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Abstract The exposure time is a water transport time scale defined as the cumulative amount of time a
water parcel spends in the domain of interest regardless of the number of excursions from the domain.
Transport time scales are often used to characterize the nutrient removal potential of aquatic systems, but
exposure time distribution estimates are scarce for deltaic systems. Here we analyze the controls on expo-
sure time distributions using a hydrodynamic model in two domains: the Wax Lake delta in Louisiana, USA,
and an idealized channel-island complex. In particular, we study the effects of river discharge, vegetation,
network geometry, and tides and use a simple model for the fractional removal of nitrate. In both domains,
we find that channel-island hydrological connectivity significantly affects exposure time distributions and
nitrate removal. The relative contributions of the island and channel portions of the delta to the overall
exposure time distribution are controlled by island vegetation roughness and network geometry. Tides
have a limited effect on the system’s exposure time distribution but can introduce significant spatial vari-
ability in local exposure times. The median exposure time for the WLD model is 10 h under the conditions
tested and water transport within the islands contributes to 37–50% of the network-scale exposure time dis-
tribution and 52–73% of the modeled nitrate removal, indicating that islands may account for the majority
of nitrate removal in river deltas.

Plain Language Summary The transport of nutrients to coastal waters can cause a number of
environmental, economic, and human health issues. For example, the Gulf of Mexico’s ‘‘Dead Zone’’ off the
coast of Louisiana is one of the largest hypoxic (low oxygen) zones in the world and its increasing size has
been attributed to increased nutrient delivery by the Mississippi River. There is evidence that river deltas
may be able to naturally reduce the nutrient load to coastal waters by removing nutrients. One important
factor for predicting nutrient removal in a coastal system is the water transport time scale, or how long
water stays in the system. In systems like river deltas, which comprise a complex network of channels and
inundated islands that behave as vegetated wetlands, the water transport time scale can vary significantly
in time and space. Our research aims to identify how vegetation, river discharge, tides, and channel network
geometry influence the water transport time scale in a coastal river delta. We highlight how the transport of
water from the channels to the deltaic wetlands influences the water transport time scale. Our work is rele-
vant to planned engineered river diversions in the Mississippi River Delta, which will alter water transport
time scales in the region.

1. Introduction

Water transport time scales give an indication of the retention time of material suspended in the water col-
umn (e.g., dissolved nutrients). Such time scales are often compared to biogeochemical processing time
scales to estimate nutrient removal. Among the many transport time scales, the water residence time, gen-
erally defined as the time required for a water parcel to exit a domain (Monsen et al., 2002; Zimmerman,
1976), has been studied extensively in estuaries (Brooks et al., 1999; Camacho & Martin, 2013; de Brye et al.,
2012; Perez et al., 2011; Shen & Haas, 2004; Wang et al., 2004; Yuan et al., 2007), lagoons (Cucco &
Umgiesser, 2006; Umgiesser et al., 2014), and wetlands (Musner et al., 2014; Werner & Kadlec, 2000; W€orman
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& Kronn€as, 2005). However, in systems subject to flow direction reversal across the boundary (e.g., due to a
flood tide), the total time a water parcel spends in the domain can be underestimated by the residence
time (Monsen et al., 2002), leading to the adoption of the exposure time, or the cumulative amount of time
a water parcel spends in the control volume regardless of its excursions outside the domain (e.g., de Brau-
were et al., 2011; de Brye et al., 2012; Delhez, 2013; Monsen et al., 2002; Viero & Defina, 2016). Despite the
environmental importance of river deltas, the study of water transport time scales in coastal river deltas is
relatively nascent (Hiatt & Passalacqua, 2015; Sawyer et al., 2015; Sendrowski & Passalacqua, 2017). The goal
of this paper is to quantify controls on the exposure time distribution (ETD) in a coastal river delta.

The transport of water in river deltas is not limited to the channel network as these systems are character-
ized by hydrological connectivity (HC) between channels and inundated islands, adding complexity to the
analysis of water-mediated transport of sediment and solutes (Passalacqua, 2017). HC is defined as the
transport of water, sediment, and nutrients among various components of a landscape (Bracken et al., 2013;
Tetzlaff et al., 2007). Field work at Wax Lake delta (WLD) in coastal Louisiana, USA, showed that 23–54% of
the water flux entering WLD is allocated to the deltaic islands (Hiatt & Passalacqua, 2015), which are partially
vegetated freshwater marshes that are flanked by subaerial levees. Numerical modeling efforts (Hiatt & Pas-
salacqua, 2017) and an independent analysis of delta bathymetry (Shaw et al., 2016a) have shown similar
results. Using a dye tracer within an island and acoustic Doppler current profiler measurements in channels
at WLD, Hiatt and Passalacqua (2015) showed that transport times in the islands are significantly longer
than in the channels, suggesting that ETDs are likely strongly dependent on the HC between channels and
islands. Given that WLD is often considered a prototype system for land-building and nutrient removal
efforts through river diversions in coastal Louisiana (Allison & Meselhe, 2010; Henry & Twilley, 2014; Kim
et al., 2009; Paola et al., 2011), understanding the controls on ETDs in this system is relevant to restoration
efforts.

River discharge, tides, and the system geometry all affect water transport in coastal deltas. The increased
hydraulic resistance associated with flow through vegetation (Kadlec, 1990; Nepf, 1999; Nepf & Vivoni,
2000) also likely impacts transport times (Nepf et al., 2007), as well as the allocation of flow between chan-
nels and vegetated portions of the system (Musner et al., 2014). Sediment grain size affects the surface
water-groundwater connectivity and groundwater residence time distributions in deltas (Sawyer et al.,
2015), but the controls on surface water transport time scales, which are commonly used for estimating
nutrient removal in wetland and estuarine systems (e.g., Cheng & Basu, 2017; Dettmann, 2001; Nixon et al.,
1996; Yu et al., 2006), have yet to be quantified.

System-scale physical transport time scales are essential for obtaining nutrient removal estimates at large
scales (Rivera-Monroy et al., 2010). Coastal wetlands, river deltas, and estuaries can mitigate increased nutri-
ent pollution delivered to receiving waters (Diaz & Rosenberg, 2008) by acting as nutrient sinks (DeLaune
et al., 2005; Dettmann, 2001; Lane et al., 2003; Luu et al., 2012; Mitsch et al., 2001; Perez et al., 2011; Yu et al.,
2006). To the first order, nutrient removal efficiency depends on the relative time scales of physical trans-
port and biogeochemical processes. Using direct measurements of denitrification and a denitrification
model, Yu et al. (2006) showed that nitrate removal efficiencies ranged from 42 6 2.5% to 95 6 0.5%
depending on water residence time at the Davis Pond Freshwater Diversion Project (Louisiana, USA). Yearly
fractional nitrate removal in estuaries has been modeled as a function of freshwater residence time and a
first-order decay rate (Dettmann, 2001), and the simple model was found to adequately represent field
data. The link between transport times and nutrient removal generally relies on a single representative
value for transport time scale (e.g., Cheng & Basu, 2017; Dettmann, 2001; Nixon et al., 1996; Perez et al.,
2011; Yu et al., 2006). However, due to variability in flow paths and environmental conditions in natural sys-
tems, a statistical description of the transport times in terms of a probability distribution is more representa-
tive (Kadlec, 2012; Musner et al., 2014; Somes et al., 1999).

Improved predictions of the ecological and water quality impacts of proposed river diversions should be
facilitated by improved understanding of the physical controls on river delta ETD. This paper seeks to iden-
tify the processes controlling ETD in a branching river delta network using an idealized setting and the WLD
bathymetry as the test beds. We analyze the effects of river discharge, tidal amplitude, hydraulic roughness
due to vegetative drag, and network structure on ETD using a hydrodynamic model. Additionally, following
the work of Dettmann (2001), we apply a simple nitrate removal model to our ETD results to quantify spatial
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variability in nitrate removal and to highlight the relative contributions of deltaic channels and islands to
nutrient removal.

This paper is organized as follows. We first introduce a two-dimensional hydrodynamic and scalar transport
model, followed by a summary of the model boundary conditions and the calculations of ETD and nitrate
removal (section 2). Then we present results showing the effects of river discharge, tides, network geometry,
and hydraulic roughness on ETD and nitrate removal (section 3). A discussion of the results and implications
for the restoration of coastal wetlands follows, along with a qualitative comparison of the model results to
field measurements of nitrate concentrations at WLD (section 4). Finally, we state our conclusions (section 5).

2. Methods

2.1. Hydrodynamic Model Description
We model the hydrodynamics in two horizontal dimensions with the Fine Resolution Environmental Hydro-
dynamics model (Frehd). The model solves the shallow water equations using the computational schemes
of Casulli and Cheng (1992), Casulli and Cattani (1994), Hodges et al. (2000), Stelling and Zijlema (2003),
Hodges (2004, 2014), and Hodges and Rueda (2008). The modeling setup in the present study is similar to
the modeling work of Hiatt and Passalacqua (2017), who used Frehd to characterize the transition from con-
fined to unconfined flow at WLD.

2.2. Hydrodynamic Model Governing Equations
Frehd implements the depth-integrated solution of the hydrostatic Navier-Stokes equations with the Bous-
sinesq approximation (i.e., shallow water equations), written as
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ity magnitude (m s21), g is the gravitational acceleration (m s22), me is a horizontal eddy viscosity (m2 s21),
CR is the bottom drag coefficient, H is the local depth (m), g is the free surface elevation (m), and t is time
(s). The horizontal eddy viscosity me (Cea et al., 2007) is set to 0.01 m2 s21 (Hiatt & Passalacqua, 2017) based
on the depth-averaged equation for shear velocity of Wilcock (1996), typical flow characteristics at WLD
(Hiatt & Passalacqua, 2015), and grain size values (Shaw & Mohrig, 2014) measured at WLD (supporting
information).

2.3. Tracer Propagation
The transport of a passive tracer in Frehd is modeled with the conservative advection/diffusion equation
(Hodges, 2014),
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where c is the depth-averaged tracer concentration (kg m23) and je is the eddy diffusivity (m2 s21). To
ensure the tracer passively traces the flow field, je is set to the same magnitude as me (0.01 m2 s21).

A particle tracking code is used to quantify ETDs at every model grid cell over multiple modeling scenarios.
We modify the stochastic particle tracking code of DeltaRCM (Liang et al., 2015, 2016) to handle temporally
variable velocity fields. The velocity field is used to advect particles at each time step and an isotropic ran-
dom walk technique is used to model diffusive processes as

xi;t1Dt5xi;t1ðui;t1DUÞDt (4)

where xi;t1Dt is the new location of the particle at time t1Dt; ui;t is the component of velocity in the i direc-
tion at time t, D is a calibrated diffusion velocity set to 0.20 m s21, and U is a random number between
20.5 and 0.5 that ensures isotropic diffusion (Liang et al., 2016). The method is equivalent to other
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Lagrangian particle tracking codes utilized in studies of water transport time scales in coastal environments
(e.g., Meyers & Luther, 2008). The values selected for D and U ensure that the diffusive component of parti-
cle transport is relatively small compared to the advective component. The diffusion velocity is parameter-
ized to produce mass flux distributions (section 2.6) at the system boundary that match those calculated
with equation (3) for the steady state case (supporting information). A Wilcoxon rank-sum test at the 5% sig-
nificance level shows that the particle tracking and the advection/diffusion tracer methods produce equiva-
lent mass flux distributions for all relevant scenarios (supporting information).

2.4. Model Domains and Boundary Conditions
The WLD is a naturally prograding river delta located about 140 km southwest of New Orleans in coastal
Louisiana (Figure 1a). The delta has been building land since 1973 and is currently prograding at a rate
greater than 200 m yr21 (Shaw et al., 2013). The median discharge is about 3,000 m3 s21 (USGS, 2016) and
the average tidal range in the region is about 0.35 m (NOAA, 2016), although the tidal range can approach
nearly 1 m during spring tides. WLD comprises a network of distributary channels and inundated interdistri-
butary deposits flanked by subaerially exposed levees; these zones are commonly referred to as deltaic
islands (e.g., Edmonds et al., 2011; Fagherazzi et al., 2015; Passalacqua, 2017). The WLD islands are freshwa-
ter wetlands (Howes et al., 2010) populated by vegetation species that exhibit zonation along the elevation
gradient (Bevington et al., 2017; Carle et al., 2013). The WLD islands show significant connectivity with the
distributary channels and up to 54% of the distributary channel discharge is delivered to the islands before
reaching the delta front (Hiatt & Passalacqua, 2015, 2017; Shaw et al., 2016a). Saline intrusion in the region
is limited to storm events (Holm & Sasser, 2001; Walker, 2001).

Two modeling domains are used: a simplified schematic channel-island complex (CIC) representative of typical
geometries from a channel-island complex at WLD following the conceptual model of Hiatt and Passalacqua
(2015) (Figure 1d) and the topography/bathymetry of WLD (Figure 1e; Shaw et al., 2016b). Both domains are
nested within a larger buffer domain to eliminate any spurious boundary reflections and properly account for
backwater effects. Each domain utilizes a regular square grid with a cell size of 50 m and a constant time step of
25 s is used for all runs (Table 1). The geometries and construction of the computational domains are described
thoroughly in Hiatt and Passalacqua (2017). This study quantifies ETDs for the hydrodynamic model runs pre-
sented in Hiatt and Passalacqua (2017) and for additional model runs that account for the influence of tides.

The CIC model is used to represent the typical geometry of a distributary channel at WLD flanked by two
islands. The domain represents a fundamental unit of a more complicated delta network and can be used
for hypothesis testing on deltaic hydraulics without the additional complexity introduced by a complete
network flow field (Hiatt & Passalacqua, 2017; Shaw et al., 2016a). We test two constant river discharges of
300 and 700 m3 s21 based on discharge measurements taken during average flow conditions in two repre-
sentative WLD channels with geometries similar to that of the CIC (Hiatt & Passalacqua, 2017), while the sea-
ward water level is maintained at a constant g 5 0 m in both cases. A numerical tracer (equation (3)) is
released in the channel portion (x15107:5 km) of the CIC and is allowed to propagate through the domain.
The ETD is calculated at the downstream boundary xb (equation (10)) and is separated into the contribu-
tions of the channel and the islands (e1 and e2, respectively). The influence of vegetative drag (see following
section) within the delta islands on ETD is also tested.

The WLD model is used to test the influences of tidal water level fluctuations and spatial patterns in the
topography on ETD. Our aim with the WLD model is to test the influences of tides and structure of the delta
network on ETD in an uncalibrated setting, rather than to make high-fidelity predictions of ETD with a com-
plex model. Thus, our study aims to enhance our understanding of the processes controlling ETD in a branch-
ing deltaic network using WLD as our test site. We subjected the WLD model to a constant river discharge of
QR 5 3,300 m3 s21 at the landward boundary and forced the model with a spring-neap tidal cycle at the sea-
ward boundary. The discharge was chosen as a representative value based on discharge measurements enter-
ing WLD on 20 June 2015 (supporting information). The tidal boundary condition was generated as

gðtÞ5
XN

n51

An cosðrnt2GnÞ (5)

where An is the tidal amplitude (m), rn is the angular speed (rad h21), Gn is the phase lag (rad), t is time (h),
and N is the number of tidal constituents. The S2 (principal solar semidiurnal) and M2 (principal lunar
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Figure 1. Study site and modeling domains (after Hiatt & Passalacqua, 2017). (a) Map of the Wax Lake delta (WLD) in coastal Louisiana, USA. The satellite image is
from Landsat TM 5 taken on 19 June 2014 (accessible at http://glovis.usgs.gov). (b) Map of the USA showing the location Louisiana. (c) Map of the major river sys-
tems in Louisiana and WLD. (d) The test domain for the idealized channel-island complex parametrized by typical bathymetry and topography at WLD. (e) The test
domain for the WLD model based on the bathymetric DEM generated by Shaw et al. (2016b). The test domains are nested within a larger buffer domains to allevi-
ate spurious boundary effects (see text for details). Note that Figures 1d and 1e have different scales. The boundaries (xb) for the calculation of ETD are delineated
with dashed lines.
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semidiurnal) tidal constituents from the NOAA Lawma-Amerada Pass Station (located �8 km east of WLD)
are used (AS2 5 0.10 m and AM2 5 0.29 m; NOAA, 2016). The result of equation (5) is a semidiurnal tide with
a spring-neap cycle. The WLD setup has been shown to reproduce measured channel-island HC (Hiatt &
Passalacqua, 2017) and the network-scale hydrodynamics have been tested against hydrographic surveys
performed at WLD (supporting information).

We calculate ETDs for each location in the WLD model for a number of different modeling scenarios. First, a
model run without tides is performed as a baseline scenario. We then test the influence of the spring-neap
tidal cycle and the semidiurnal fluctuations on ETD. We release tracer particles at high, low, rising, and fall-
ing tides as measured at the downstream boundary of the WLD test domain and compare the resulting
ETDs. This procedure is performed during both spring and neap tide.

2.5. Drag Coefficient
Water flow through vegetation is often modeled with an increased drag coefficient due to contributions
from both the bed and vegetation (Kadlec, 1990; Musner et al., 2014; Nepf, 1999; Nepf & Vivoni, 2000). We
model this change in the drag coefficient as

CR5
1
2

CDnhv1CB (6)

where CD is the coefficient of drag for a vertical cylinder, n is the vegetation front area per unit volume
(m21), hv is the submerged stem height (m), and CB is the bottom drag coefficient (Baptist et al., 2007; Nar-
din et al., 2016). For all model runs CB is set equal to 0.005, which is a typical value for delta systems (e.g.,
Nardin et al., 2016).

The CIC model is used to test the influence of vegetation roughness on ETD. We express the ratio of modi-
fied drag coefficients in the island and channel as

h5
CR;2

CR;1
(7)

where the subscripts 1 and 2 represent the channel and the island zones (Figure 1d), respectively. We assume
there is no vegetation within the channel portion and set CR;1 5 CB for all model runs. A uniform value of CR;2

is assigned to the island portions of the domain. The tested values for the modified drag within the islands
are CR;2 2 5 0:001; 0:0025; 0:005; 0:01; 0:025; 0:05; 0:5f g corresponding to h 2 5 0:2; 0:5; 1; 2; 5; 10; 100f g.
The set of CR;2 values corresponds to CDahv � 1, representing a range from sparse to dense vegetation (Light-
body & Nepf, 2006; Luhar et al., 2008; Nepf, 2012).

We test the influence of vegetation in the CIC and not in the WLD in order to isolate the effects of increased
roughness on the ETD in a simplified geometry. The effect of vegetation within the deltaic islands is there-
fore not modeled in the WLD (i.e., h 5 1 for each grid cell).

2.6. Exposure Time Distributions
Coastal river deltas may be subject to flow reversals and the typical fanlike shape of many deltas can lead to a
relatively long seaward boundary as compared to semienclosed basins. Thus, river deltas may be particularly
prone to oscillating or meandering flows at the seaward boundary (Figure 2), which are best handled by the
exposure time (Delhez, 2013; Monsen et al., 2002). To calculate the ETD, we monitor the mass flux at the sys-
tem boundary for a diffuse tracer (equation (3)) in model runs without tides (steady state). Since model runs
with tides are subject to return flows across the boundary, we elect to use a particle tracking scheme (equa-
tion (4)) to quantify ETD by counting the cumulative time spent by each particle in the domain.

We provide a basic description of our method for calculating ETDs at steady state, but a full derivation is
found in the supporting information. The differential travel time distribution for a pulse injection of tracer at
t 5 0 calculated at the domain boundary at time t is given as (e.g., Benjamin & Lawler, 2013):

EðtÞ5 dNðtÞ=dt
Ntotal

(8)

where dNðtÞ=dt is the rate at which material exits the domain at time t and Ntotal is the amount of material
injected into the system at t 5 0. Integrating over time gives the cumulative travel time distribution:
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FðtÞ5
ðt

0

EðsÞds (9)

where s is a dummy variable and Fðt51Þ51, rendering E(t) and F(t)
the probability density function (pdf) and cumulative distribution
function (cdf) of the travel time, respectively.

In a discrete steady state case, we solve for the local mass flux of
tracer along the exit boundary. We then integrate spatially over the
domain boundary and substitute into equation (8) to calculate differ-
ential travel time distribution:

EðtÞ5

Ðxb;n

xb;0

q?ðxB; tÞ � cðxB; tÞ dxB

Ð1
0

Ðxb;n

xb;0
q?ðxB; sÞ � cðxB; sÞ dxB ds

(10)

where q? is volumetric flowrate of water per unit length, c is the
concentration of tracer (kg m23), xB is the system boundary coordi-
nate, and H is the water depth (m). The fractional mass flux eiðtÞ
associated with a given region i of the domain can also be calculated
in a similar fashion (supporting information). Equation (10) is solved
discretely at the domain boundary at each time step for model runs
without return flows and represents the system-wide ETD.

In systems subject to return flows of tracer material across the sea-
ward boundary, the above framework is invalid, since tracer material
can be accounted for in the mass flux more than once. Therefore,

we utilize a lagrangian approach in these situations. The domain is seeded with particle tracers and their
individual propagation is tracked; each particle is advected by the velocity field and the random walk tech-
nique (equation (4)). We count the time each particle spends in the domain of interest, regardless of the
number of excursions or time spent outside the domain. The ETD for each location (Eðx1; x2; tÞ) within the
domain can then be computed. The initial concentration of the particles in each cell is determined by the
local depth (or water volume) of the cell at the time of release, ensuring that the same concentration of par-
ticles is released in each cell. This lagragian approach to generating the ETD is equivalent to approaches
used in other studies of water transport time scales in coastal systems (e.g., Cucco et al., 2009; Cucco &
Umgiesser, 2015; Meyers & Luther, 2008).

2.7. Nitrate Removal Model
The hydrodynamic model output is coupled with a simple model for nitrate removal as a function of the
ETD. We use this simple model to identify spatial heterogeneity in nitrate removal and the relative contribu-
tions of islands and channels to nitrate removal WLD. We base our model off of the fractional nitrate
removal model of Dettmann (2001), which was originally developed to quantify nitrate removal via denitrifi-
cation on an annual scale using freshwater residence time for estuaries (Dettmann, 2001). We quantify the
fractional removal of nitrate as a function of time (t) as

F�RðtÞ5
at

11at
(11)

where a is a constant first-order decay rate (day21). Equation (11) gives the cdf for fractional nitrate removal
(i.e. F�Rðt51Þ51). We weight equation (11) by the exposure time distribution of the domains as

FRðtÞ5
ðt

0

ðE � F�RÞðsÞ ds (12)

where ðE � F�RÞðsÞ5EðsÞ � F�RðsÞ is the point-wise product of the two functions. This operation yields a distri-
bution of fractional nitrate removal as a function of time that is dependent only on the exposure time and

Figure 2. Conceptual representation a water parcel being transported through
a river delta and a conceptual exposure time distribution. (a) A typical path for
a parcel traveling through the domain (dashed line). The parcel passes through
the seaward boundary at times t1, t2, and t3 (after Delhez, 2013). (b) Conceptu-
alization of the exposure time distribution. The median exposure time would
typically be ðt12t0Þ1ðt32t2Þ.
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the first-order decay rate. The distribution can be partitioned into the contributions from the channel and
island portions of the domain. A spatial distribution of nitrate removal FRðx1; x2; tÞ can be generated by
substituting Eðx1; x2; tÞ for E(t) in equation (12) and evaluating it at each grid cell in the test domain. We use
this model to show the relative contributions of the channels and islands to the system nitrate removal and
to highlight hot spots of nutrient removal potential based on the exposure time.

We use equation (11) to calculate a values based on average values of F�R and freshwater residence time
from studies in estuaries and coastal wetlands (Cheng & Basu, 2017; Dettmann, 2001; Yu et al., 2006). Based
on that calculation, we test a 2 5 0:01; 0:1; 1; 10f g day21 as range of representative values. Each a value is
held constant in both time and space for each model run. We calculate the spatial distribution of FR and the
relative contributions of channel and islands for each temporally and spatially constant a value. Our range
of tested a values represents a variety of coastal aquatic landscapes. While large, deep surface water sys-
tems like estuaries and bays have a values on the order of 0.01 or 0.1 day21 (e.g., Dettmann, 2001), shallow
wetland systems can have first-order removal rates that are orders of magnitude larger (e.g., Cheng & Basu,
2017; Yu et al., 2006).

3. Results

3.1. Channel-Island Complex
We test the effects of river discharge and island vegetative roughness on ETD in the CIC model. Exposure
times associated with QR 5 300 m3 s21 are expectedly longer than those associated with QR 5 700 m3 s21

(Figure 3a). A lower discharge leads to a lengthening of the right tail, measured by an increased interquar-
tile range (IQR) as compared to the higher discharge case (Table 2). The interquartile ratio, defined as the

Figure 3. (a) Representation of the ETD in the form of cumulative distribution functions (F(t)). Various values of h are
tested. In this case, only h 5 0.2, 1, and 10 are shown for clarity, but the trends for the h values not shown follow those pic-
tured. (b) F(t) for the QR 5 700 m3 s21 case for the set of tested h values. The h 5 100 model run is not completely shown
for visualization purposes and comparison with the other runs. F(t) for h 5 100 reaches unity at about 40 h.

Table 1
Parameters for Numerical Modeling

Symbol Variable Value (CIC) Value (WLD)

Dxi (m) Grid size 50 50
Dt (s) Time step 25 25
CR;1 Drag coefficient in channel(s) 0.005 0.005
CR;2 Drag coefficient in islands 0.001–0.5 0.005
An Tidal amplitude 0 Equation (6)
QR (m3 s21) River discharge 300 and 700 3,300
a (d21) Nitrate removal rate 0.01–10 0.01–10
je (m2 s21) Eddy diffusivity 0.01 0.01
me (m2 s21) Eddy viscosity 0.01 0.01
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IQR divided by the median, is consistent across QR values (Table 2),
indicating that QR does not affect the relative dispersion of the ETD.

The shape of fractional mass flux curves for the channel (e1ðtÞ) and
islands (e2ðtÞ) provides insight into the timing, duration, and magnitude
of water flux to the island. In general, the area under e2ðtÞ, or the per-
centage of tracer allocated to the island, decreases with increasing h
(Figure 4a). The e2ðtÞ peak height decreases as h increases, while the e1

ðtÞ peak becomes increasingly pronounced as more water is conveyed
by the channel (Figure 4a). In general, the peak of e1ðtÞ precedes the
peak of the e2ðtÞ because the channel velocities are higher than island
velocities. For h 5 0.2, the behavior is reversed (Figure 4a) because the
island velocities exceed those of the channel. As h increases, the
median of the total ETD decreases and the tail lengthens (seen as an
increase in IQR in Table 2), indicating that the extreme values of the
ETD increase. The IQR for h 5 100 is lower than for h 5 10, since most of
the distribution mass is concentrated within the peak.

While increased island roughness causes lengthening of the ETD tail, it does not affect the total fraction of
nitrate removed from the system (Figure 4b). The FR distribution becomes more dispersive as h increases,
due to the longer tail in the island mass flux. Lower values of a result in lower values of FR;weighted in all cases.
The a50:01 and 0.1 day21 cases result in very little nitrate removal for all the scenarios tested. Although
FR;Total is unchanged across h values, the relative contributions of the channel and island portions (FR;1 and
FR;2, respectively) are affected (Figure 4b). As h increases, the island contribution to FR decreases, since less
tracer is allocated to this portion of the domain. For a 5 1 day21, the percentage contributions of nitrate
removal owing to time spent within the island range from 83% to 35% for low to high values of h,
respectively.

3.2. Wax Lake Delta
In order to characterize the spatial variability of the water transport time scale, particle tracers were released
at each grid cell in the WLD domain for various tidal conditions and the ETD was generated for each tracer

Table 2
Summary of ETD Statistics for QR 5 300 and 700 m3 s21 in the CIC Model

h Median (h) IQR (h)
IQR

Median

QR 5 300 m3 s21

0.2 11.34 1.94 0.17
1 11.06 3.10 0.28
10 8.14 8.02 0.98
QR 5 700 m3 s21

0.2 5.04 0.85 0.17
0.5 5.06 0.78 0.15
1 4.94 1.38 0.28
2 4.89 2.37 0.48
5 4.28 3.43 0.80
10 3.79 3.86 1.02
100 3.28 0.76 0.23

Figure 4. Summary of ETD and nitrate removal for QR 5 700 m3 s21 in the CIC model. The ETDs are quantified with probability density functions (E(t)) and the frac-
tional mass fluxes for channels and islands (eiðtÞ). (a) ETD for various values of h. Increases in h cause decreases in the fraction of water entering the island (repre-
sented here by the area under e2ðtÞ). (b) Cumulative fractional nitrate removal for various values of a calculated with equation (12). The contributions of both the
channel (dots) and the islands (dashes) are given in relation to the total distribution of fractional nitrate removal. The values for a50:01 and a50:1 are not shown
because they both yield negligible values of FRðtÞ (<0.05).
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release location (Figure 5). The spatial variability of the ETD at WLD is well represented by the median expo-
sure time since ETDs have sharp peaks concentrated about the median, indicating that advection tends to
dominate the propagation of particles. In all cases, the median exposure time is generally shorter within the
channels than in islands due to the relatively high flow velocity associated with the channel flow. The lon-
gest median exposure times for each model scenario are associated with relatively high elevation island
margins in the northernmost WLD islands (Figure 5). In general, the island margins have longer median
exposure times than do the channels or the island interiors. Areas within channels and upstream of island
tips tend to have high median exposure times.

Significant variability exists among the various tracer release times (Figure 5). The case forced by the river
only has the longest median exposure times, which tend to be concentrated in the northernmost islands. In
both the spring and neap tide scenarios, the low tide tracer releases produce the most striking difference in
median exposure time between the channels and the islands. The low tide tracer runs also have generally
longer median exposure times than the other scenarios. This result is expected, because low tide immedi-
ately precedes rising tide, which produces a flood tidal current and landward flow. High and rising tide
tracer releases tend to be associated with spatially uniform median exposure times, although the

Figure 5. Spatial maps of median exposure times for various tidal scenarios. The labels indicate the tidal condition at the
time of the tracer release. The highest median exposure times are generally found within the upstream portions of the
islands, along the island margins, and near the delta apex. Areas with median exposure times of 0 h represent locations
that were not inundated at the time of tracer release.
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northernmost islands still tend to have distributions with relatively
large medians (Figure 5). In general, there is little difference between
the magnitudes and the spatial distribution of spring and neap expo-
sure time medians.

The system ETD for WLD is quantified by releasing particle tracers at
the delta apex (upstream boundary in Figure 1e) and monitoring the
exposure time within the boundary xb. The particle tracers released at
the apex produce mass flux curves that are statistically similar to those
generated with a diffusive tracer (supporting information). The ETD
for the river-only model run (A 5 0 m) has a median exposure time of
about 10 h (Figure 6). For spring and neap tides, exposure times for
each release within the tidal cycle (high, low, rising, and falling) are
amalgamated to create representative distributions for the spring and
neap phases of the tidal cycle. The ETDs for river-only, spring tide, and
neap tide are statistically similar at the 5% significance level according
to Wilcoxon rank-sum tests (p-values: 0.48 for neap-spring, 0.22 for
river-neap, and 0.06 for river-spring), indicating that tides do not sig-
nificantly affect the system-scale ETD at WLD. We note that the river-
spring comparison barely passes the rank-sum test at a 5% signifi-
cance level, which may be due to a secondary peak in the spring tide
ETD at a median exposure time of 15 h (Figure 6).

Since median exposure times associated with the islands are generally
longer than in the channels (Figure 5), it would be beneficial to under-

stand how the time spent in the islands compares to the exposure time in the entire system. To quantify
the contribution of island exposure times to the system exposure times, we calculate the island ETD by
counting the cumulative time a tracer spends within island boundaries (Figure 1e) and introduce the Island
Exposure Index (IEI) as ratio of the median island exposure time to the median exposure time (Figure 7).
The IEI is the fraction of a tracer particle’s median exposure time that is spent within the island boundaries.
The spatial distribution of IEI is consistent among the different model runs, suggesting that tides have little
effect on the hydrological exchange between channels and islands (Figure 7). Large islands near the system
boundary tend to have IEI values near unity, indicating that once a water parcel enters the island, it remains
there until exiting the system entirely. Channels near the system boundary tend toward IEI 5 0, indicating
that tracer particles flowing through these areas generally do not enter an island. However, the more
upstream channels tend to have higher values of IEI, because tracer particles originating closer to the apex
have higher probabilities of travel through the islands than do tracer particles released in channels near the
system boundary. The value of IEI at the delta apex is 0:3720:50 across all of the cases tested, indicating
that roughly one third to one half of the median exposure time is due to transport within the delta islands.

The cumulative fraction of nitrate removal, FR;Total , is a function of only the ETD and the decay rate a. Accord-
ingly, the spatial pattern for FR;Total is correlated with that of the ETD. The spatial differences in FR;Total clearly
distinguish the channelized portions of WLD from the islands (Figure 8) in accordance with the ETD results.
The largest values of FR;Total are generally found in the more landward portions of the islands and along island
margins (Figure 8). Areas of the channel associated with relatively high values of FR;Total are generally found
directly upstream of island apices (e.g., Falling Tide-Neap in Figure 8) and are associated with high values of
IEI (Figure 7). Relatively high values of FR;Total are found near the apex of the delta, since particles passing
through the apex are likely to traverse an island, which has relatively slow transport leading to greater
removal. The fractional nitrate removal associated with water parcels passing through channels is generally
less than 0.2, but FR;Total50:2820:31 for the water parcels passing through the delta apex for a 5 1 day21.

4. Discussion

4.1. Exposure Time Distributions and Hydrological Connectivity
This study represents the first attempt, to our knowledge, at quantifying network-scale surface water ETD in
a coastal river delta. We presented a modeling analysis of various environmental controls on ETD in the

Figure 6. Comparison among the ETDs for the river, spring tide, and neap tide
scenarios. The spring and neap tide distributions are combined exposure time
distributions across the four tidal release times (high, falling, low, and rising).
The distributions are statistically similar at the 5% significance level according
to Wilcoxon rank-sum tests (river-spring, p 5 0.06; river-neap, p 5 0.22; spring-
neap, p 5 0.48). The low p-value for the river-spring comparison is likely due to
the secondary peak in the Spring E(t) at around 15 h.
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simplified CIC and the full WLD domains. We quantified the roles of vegetation roughness within the islands
and river discharge with the CIC model, and the roles of tides and network structure with the WLD model.
We find HC between channels and deltaic islands, and the retaining capacity of the islands, to be primary
controls on the ETD.

The hydraulic roughness of lateral vegetated zones like the islands in the CIC model controls the allocation
of flow between channels and vegetated zones (Hiatt & Passalacqua, 2017; Musner et al., 2014), which
impacts the ETD. In the CIC model, median exposure time decreases as the percentage of flow allocated to
the islands increases (Figure 9). As vegetation roughness increases, the local velocity within vegetated zones
decreases (Nepf, 2012), which naturally leads to increased exposure times within the vegetated zone. How-
ever, since increasing vegetation roughness decreases lateral outflow from the channel to the islands (Fig-
ure 9), the ETD is increasingly dominated by the channel portion of the signal (Figure 4a), due to increased
velocities within the channel (Hiatt & Passalacqua, 2017; Musner et al., 2014; Temmerman et al., 2007; Van-
denbruwaene et al., 2011). Increased vegetation within delta islands is likely to lead to a reduced HC and
fast transport within the channels, reducing the exposure time. This result points to the importance of

Figure 7. Spatial maps of the Island Exposure Index (IEI), or the fraction of the median island exposure time and the
median exposure time. The labels indicate the tidal condition at the time of the tracer release. High IEI values are found
within the island interiors. The IEI near the delta apex is relatively high compared to more downstream portions of the
channels, since water parcels near the delta apex have a higher probability of passing through the islands. White areas
within islands represent locations that were not inundated at the time of tracer release.
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considering so-called reach-scale flow interaction with vegetation (Luhar & Nepf, 2013; Nepf, 2012) when
assessing water transport time scales in wetland and deltaic ecosystems.

We observe differences between modeled water transport time scale distributions between a treatment
wetland similar to the CIC (Musner et al., 2014) and the CIC results. Bimodal residence time distributions
(equivalent to ETD, in this case) have been quantified for treatment wetlands with a single main flow chan-
nel with lateral vegetated zones (Musner et al., 2014). While our modeling setup is similar to that of Musner
et al. (2014), we did not identify bimodal ETDs in our CIC model (Figure 4a). The lack of bimodality is likely
due to the relatively high-velocity flow in the channel as compared to those tested in Musner et al. (2014),
which renders the CIC an advection-dominated system, causing the distribution to be concentrated around
the median exposure time for the channel flow (e.g., Figure 4a). With decreasing discharge, we still do not
observe a bimodal distribution, but the influence of the island on the tail of the ETD is more strongly felt
(Figure 3a). Discharge fluctuations at WLD on a longer time scale than the time scales of the calculated
ETDs (Sendrowski & Passalacqua, 2017) and our assumption of constant discharge is thus adequate for the
time scales considered. While river discharge obviously influences the nominal values of the ETD, it may

Figure 8. The total fractional nitrate removal associated with ETD and a 5 1 day21. The FR;total value can be interpreted as
the fractional removal associated with water passing through that cell, although the removal may occur elsewhere in the
domain. The labels indicate the tidal condition at the time of the tracer release. Significant variability exists among the dif-
ferent scenarios, but high values of FR;total are found near the delta apex and throughout the islands. White areas within
islands represent locations that were not inundated at the time of tracer release.
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have a limited role on its overall shape in a river delta with strong riv-
erine influences, since the fraction of lateral outflow from channels to
islands in the backwater zone is insensitive to changes in river dis-
charge for nonflood conditions (Hiatt & Passalacqua, 2017).

We propose that the spatial trend in ETD within the island is related to
the HC between the channel and the island. Channels allocate a signif-
icant percentage of their flow to the island interiors at WLD, but the
location of that lateral outflow also depends on levee elevation, vege-
tation, and secondary channels connecting to the island interiors
(Hiatt & Passalacqua, 2015, 2017). Since the more landward portions
of the islands have relatively high elevation (Wagner et al., 2017), they
tend to receive less flow from the channel, leading to longer exposure
times (Figures 5 and 8). Further seaward, as levee elevation decreases
(Wagner et al., 2017), lateral outflow from the channel increases veloc-
ities within the island (Hiatt & Passalacqua, 2015, 2017), which reduces
the exposure time. However, even though increasing vegetation
roughness decreases the fraction of flow allocated to the islands (Hiatt
& Passalacqua, 2017; Musner et al., 2014), exposure times increase
because of water transport within islands (Figure 4). Thus, the
increased roughness owing to the presence of vegetation in islands

acts to locally increase but globally decrease exposure times. This competition is important to consider for
the management of river diversion projects that seek to reduce nutrient delivery to the coast, which is, for
example, a major focus of the Louisiana Coastal Master Plan (LCPRA, 2017).

While WLD is generally considered a prototypical river-dominated delta, tides have been shown to affect
the evolution of its distributary channels (Shaw & Mohrig, 2014) and system inundation dynamics (Geleynse
et al., 2015; Sendrowski & Passalacqua, 2017). However, our analysis shows that, under average flow condi-
tions (Q 5 3,300 m3 s21), tides have little effect on the ETD at the system scale, similar to other systems
(Viero & Defina, 2016). Although tracers released at different water levels during the semidiurnal tidal cycles
yield differences in the spatial distribution of median exposure times (Figure 5), the ETDs for flow entering
through the delta apex are unaffected by tides (Figure 6). Tides also do not significantly affect the IEI, indi-
cating that network-scale HC between channels and islands is generally unaltered by tides at WLD.

Water transport time scales can be influenced by enhanced diffusion processes due to complex bathymetry
in coastal systems (Cucco & Umgiesser, 2006; Umgiesser et al., 2014; Viero & Defina, 2016), but the transport
at WLD may be dominated by the lack of network complexity (Tejedor et al., 2015a, 2015b), resulting in the
apparent control of advective processes on ETD (Figure 6). A simple network structure allows a water parcel
to follow only a few alternative paths before exiting the system, which is typical of a relatively young deltaic
system (Tejedor et al., 2016). As the number of alternative paths through a network increases, the dispersion
of the ETD will likely increase, especially if there is significant channel-island HC. However, elevation in del-
taic islands tends to approach an equilibrium (Wagner et al., 2017) that may lead to decreasing frequency
of inundation (Marani et al., 2010). Quantifying the changes in water transport time scales as a function of
the morphological development of a river delta remains an open area of research.

4.2. Implications for Nutrient Removal
The network of channels and hydrologically connected islands in a river delta may lead to significant spatial
variability in nutrient removal capabilities, which can cause challenges for using local estimates at the net-
work level. Since nitrate removal rate is a function of water transport time scales (Cheng & Basu, 2017; Dett-
mann, 2001; Nixon et al., 1996; Yu et al., 2006), quantifying ETDs in a river delta represents an important
step forward. Our work helps identify locations, based on ETD, IEI, and degree of HC with the channel, that
are potential hot spots for nutrient cycling at WLD.

Coupled with the result that roughly half of the flow at WLD enters the islands (Hiatt & Passalacqua, 2015,
2017; Shaw et al., 2016a) and the island exposure time generally comprises a significant portion of the sys-
tem exposure time (Figure 7), we find that nitrate removal within deltaic islands accounts for 52–73% of the
total nitrate removed (Figure 11a) for a values ranging 4 orders of magnitude. This result indicates that the

Figure 9. The percentage of discharge exiting the system via the islands is
related to the median exposure time in the CIC model.
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WLD islands are not only the likely location for nutrient removal to
occur (Henry & Twilley, 2014), since the water exposure time is rela-
tively high, but that a large fraction of the incoming water discharge
reaches these zones where dissolved nitrate may be processed. A
majority of the removal is owed to time spent within the islands,
regardless of the tidal conditions (Figure 11b). By quantifying ETDs
along with the volume of water delivered to the island interiors, our
study establishes links among the network-scale delta hydraulics,
channel-island HC, and nutrient removal. Previous studies have
focused on accurately quantifying nitrate removal rates and spatially
integrated nitrate removal fractions in delta islands (Henry & Twilley,
2014) and diversion wetlands (DeLaune et al., 2005; Lane et al., 1999,
2003), often using simple measures for water transport time scales
(e.g., Cheng & Basu, 2017; Yu et al., 2006). We propose that estimates
of nutrient removal in river deltas must explicitly account for the
channel-island HC in order to adequately estimate network-scale ETD,
and, subsequently, nitrate removal.

While our nutrient model ignores many of the complexities of nutrient
transformation processes in wetlands, we test its ability to reproduce
observed nutrient removal fractions in the field. We measured surface
water nitrate concentrations at Mike Island (Figure 10a) from 1 April
2015 to 11 June 2015 (two sensors began recording in May). Six sub-
mersible ultraviolet nitrate analyzers (SUNA) measured ambient
nitrate concentrations at 1 h intervals in the wetland water column
along the upstream-downstream gradient in Mike Island. Each hourly
data point is an average of thirty seconds of continuously measured
nitrate concentrations. Nitrate data are presented as spatially interpo-
lated mean concentrations (Figure 10a) for the entire time series.
Location N1 provides an upstream boundary condition because it is
directly connected to the main distributary channel through a second-
ary channel that flows into the interior of the island; N1 is located
400 m from the mouth of the secondary channel. Taking the mean
concentration at N1 as the baseline concentration from which to cal-
culate fractional removal of nitrate, locations N2, N3, N4, and N5 show
nitrate removal fractions of 0.47, 0.91, 0.55, and 0.52, respectively.
Location N6 has concentrations that are similar to N1, which is due to
the channel-island connectivity near the sensor that introduces signifi-
cant inflow from the main channel.

Our simple model does not reproduce the nitrate removal fractions observed within Mike Island at the cho-
sen value of a, but identifies the general spatial trends of nitrate removal in a morphologically and hydrauli-
cally heterogeneous network. Higher values of FR;Total are generally found in the northern portion of the
island and values generally decrease moving seaward (Figure 10b), which is also the case in the field (Figure
10a). The northern portion of the island (edges: N2–N4) is characterized by shallow areas with emergent
vegetation that decrease water flow, leading to higher exposure times and nitrate removal, which may be
due to plant uptake and microbial activity (Kadlec, 2012). In contrast, locations N5 and N6 are located in the
central deeper section of the island, where higher water velocities limit nitrate removal due to less exposure
time within the island (Casta~neda Moya et al., 2015). The discrepancy between the modeled nutrient
removal and the observed concentrations is likely due to the simple parameterization of the first-order
decay rate a. We note that while the model does not produce the same magnitude of nutrient removal as
observed in the field, a pattern of high to low nitrate removal moving landward to seaward is detected in
the modeled and observed results. This pattern is likely related to soil age and organic matter content in
the WLD islands (Henry & Twilley, 2014) and correlates with established hydrogeomorphic zones that are
defined by soil elevation and vegetation (Bevington & Twilley, 2018).

Figure 10. Summary of the nitrate concentration measurements from Mike
Island in spring 2015. (a) Locations of the SUNA stations measuring nitrate con-
centration on Mike Island with a spatially interpolated grid of average nitrate
percentage (concentration at location divided by influx concentration). (b)
Snapshot of the total nitrate percentage (12 FR;Total)�100% for the same area in
the river-only model run (A 5 0 m) with a 5 1 day21. While the magnitude of
removal generated by the model does not match those observed at WLD, the
model does capture the broad spatial patterns of fractional nitrate removal,
with higher values of FR;Total occurring in the northern portion of the island, and
decreasingly lower values in the more southern portion.
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Modeled exposure times were <48 h and the WLD median exposure
time was roughly 10 h for all cases tested. Most work on linking water
transport time scales to nutrient removal in coastal systems like estu-
aries and bays indicates that much longer time scales (order of weeks
to months) are necessary to produce significant nutrient removal (e.g.,
Dettmann, 2001; Nixon et al., 1996; Perez et al., 2003). In wetlands,
nutrient removal can be achieved within shorter time scales (Cheng &
Basu, 2017; Yu et al., 2006) and delta islands at WLD behave similarly
to coastal wetlands in terms of nutrient removal (Henry & Twilley,
2014). While it is difficult to constrain the first-order removal rate at
WLD with the available data, the results obtained are qualitatively
comparable to those in relatively similar and nearby systems. Esti-
mates from the nearby Davis Freshwater Pond diversion indicate that
nitrate removal efficiencies of about 42% are possible for water trans-
port times of 24 h, which translates to a50:72 day21 according to
equation (11). Our model predicts a system-wide removal efficiency of
about 30% for a 5 1 day21 (Figure 11) for a median exposure time of
about 10 h. A recent survey of aquatic systems world wide indicates
that both natural and constructed wetlands can host first-order
removal rates ranging from about 1024 to 102 day21 for water resi-
dence times ranging from 102 to 1022 day, respectively (Cheng &
Basu, 2017); our results lie within these ranges. Nevertheless, accurate
estimates of the magnitude of nutrient removal require more complex
nutrient biogeochemistry models than presented in this study.

4.3. Limitations and Directions for Future Research
This study does not address the potentially important effects of veg-
etation patches on water transport. We applied vegetation rough-
ness uniformly over the island surface in the CIC model, but
vegetation patterns are more complex in the field (Carle et al., 2013).
Vegetation patches have been shown to produce more complicated
flow patterns through coastal marshlands (Bouma et al., 2009; Larsen
et al., 2017; Temmerman et al., 2007; Vandenbruwaene et al., 2011),
and likely have an impact on the ETD due to a more complex pattern
of HC. Although the WLD model can produce realistic channel
hydraulics and channel-island HC (Hiatt & Passalacqua, 2017), the
lack of vegetation within the island interiors likely causes ETD esti-
mates to be shorter than in reality both locally and at the network
scale. Tracer studies from the field indicate that increased transport

time associated with transient storage in and near vegetation patches is significant (Hiatt & Passalacqua,
2015).

Wind has been ignored in this analysis but can affect water circulation in coastal systems (Feng & Li, 2010;
Walker & Hammack, 2000; Roberts et al., 2015). For example, in Fourleague Bay, nearby WLD, northerly
winds associated with cold fronts can flush up to 56% of the bay volume and reduce the flushing time
(Perez et al., 2003). Further, Roberts et al. (2015) have reported wind-induced increases in water levels (up
to 1 m) inside bays in the Atchafalaya-WLD region as cold fronts approach. Similar behavior may be relevant
to ETDs in deltaic systems since winds can influence island inundation dynamics (Geleynse et al., 2015; Sen-
drowski & Passalacqua, 2017). Quantifying the influence of wind on HC and water transport times scales in
river deltas remains an open research topic.

Our study does not address the effects of groundwater in channel-island HC. Surface water-groundwater
exchange and hyporheic exchange are important components in HC (Bracken et al., 2013) and biogeochem-
ical processing (Gomez et al., 2012). Global-scale estimates of groundwater discharge account for only 6%
of the inputs to the sea (Zektser & Loaiciga, 1993), but much of the water entering a delta system is subject
to surface-groundwater exchange (Sawyer et al., 2015) and channel-island exchange via groundwater

Figure 11. Summary of the island contribution to FR;Total in the WLD model
runs. (a) The average percent contribution across model runs of nitrate removal
owing to time spent in the WLD islands. In each case, more than half of the
nitrate removal is due to time spent within islands and the relative contribution
increases with increasing a. The error bars represent the standard deviation
about the mean. (b) The total fraction of nitrate removed (FR;Total) for water par-
cel passing through the apex in each WLD model run with a 5 1 day21. The
contribution of the islands to FR;Total is also displayed. The differences in tidal
conditions have little influence on both FR;total and the contribution owing to
the islands. The acronyms indicate the tidal condition at the time of the tracer
release (N, neap; S, spring; F, falling; R, rising; L, low; H, high; River, no tides).

Water Resources Research 10.1002/2017WR021289

HIATT ET AL. EXPOSURE TIME DISTRIBUTIONS IN A DELTA 2227



(O’Connor & Moffett, 2015). To improve estimates of nutrient removal in deltaic systems, future work should
look to determine the relative contributions of surface and groundwater to the ETD.

The nitrate removal model used in this study is intentionally simple. The decay rate a is taken to be spatially
and temporally constant in order to identify the relative contributions of channels and islands to the overall
nutrient removal fraction and to identify hot spots of nutrient removal potential based on network structure
at WLD. Though removal rates vary spatially and temporally based on nutrient loading rate and concentra-
tion (Lane et al., 2003; Mitsch et al., 2001), temperature (Kadlec, 1999, 2010, 2012), water chemistry (Kadlec,
2012), vegetation (Lane et al., 2003), and wetland age and organic matter content (Henry & Twilley, 2014;
Kadlec, 2012), these factors are considered beyond the scope of our analysis. Nevertheless, first-order reac-
tion rates remain useful tools for understanding the influence of water transport time scales on nutrient
removal and for efficient upscaling of nutrient removal estimates where detailed models may be unavail-
able (e.g., Cheng & Basu, 2017).

5. Conclusions

The controls on water exposure time distributions were quantified using hydrodynamic modeling at Wax
Lake delta, a naturally prograding delta in Louisiana, USA. The shallow water equations were solved numeri-
cally in two dimensions and coupled with advection/diffusion and particle tracers to quantify exposure time
distributions under a range of conditions. The controls exerted by river discharge and vegetative drag were
quantified for an idealized channel-island complex based on Wax Lake delta bathymetry. The effects of
delta network geometry and tides were tested in a model of the Wax Lake delta. Hydrological connectivity
between the channels and the islands and the retention capacity of the islands were shown to be primary
controls over exposure time distributions and nitrate removal. The results presented in this analysis provide
a first step for spatially explicit modeling of water transport time scales in river deltas, which was shown to
have promise for identifying hot spots of nutrient removal.

We draw the following conclusions:

1. The exposure time distribution is a function of the hydraulic roughness associated with vegetation in del-
taic islands. Increasing hydraulic roughness tends to shorten the median exposure time, due to flow con-
centration within the primary channel, while extreme values of the exposure time distribution associated
with transport within the islands are increased. As vegetative roughness in the islands increases, the con-
tribution of exposure times within the islands to the total system exposure time distribution decreases.
Thus, deltaic island vegetation tends to increase local exposure times, while limiting the connectivity
with the channel, which leads to decreased exposure times within deltaic channels.

2. Tides have a limited effect on the system exposure time distribution at Wax Lake delta, which is due to
the relatively large fluvial input into the system. The median exposure time for water parcels entering
the delta through the apex for situations with and without tides was about 10 h.

3. Changes in river discharge do not affect the shape of the exposure time distribution and only modulate
the nominal values. River discharge fluctuations do not affect the relative dispersion of the exposure
time distribution, since the fraction of flow allocated to islands is unaffected in the subcritical flow in the
regime where backwater effects dominate.

4. Water transport through islands constitutes 37–50% of the system exposure time distribution, indicating
that hydrological connectivity with delta islands has a significant influence on water transport time scales
at Wax Lake delta.

5. Transport within inundated delta islands accounts for 52–73% of the estimated nitrate removal for the
whole Wax Lake delta system depending on the chosen a value. Deltaic islands are thus important hot
spots for biogeochemical activity. Provided there is significant channel-island hydrological connectivity,
islands may account for the bulk of nutrient removal in branching river deltas like Wax Lake delta.

Notation

An tidal amplitude of constituent n, m.
c tracer concentration, mass m23.
CB bottom drag coefficient.
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CD cylinder drag coefficient.
CR modified Ch�ezy coefficient, m1=2 s21.
D diffusion velocity for particle tracer, m s21.
E(t) differential exposure time distribution, h21.
eiðtÞ fractional mass flux at location i, h21.
Eðx1; x2; tÞ differential exposure time distribution at location (x1, x2), h21.
F(t) cumulative exposure time distribution.
FRðtÞ fractional nitrate removal according to equation (12).
FRðx1; x2; tÞ fractional nitrate removal at location (x1, x2).
F�RðtÞ fractional nitrate removal according to Dettmann (2001).
FR;Total total fraction of nitrate removed.
Gn tidal phase lag of constituent n, rad.
g gravitational acceleration, m s22.
H local depth, m.
hv vegetation stem height, m.
n vegetation frontal area per unit volume, m21.
N tracer mass, kg or particle number.
NTotal total tracer mass, kg or number of particles.
Prt turbulent Prandtl number.
q? volumetric flow rate per unit length perpendicular to boundary, m2 s21.
QR river discharge, m3 s21.
t time.
ui depth-average horizontal velocity, m s21.
V magnitude of horizontal speed, m s21.
xB along-boundary coordinate.
xi horizontal directions.
a first-order decay rate, day21.
g free surface elevation, m.
je scalar diffusivity coefficient, m2 s21.
me horizontal eddy viscosity coefficient, m2 s21.
U random number.
rn angular speed of constituent n, rad h21.
s dummy variable for time, h.
h ratio of the island CR;2 to the channel CR;1.
CIC channel-island complex.
ETD water exposure time distribution.
IEI Island Exposure Index.
cdf cumulative distribution function.
IQR inter-quartile range.
pdf probability density function, h21.
WLD Wax Lake delta.
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