickey-Fuller tests (ADF) conducted using the R statistical
software (version 3.1; R Core Team, 2015) library “tseries” (version
0.10–34; Trapletti and Hornik 2015) function adftest were used to assess the
stationarity and potential cointegration of the detrended, low-pass filtered
time series of fDOM, salinity, and observed wind velocity components.
fDOM and salinity were filtered at a 36-h cutoff, while wind components
were filtered at a 24-h cutoff to remove diel periodicity. The ADF tests
accepted the alternative hypothesis of unit root of 0 of N-S and E-W wind
(p < 0.05) for all time periods except fall E-W wind (Table 2). Therefore,
analysis between wind and fDOM avoided the potential spurious relationship
of cointegration among variables that could produce dubious correlations.
ADF tests of salinity failed to reject the null hypothesis of non-stationarity in
the spring but accepted the alternative of stationarity in the summer and fall.
In the analysis, westerly and southerly winds are defined as positive (positive
u and v vector components).

Table 2

Augmented  Dickey-Fuller  (ADF)  test  results  and  associated  p  values  for  the  four
variables  used  in  the  covariance  analysis.  If  p  is  less  than  0.05,  the  alternative
hypothesis was accepted with 95% confidence of unit root 0 and thus the time series
are stationary

Property Spring
ADF, P Summer Fall

Salinity −1.76, 0.68 −3.99, <0.01 −3.52, 0.04

fDOM −3.18, 0.09 −4.83, <0.01 −2.83, 0.23

NS Wind −4.09, 0.02 −3.79, 0.02 −3.74, 0.02

EW Wind −3.64, 0.03 −5.74, <0.01 −2.83, 0.23

Results
Observations
Observed wind data from Tolchester Beach, MD (NOAA Tides and
Currents; tidesandcurrents. noaa.gov ) showed an alternating wind pattern
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corresponding to the sub-tidal variability of salinity and fDOM at the marsh
creek in 2015 (Fig. 2). Covariance of salinity and fDOM at the marsh creek
appeared to have a seasonal component with strong negative covariance in
the spring and fall at a lag centered around 0.5 days following changes in
wind direction (Fig. 3a, c). Southerly and easterly wind components were
anti-correlated with the fDOM signal while northerly and westerly wind
components were positively correlated with the fDOM signal (Table 3).
fDOM lagged changes in the peak N-S wind velocity components by 9–10 h
and the peak E-W wind velocity components by 12–22 h consistently across
the three seasons. Wind velocity and fDOM had a greater coefficient of
covariance in the spring and fall relative to the summer for both N-S and
E-W wind components. This was likely driven by high wind speeds that were
sustained for longer periods in both component directions during spring and
fall. The seasonal variability in wind direction and speed is relatively
consistent with a wind climatology from Baltimore-Washington International
Airport, MD which is ~40 km away (Vinnikov 2015).

Fig. 2

Low-pass  cutoff  filtered  (36  h  frequency)  salinity  and  DOM  fluorescence
(fDOM) observed at the Kirkpatrick Marsh creek in a spring, b summer, and c
fall in 2015. The stick plots are the observed hourly wind speed at Tolchester
Beach,  MD  (NOAA  Tides  and  Currents;  tidesandcurrents.noaa.gov).  Black
dots  indicate days when greater than 3 mm of rain fell  at  Annapolis,  MD (
weatherunderground.comWeather  Underground;
www.weatherunderground.com )
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Fig. 3

Cross-covariance  of  North-South  (NS)  winds,  East-West  (EW)  winds,  and
salinity with fDOM at the Kirkpatrick Marsh creek for the three time periods in
Fig. 2. Southerly wind (v) and westerly wind (u) are defined as positive. Lags
at the maximum absolute covariances are given in Table 3
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Table 3

Lag (h) at minimum or maximum absolute covariance and the associated coefficient of
covariance of observed fDOM and wind, salinity, and depth for the three observational
periods shown in Fig. 2 and for the entire observational record (Total).  A complete
depth record was not available to coincide with the other measurements

Property Spring
lag, r Summer Fall Total

NS Wind 10, −0.74 10, −0.64 10, −0.66 9, −0.37

EW Wind 12, 0.66 22, 0.31 16, 0.69 18, 0.36

Salinity 1, −0.81 245, –0.20 0, −0.87 3, −0.55

Depth 1, −0.66 2–0.76 1, −0.75 −2, −0.09

In the summer, N-S wind velocity exhibited covariance with fDOM
(r = 0.60) as in spring and fall while E-W winds exhibited less covariance
with a longer lag than the other two observation periods (r = 0.34). The
lower relative importance of the E-W wind component in the summer is
likely due to a lack of a strong E-W wind event. The higher positive
covariance in the N-W wind direction with fDOM appears to be due to the
sustained low-speed southerly wind during 14–20 August coinciding with a
steadily decreasing trend in fDOM signal and an increase in salinity (Fig.
2b). In addition, a strong wind event coinciding with the largest release of
fDOM in the time series occurred on August 22. Wind patterns also differed
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across seasons; in the spring and fall, there was oscillatory behavior of
component wind vectors with strong northwest winds followed by lower
wind magnitude from a generally southerly direction (Fig. 2a, c). The
magnitude of summer wind was lower, on average, with the aforementioned
long period of sustained light southerly winds in mid-August, which also
coincided with a steady increase in marsh creek salinity.

Low-pass filtered depth and fDOM were consistently correlated, with a
strong negative covariance across all seasons (Table 3, Fig. 4a). The high
correlation and similar lag between depth and salinity and fDOM indicate
that the primary control on the flux of water between the marsh and estuary
was the SSH at the marsh creek and the marsh inundation, which was
influenced by wind on sub-tidal time scales. As the marsh was flooded (high
depth), fDOM was low due to the presence of primarily estuarine water at the
marsh creek. As the marsh drained and SSH dropped due to sustained
northwesterly winds, high-fDOM marsh water was released from the wetland
into the estuary, evidenced by the consistently strong fDOM signal at low
water depths (Fig. 4a). This relationship is also indicated by cross-plots of
salinity and fDOM (Fig. 4b), although there is substantial variability across
seasons. The lack of a strong relationship between fDOM and salinity in the
summer is clearly shown by the summer scatter plot of salinity and fDOM
(Fig. 4b). There also appeared to be two sources of fDOM, particularly in the
fall, which is indicated by the branching nature of the fall salinity-fDOM
relationship.

Fig. 4

a fDOM  versus  observed  sea  surface  height  (SSH)  and  b  salinity  at  the
Kirkpatrick Marsh Creek for the three time series in Fig. 42
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In the spring and fall, the salinity and fDOM negatively covaried consistently
with a lag centered around 0 days, suggesting the variance of both were
being driven by the same process (Table 3). The observed time series from
August, however, exhibited a steadily increasing trend in salinity from
approximately August 12 to August 22 followed by a complex pattern of
high northwest wind velocity accompanied by an increase in salinity and
spike in fDOM signal (Fig. 2b). This indicates the wind was driving the same
physical mechanism associated with the fDOM signal intensity as observed
in spring and fall because the pattern of covariance between wind and fDOM
remained consistent. However, the covariance of fDOM and salinity was
much weaker and had the opposite sign compared to the spring and fall (Fig.
3b; positive correlation), indicating that water that was released out of the
wetland had a higher salinity than the outlying estuary. The August 21 storm
event that was followed by a sharp increase in salinity appeared to be driven
by wind forcing rather than an increase in freshwater discharge into the
system from precipitation. In summer months during long dry periods,
evaporation on the marsh surface can concentrate salinity in the marsh
porewater (Correll 1981). As north winds accelerated around August 22nd,
high salinity marsh water that was concentrated due to evaporation over the
extended dry period from August 14–20 appeared to have been released from
the marsh creek along with a large pulse of fDOM. The fDOM signal in
summer fluctuated both positively and negatively with salinity with an
overall higher magnitude of fDOM signal compared to the other seasons (see
Fig. S1 in the Supplemental Materials for the full fDOM time series from
2015). The overall higher magnitude in fDOM signal in the summer
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corresponds with observed seasonally higher DOC concentrations at the
marsh creek in the summer and early fall months (Jordan et al. 1991;
Tzortziou et al. 2008).

Storm events with both wind and precipitation clearly impacted both fDOM
and salinity in the marsh creek, but it appears that wind velocity mediated
freshwater transport and mixing as it entered the marsh-estuary system and
determined the strength and direction of the salinity signal variation at the
marsh creek. In most cases, large declines in salinity covaried with increases
in fDOM and occurred independently of local rain events (dots in Fig. 2).
This suggests that overland freshwater runoff potentially had some
correlation to fDOM influx from the marsh to the estuary, but that wind
driven inundation and mixing mediated the response in both the salinity and
fDOM signal. Only when the winds were in a favorable direction for marsh
outflow did the freshwater input show up as a decrease in salinity at the
marsh creek.

For the entire EXO2 deployment (March 2015 through November 2015),
fDOM had a negative covariance with N-S wind and weak positive
covariance with E-W winds (Total, Table 3). Depth and fDOM were also
tightly coupled; wind driven changes in SSH at the marsh creek coincided
with changes in fDOM. As water elevation drops due to NW winds pushing
water out of the Rhode River, marsh water is released from the marsh creek
into the estuary. Salinity and fDOM also had a strong negative covariance
throughout the time series centered at a lag of 1 h. The strong anti-
correlation between fDOM and salinity and their variation with wind velocity
indicates that both variables are related to wind forcing, primarily from the
N-S component direction but secondarily from the E-W direction. The
reasons for this are addressed with the hydrodynamic RhodeFVCOM model
in the next section.

Baseline Model Validation
RhodeFVCOM tidal elevation (SSH; deviation from mean sea level) was
validated at the node closest to NOAA Tides and Currents Annapolis, MD
station (tidesandcurrents. noaa.gov ), and the SERC dock. At Annapolis, the
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high-frequency pass filtered tidal elevation showed strong agreement for the
amplitude and period with observations (RMSE = 5.25 cm, r = 0.93).
Including the low-frequency variation, the model captured the overall
patterns of tidal height well, although the model missed some of the
variability associated with large storm and wind events (RMSE = 15.31 cm,
r = 0.63). The model grid coarseness in the Annapolis area likely contributed
to an underestimation of some of the shallow water tidal effects at this
location, but Annapolis is the closest NOAA continuous tidal monitoring
station to the study site with a known datum and therefore provided the best
comparison. Modeled tidal elevation at the SERC dock exhibited similar
variability as measured tidal elevation in both the high-frequency pass
(r = 0.85) and unfiltered (r = 0.53) records for the entire modeled time
period, adding confidence to the model simulation of shallow water tidally
driven circulation in the Rhode River.

The majority of the temperature (RMSE = 1.71 °C, r = 0.98) and salinity
variability (RMSE = 1.43, r = 0.88) in observations from the SERC dock was
captured for the modeled period (Fig. 5). The high model skill of the
RhodeFVCOM temperature and salinity solution added confidence that
shallow water circulation in the Rhode River was simulated well. Two early
fall cooling events where the magnitude of cooling was over predicted by the
model contributed substantially to the error in the temperature solution.
There was no observational data for comparison at the beginning of the
model time period due to a lack of measurements taken at the dock. Some of
the salinity draw down in the early spring and late fall was not captured with
the model (see discussion).

Fig. 5

Modeled and observed a salinity (r = 0.88, RMSE = 1.43) and b temperature
(r = 0.98, RMSE = 1.71 °C) at the SERC dock. Gaps in the observed data are
periods when the sonde was removed for maintenance
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The inundated area of the marsh as a function of flooding tidal stage at the
marsh creek (hypsometry; Eq. 2, following Jordan and Correll 1991) from
the model is compared with data collected at semi-continuous frequency
from June to August 2015 in Fig. 6. The inflection point of both scatter sets
indicates the tidal stage at which the flooding water surface reaches the edge
of the marsh creek bank. This represents the tidal height at which the marsh
platform begins to flood. The inflection points of both modeled and observed
hypsometry are similar, indicating the model marsh platform elevation was
similar to the actual Kirkpatrick Marsh, although the model was ~10 cm less,
which is due to the modeled creek depth being slightly shallower. The model
predicted more area inundated, on average, but was of correct magnitude.
The slope of the marsh hypsometric curve is steeper in the model, indicating
RhodeFVCOM predicted a more rapid flooding of the marsh relative to
observations. This happened because the modeled wetland bathymetry had a
shallower slope compared to the real wetland. A shallower slope favors a
conservative prediction of RhodeFVCOM outflow velocity because it
reduces gravity driven flow in the model as the wetland is draining.
Conversely, a modeled wetland with a steeper slope than the real marsh
would favor an over prediction of the outflow velocity. The step function

e.Proofing http://eproofing.springer.com/journals/printpage.php?token=xjZES...

23 of 44 8/3/17, 11:42 AM



nature of the modeled inundation curve can be attributed to the finite
representation of the slope in the wetland area; each cell at each elevation is
flooded instantaneously when D  was exceeded. The entire wetland area
was generally only flooded on spring tides.

Fig. 6

A hypsometric curve generated by RhodeFVCOM and calculated inundation
area  vs  elevation  from  acoustic  Doppler  velocimetry  (ADV)  probe
observations  at  the  Kirkpatrick  Marsh  creek  from June  to  December  2015.
Inundation areas were calculated as the flow rate at the marsh creek (m  s )
divided by the rate of tide stage change (m s ; Eq. 2). The modeled inundated
area is the actual area of a sub-section of the marsh that RhodeFVCOM has
predicted with a height above D  (0.05 m) at each time step

Velocity comparisons between model elements inside the marsh creek and
60 m adjacent on the marsh platform (dot in Fig. 1c) when there is greater
than 10 cm of water depth at an adjacent model node offers insight into the
effect of both bottom friction and marsh grass drag on the flow field. Depth
and time averaged median horizontal flow velocity on the marsh platform
(1.29 cm s ) was substantially depressed relative to an element in the marsh
creek, (1.74 cm s ). In addition, runs without the marsh grass drag module
resulted in a 3.0% increase in median horizontal surface velocity and a 9.9%
increase in median vertical velocity for the same model element. In a model
run without the marsh grass drag model, a similar decrease in horizontal
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velocity from the marsh creek to a node on the marsh platform was also
observed. This indicates that the majority of velocity reduction over the
marsh platform appears to be independent of the presence or absence of
vegetation and most of the velocity reduction is due to drag induced by the
shallow flow over the marsh platform, in agreement with vegetation removal
experiments (Leonard and Croft 2006). Leonard and Croft (2006) also found
a substantial decrease in the vertical velocity component in the marsh
interior, consistent with the findings in RhodeFVCOM.

AQ6

Atmospheric Forcing Sensitivity Experiments
Experimentally altering the wind direction during storm events in the model
had a strong effect on the salinity variability at the marsh creek in the spring
and early summer (Fig. 7). A southerly wind (test SW) during storms
increased depth averaged salinity by 2.15 psu relative to the northerly storm
wind (test NW) for the period of March 31 to July 19. The increased
freshwater signal at the marsh creek in test NW was greatest in the early
April storm events (Fig. 7). Low salinity water persisted at the marsh creek
for multiple days and up to 2 weeks following a series of storm events. The
response of the salinity signal for the two tests occurred before the peak
discharge for both the early April and May 22 events (Fig. 7). This early
salinity response is owed to the wind bracket around storm events in the
model forcing. The wind started blowing either southerly (test SW, increased
salinity) or northerly (test NW, decreased salinity) 24 h before the increased
discharged. The wind set up the salinity signal before the freshwater
discharge, further exhibiting the strong effect that wind had on the salinity at
the marsh creek. A change in wind direction can drive a change in salinity
independent of a large discharge event.

Fig. 7

a  Modeled  salinity  in  the  Kirkpatrick  marsh  creek  for  the  three  numerical
experiments and b interpolated river discharge forcing from the Muddy Creek
watershed. Test SW is forced with wind from the south during storms, and test
NW is forced with wind from the north during storms
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During the summer, the salinity remained generally the same across the three
model runs. When storms did occur and the wind patterns were
experimentally altered in the late summer and early fall (September–
November; not shown), only a small difference in the salinity for each model
run occurred. The wind effect was most pronounced in the spring when
marsh creek salinity was lower and freshwater input into the system was
highest. The strong salinity variation produced by altering the model wind
direction corroborates that wind forcing was driving much of the salinity and
anti-correlated fDOM variability in the measurements from in 2015.

The model results also reveal that altering the wind direction caused changes
in the flow velocity at the marsh creek in early spring and summer (March
31–July 19, Fig. 8a). Flow velocity directed out of the marsh creek was
consistently elevated at the onset of northerly storm events in test NW
compared to southerly events during storm events in test SW. Moreover, the
difference in flow velocity at the creek between test SW and NW occurred
consistently with changes in salinity, i.e., increases in flow out of the marsh
creek were associated with lower salinity and vice versa.

Fig. 8

a Modeled low-pass cutoff filtered (36 h frequency) marsh creek velocity and
b  sea  surface  height  (SSH)  gradient  from  Kirkpatrick  Marsh  creek  to  the
opposite side of the Rhode River in spring and early summer. Positive velocity
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is  marsh water efflux, and a positive gradient indicates the water surface is
sloping away from the marsh towards the mouth of the river.  The asterisks
indicate when modeled storm winds were applied. Test SW is forced with wind
from the south during storms;  test  NW is  forced with wind from the north
during storms

In the model experiments, changes in the wind velocity also caused changes
in estuarine surface elevation in the Rhode River (Fig. 8b). The difference in
surface elevation axially along the estuary during the northerly April storm
event was >1.2 cm km  from the Kirkpatrick Marsh creek to the opposite
side of the Rhode River. These changes in salinity, velocity, and surface
elevation are consistent with the idea that northerly storm winds
simultaneously drive water out of Muddy Creek into the estuary while also
substantially pushing water out of the mouth of the river towards main stem
Chesapeake Bay, setting up a pressure gradient sloping out of and away from
the marsh creek. In contrast, it appears that southerly winds push water into
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the mouth of the Rhode River from main stem Chesapeake Bay, causing
water to accumulate opposite the wetland in the Rhode River, sloping back
towards the marsh. It should be noted that two layer opposing flow was not
consistently observed in the Rhode River model simulations and therefore
likely does not greatly contribute to the mean flow.

ADV Observations
Limited observational data from a November 2015 ADV deployment allows
a tentative corroboration of the modeled wind driven variability (Fig. 9).
Northwest winds increased flow out of the marsh. Large fDOM pulses
occurred during low water events. These pulses of fDOM are likely due to a
combination of local wind-driven flow out of the Rhode River as predicted
by the model and a drop in overall SSH of Chesapeake Bay, as confirmed by
similarly low-pass filtered SSH data collected from Tolchester Beach, MD
(not shown; tidesandcurents. noaa.gov ). As the northwest winds relax, the
pressure gradient set up by the wind leads to a “slosh” of water out of the
marsh, likely enhancing export. The release of hydrostatic pressure on marsh
porewater may also enhance porewater export that is high in CDOM into the
tidal creek. The fDOM peaks in the observational data (e.g., between 11/14
and 11/16) occurred after the flow reversed out of the marsh creek. Estuarine
water inflow initially diluted the high fDOM signal at the marsh creek, and
upon wind relaxation and flow reversal, as hydrostatic pressure was released
fDOM was released out of the wetland into the tidal creek. CDOM export
during low water events is consistent with previously observed tidal
dynamics of Kirkpatrick Marsh CDOM fluxes (Tzortziou et al. 2008).

Fig. 9

Low-pass filtered flow (m  s ),  deviation from mean water depth (m),  and
mean-normalized fDOM at the marsh creek. Negative flow is out of the marsh,
positive is into the marsh
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Discussion
Past studies have examined the effect that winds can have on marsh erosion
and sediment transport (Dame et al. 1986; Stevenson et al. 1988) and
compared fluxes of nutrients under differing measured wind regimes and
topographically diverse salt marsh sites (Childers et al. 1993). In general,
this study corroborates these past studies and previous qualitative estimates
of wind-driven marsh tracer flux. Winds have an indirect local effect on the
marsh water level, either enhancing or depressing marsh inundation at the
onset of storm events and thus affecting marsh-estuary water exchange. In
the Rhode River, as NW winds persist, flow out of the marsh is enhanced,
primarily due to water being driven out of the mouth of the sub-estuary. The
effect of wind on the estuarine pressure gradient explains much of the
observed variability in both fDOM and salinity at the marsh creek (see
conceptual diagram Fig. S2 in Supplemental Materials). The response of the
Rhode River to N-S wind components is primarily related to the geographic
orientation of the estuary. Therefore, consideration should be given for a
particular wetland to the local response of that wetland to wind forcing.

Quantifying the input of both terrestrial and marsh biogeochemical end
members into the estuary has implications for estuarine carbon cycling and
productivity. Correll (1981) and Jordan et al. (1991) describe nutrient
budgets for the Rhode River and Kirkpatrick Marsh, including freshwater
runoff inputs. Correll (1981) notes that neglecting overland freshwater inputs
can skew results towards overestimation of marsh biogeochemical
transformations. The observations presented here show that wind affects how
freshwater runoff from the watershed moves between the terrestrial,
intertidal, and estuarine areas, having a direct effect on the marsh water and
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fDOM export. The model experimental results corroborate these
observations; wind largely determines how fresh and saline water mix at the
marsh-estuary interface and likely has similar influence over other
conservative and non-conservative tracers.

Observations show that during and following northwest wind events, strong
pulses of fDOM are seen at the marsh creek. These signals are indicative of
highly colored DOM, of which the marsh has been shown to be a source to
the adjacent estuary across all seasons (Tzortziou et al. 2008, 2011). Model
results show that the wind sets up a pressure gradient due to differences in
water surface elevation across the Rhode River. In addition, the enhanced
flow out of Muddy Creek during northerly wind events can also be a source
of fDOM to the estuary and potentially contributes to the signal seen at the
marsh creek. The magnitude of the pressure gradient is directly dependent on
the direction, duration, and velocity of wind events. It appears that, as
sustained northwesterly winds slacken, the pressure gradient sloping out of
the marsh creek is released and large amplitude spikes in fDOM are observed
(Fig. 2). Because of the sinuous and changing orientation of the river relative
to the winds, northwest winds initially drive water back onto the marsh
platform while also pushing water out of the mouth of the Rhode River into
Chesapeake Bay, while southeasterly winds appear to have the opposite
effect.

Large-scale (Bay-wide) circulation and SSH variability patterns that can
contribute to the change in surface elevation at the marsh creek and in the
Rhode River are not captured in the model. Main stem Chesapeake Bay
circulation and SSH can be influenced by wind-driven events on both short
(<4 days) and long time scales (Wang 1979b). Wang (1979a) found that E-W
winds influence SSH across the bay on a time scale of 3–5 days, and N-S
winds at a shorter time and space scale. This study, however, addresses the
local forcing on a small tributary that appears to be important on shorter time
scales (0–1 days), which is likely embedded in the larger regional
atmospheric-driven SSH signal. The boundaries of RhodeFVCOM are forced
with the model predicted SSH under normal atmospheric conditions.
Therefore, in the experiments presented in this paper, larger-scale circulation
effects are not captured. There is potentially a significant non-local effect
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that enhances marsh water inflow and outflow during storm events in
addition to the local forcing on the Rhode River demonstrated here.
Additional future numerical manipulations utilizing a larger-scale regional
model can be used to explore more non-local and regional impacts that wind-
driven dynamics have on marsh water movements. Nonetheless, modeling
results suggest that local wind forcing can cause sub-tidal flow variation
between the wetland and estuary.

The optical, high-resolution measurements of fDOM from the EXO-2 probe
at the marsh creek allowed the exploration of the sub-tidal variability of
DOM across tidal, sub-tidal, and inter-seasonal time scales. fDOM spikes
were consistently observed with pulses of lower salinity water, although the
summer shows a decoupling between fDOM and salinity (Figs. 2, 3, and 4).
The salinity and fDOM signals appeared to vary independently of
precipitation events. Northerly winds following a sustained southerly wind
event can drive large fluxes of fDOM out of the marsh, independent of
season and precipitation. Winds masked the discharge of freshwater into the
Rhode River often accompanying strong southwesterly winds. Furthermore,
in the summer when marsh water would be expected to have an elevated
salinity compared to the surrounding estuary due to evaporation on the
wetland surface (Correll 1981), a northwesterly wind event was followed by
an increase in salinity at the marsh creek co-occurring with a spike in fDOM.
Elevated salinity in marsh water relative to the surrounding estuary during
summer time could explain the positive relationship between fDOM and
salinity seen on August 22nd. The branching nature of the fDOM-salinity
cross-plots in both the spring and fall (Fig. 4) offers qualitative evidence of
Muddy Creek water interacting with marsh-derived water at the marsh creek.
Muddy Creek water would contribute fDOM to the estuary. Therefore, the
combination of low salinity and high fDOM could represent mixing of marsh
and Muddy Creek waters during northwesterly wind events accompanied by
freshwater discharge. The contribution of each source to the overall signal is
unclear, but previous studies have shown large amounts of export of fDOM at
the marsh creek accompanying low water events (Tzortziou et al. 2008,
2011). The August 22nd event clearly shows that fDOM can be exported out
of the marsh independent of freshwater input.
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RhodeFVCOM captured the shallow water temperature and salinity
variability well for the year 2005. The model, however, did not capture all of
the variability, over-predicting the salinity in the late spring and fall. The
missed salinity variability is potentially due to unresolved overland flow
contributing to the salt balance. The high bank to estuary ratio suggests
overland freshwater flow contribution may be important when freshwater
input via precipitation is high (Correll 1981; Jordan and Correll 1991). Some
of the watershed, including areas on the east side adjacent to the marsh, is
outside of the measured area and was not included as freshwater input into
the model domain. Including overland diffuse discharge points into the
model may help drive the estuary salinity lower during spring and fall
freshwater discharge events. Groundwater discharge likely also contributes
to the freshwater input into the Rhode River (Jordan et al. 1991), but is
currently not included in RhodeFVCOM.

Water column temperature is accurately predicted in the shallow water and
main channel. Water column and sediment temperature variability has
important implications for future biogeochemical simulations of the marsh-
estuary ecosystem. The internally calculated heat flux algorithm used here is
crucial to resolving the temperature as opposed to forcing the model with a
specified net heat flux from atmospheric models, which is commonly done.
The heat flux formulation factors in the balance between net short wave and
long-wave radiation, with both contributing to the heating and cooling of the
surface layer of the model. If either is incorrectly predicted, it will lead to
inaccurate surface heat flux forcing and inaccurate FVCOM water
temperature. NARR consistently over predicts net long-wave radiation flux
(Kumar and Merwade 2011), and this problem is potentially exacerbated by
the likely large amplitude variation in long-wave radiation that occurs in
land-influenced estuarine NARR grid cells. As discussed above, a correction
factor of 0.5 is applied to the NARR predicted net long-wave radiation flux
in order to resolve the temperature in the summer.

Modeled flow velocity over the marsh platform was extremely reduced
relative to the tidal creek. However, these velocity comparisons between
model elements inside and outside of the wetland and model runs with and
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without plant momentum drag in the marsh area are sensitive to the choice of
the locations that are compared and the statistical approaches that are used to
compare them. The microtidal environment in the Rhode River and the
irregularity with which the Kirkpatrick Marsh is flooded offers an interesting
comparison of the flow field from the marsh creek to the marsh interior,
similar to observational studies (e.g., Christiansen et al. 2000; Leonard and
Croft 2006). Marsh water depth is consistently low, exceeding 10 cm in
surface elevation only 11% of the time at the selected marsh node used for
comparison (Fig. 1c). Pairwise (20.7% velocity reduction) vs unpaired
(25.7% velocity reduction) comparisons of the velocity time series of flow in
the marsh creek versus the marsh interior gave different results, although
similar conclusions. Comparing flow in the creek and on the wetland surface
for all model time points (n = 5808) produces a median velocity reduction of
85.4% from the creek to the marsh interior. Rather, there is a 25.7% velocity
reduction if instead times when the wetland is flooded to a depth greater than
10 cm (n = 656) are compared. Spatial heterogeneity in the marsh platform
flow field can produce strongly differing velocity, depending on the model
output location and frequency. Thus, careful consideration is needed in both
observational and modeling comparisons to accurately quantify the relative
contribution of surface friction and drag induced by marsh grass stems.
Nonetheless, the hydrology in the wetland is reasonably recreated in the
model and the drag model in RhodeFVCOM allows future studies to assess
how the inclusion of explicit marsh plants in wetland areas affects
biogeochemical processes and residence time.

The slope of the modeled hypsometric plot indicates the model overestimates
the rate at which the marsh floods relative to observations taken in 2015,
which is indicative of a shallower slope in the modeled marsh surface
relative to the Kirkpatrick Marsh (Fig. 6). The differences between modeled
and calculated curves appear to be due to a modeled depth that is shallower
on average, which gives rise to the difference in the inflection point,
combined with substantially less variance in the model output which is
inherent in a deterministic model. Even though the maximum area inundated
predicted by RhodeFVCOM is greater than the calculated area inundated,
because the slope of the modeled bathymetry in the wetland is less than
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observed, the model is potentially underestimating flow velocity out of the
wetland creek because there is a weaker hydrostatic pressure gradient for any
two points across the wetland surface. The total volume that passes through
the creek during a given tidal cycle would be greater, however, which could
lead to an overestimation of wetland discharge. Calculated hypsometry is an
estimate of inundation based on the relationship between marsh creek flow
and change in tidal stage (Eq. 2). Inherent in the hypsometric estimation
from observations at the marsh creek is the assumption that the marsh region
in question is only flooded through the tidal creek, which could potentially
lead to an under prediction of the inundated area if there is over-edge sheet
flow. The model analysis, however, recorded when every marsh grid cell in
the area that was deemed to potentially drain the tidal creek has a surface
water elevation >0.055 m, which is independent of the source of the water in
the marsh grid cell. The delineation between modeled wetland areas affected
the maximum area inundated because if a larger potential inundation area
was used in the model analysis, then it would appear that the model is more
flooded relative to the observations on any given tide. In addition, some of
the difference between modeled and observed inundation from
RhodeFVCOM arises from predicted intermittent sheet flow over the marsh
edge onto the platform during flood tides. Over edge marsh flooding in the
model appears to be related to wind forcing driving water into the back of
the tributary, runoff from Muddy Creek, and spring tides. More work is
needed to quantify the variability of marsh platform flooding, including the
delineation of each region within the marsh, in order to resolve the
differences in modeled and observed inundation progression and rate.

It should be stressed that each wetland’s response to differential wind forcing
will be determined by that wetlands orientation in relation to dominant wind
forcing patterns. Indeed, there may be a dynamic relationship between
dominant wind patterns for a certain region and the likelihood of a wetland
to export large amounts of fDOM. Although this study did not look directly
at wetland erosion/deposition, the relationship between those processes and
inundation patterns would also likely be influenced by wind similarly to
fDOM and salinity.

Conclusion
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Modeled marsh-estuary water flow is influenced by sub-tidal variability of
wind-driven estuarine water surface elevation in the Rhode River, MD.
Observed wind-driven fDOM variability is consistent across the seasons,
showing the influence that atmospheric forcing has on marsh DOM efflux.
The wind-driven setup of pressure gradients can dominate the tidal signal,
exerting a strong control on the water exchange across the marsh-estuary
interface. Water flow and inundation ultimately govern the timing and
magnitude of biogeochemical exchanges and processes between the marsh
and estuary. The modeling exercises allow exploration of how different
physical phenomena affect the inundation regime, hypsometry, and marsh
water residence time on the marsh platform. By varying wind forcing and
modeled vegetation characteristics, in addition to bathymetry,
RhodeFVCOM can be used as a tool to study how different factors influence
the flow across the marsh-estuary interface. Marsh water residence time has
been demonstrated to have strong control over many wetland processes (e.g.,
Childers et al. 1993; Bockelmann et al. 2002); therefore, it cannot be ignored
in any realistic wetland hydrodynamic modeling application.

Modeling of the Rhode River can capture the local effect of wind and allow a
detailed analysis that would otherwise be difficult to empirically measure.
Ongoing studies are utilizing the hydrodynamic modeling results to drive a
biogeochemical model to further explore marsh-estuary dissolved organic
carbon cycling. As understanding of the physical drivers of marsh water
exchange broadens, improved models will help foster predictions for future
changes in tidal wetland-estuary carbon cycling. Quantifying the physical
controls on marsh DOM processes will help reduce the uncertainty that still
exists on the role wetlands play in estuarine and coastal ocean carbon
cycling.
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