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a b s t r a c t

Patterns of transport and residence time influence the morphology, ecology and biogeochemistry of shallow
coastal bay systems in important ways. To better understand the factors controlling residence time and ex-
change in coastal bays, a three-dimensional finite-volume coastal ocean model was set up and validated with
field observations of circulation in a system of 14 shallow coastal bays on the Atlantic coast of the USA (Virginia
Coast Reserve). Residence times of neutrally buoyant particles as well as exchange among the bays in the
system and between the bays and the ocean were examined with Lagrangian particle tracking. There was
orders of magnitude variation in the calculated residence time within most of the bays, ranging from hours in
the tidally refreshed (repletion) water near the inlets to days–weeks in the remaining (residual) water away
from the inlets. Residence time in the repletion waters was most sensitive to the tidal phase (low vs. high)
when particles were released whereas residence time in the residual waters was more sensitive to wind for-
cing. Wind forcing was found to act as a diffuser that shortens particle residence within the bays; its effect was
higher away from the inlets and in relatively confined bays. Median residence time in the bays significantly
decreased with an increase in the ratio between open water area and total area (open water plus marsh).
Exchange among the bays and capture areas of inlets (i.e., exchange between the bays and the ocean) varied
considerably but were insensitive to tidal phase of release, wind, and forcing conditions in different years, in
contrast to the sensitivity of residence time to these factors. We defined a new quantity, termed shortest-path
residence time, calculated as distance from the closest inlet divided by root-mean-square velocity at each point
in model domain. A relationship between shortest-path residence time and particle-tracking residence time
provides a means of estimating residence time over an entire model domain.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Physical processes in coastal waters, including transport of
water parcels and associated dissolved and particulate materials,
are essential components of water quality, nutrient availability,
contamination, and fate of flora and fauna (Kim et al., 2010).
Therefore, temporal scales of transport, such as particle residence
time, and their spatial variation within coastal waters, are essential
in the evaluation of the physical controls on coastal ecosystems
together with temporal scales of chemical and biological pro-
cesses, and have significant influence on the health of coastal
ecosystems (Anderson et al., 2003; Zhang et al., 2010; Lee et al.,
2011). Residence time determines the time these processes act on
water and therefore affects the vulnerability of coastal bay systems
to pollutants and the survival of seagrass (Orfila et al., 2005).
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com (M.O. Kurum).
Patterns of residence time reflect transport and mixing processes
in coastal systems, such that regions with short residence times
undergo rapid exchange with surrounding waters while regions
with long residence times are relatively isolated hydro-
dynamically, biologically, and biogeochemically. As a result, for
example, benthic primary producers tend to dominate in areas
with short residence times while phytoplankton dominate in areas
with long residence times (Valiela et al., 1997). Transport and
mixing processes are also responsible for exchange of water par-
cels with different chemical and biological content among bays in
shallow coastal bay systems. Therefore, patterns of residence time
and exchange in shallow coastal bay systems have significant
practical importance as they provide coastal managers with a
preliminary evaluation of the possible impact of physical processes
on ecological and biogeochemical drivers in these systems.

In shallow coastal bay systems such as the Venice Lagoon (So-
lidoro et al., 2004) and Virginia Coast Reserve (Fugate et al., 2006;
McLoughlin et al., 2015), wind- and tide-induced circulation is
among the major controls on particle residence times and,
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therefore, redistribution and availability of sediment, nutrients,
seagrass, algae, etc. (Cucco and Umgiesser, 2006). Simple ap-
proaches to estimate residence time (e.g., the tidal prism method)
do not account for spatial variations within bay systems or the fact
that oceanwater entrained into a bay during flood is not necessarily
fully removed from the bay during the consecutive ebbs due to tidal
asymmetries and mixing (Geyer and Signell, 1992). Therefore, as-
sessment of water circulation patterns based on hydrodynamic
models forced by realistic ocean conditions is essential. Accordingly,
a fully nonlinear process-based model that accounts for three-di-
mensional (3-D) Lagrangian flow fields (e.g., Aikman and Lanerolle,
2004) was shown to be necessary for accurately estimating fluid
and particle trajectories (Tian et al., 2009).

As a step toward evaluating the impact of hydrodynamics on
ecological and physical processes in shallow coastal bay systems, a
process-based circulation model is used herein together with two
two-month-long field observations of water flow in a barrier is-
land–lagoon–marsh system along the mid-Atlantic coast of the
USA. The goals are to evaluate, within a comparative framework,
the spatial patterns of residence times in bays with varying size,
coastline geometry, and exchange capacity with the ocean, to in-
vestigate the controls on bay-to-bay differences in residence time,
and to quantify exchange among these bays. The effects of tidal
phase when particles are released, location of particle release, bay
geometry, and different forcing conditions are considered, as are
approaches for generalizing residence time estimates from particle
Fig. 1. (A) Bathymetry of the Virginia Coast Reserve and major inlets; (B) Hog Island Bay
of measurements near Hog Island, Upshur Neck, Fowling Point, and close to the center p
Wachapreague and Kiptopeke stations of NOAA. (For interpretation of the references to
tracking at a limited number of locations to maps of residence
time over a whole system of coastal bays.
2. Study site

The Virginia Coast Reserve (VCR) extends about 100 km on the
eastern shore of Virginia along the Atlantic side of the Delmarva
Peninsula from Wallops Island at the north to the mouth of the
Chesapeake Bay at the south (Fig. 1), and is one of the sites of the
Long Term Ecological Research (LTER) program. The VCR is typical
of many shallow coastal bay systems that lack a significant fluvial
source of freshwater and sediment. Human impact on the system
is relatively small which allows natural conditions to largely con-
trol system behavior (McGlathery et al., 2007). The bays in the VCR
vary considerably in terms of size, geometry and connectedness to
the ocean and the other bays and, therefore, provide a valuable
range of conditions for comparative analysis. The system is bor-
dered on the ocean side by 14 barrier islands that help us to en-
close at least as many shallow bays. The bays are cut through by
relatively deep tidal channels which are 5-m deep on average but
exceed 10-m near inlets such as Great Machipongo Inlet; these
channels connect the bays to the Atlantic Ocean through a series of
relatively stable inlets (Fig. 1, Section 4.2). Shallow flats with
depths averaging about 1-m below mean sea level (Table 1)
comprise the majority of the bay bottoms. The bays are fringed by
section of the unstructured model grid. HIB, UN, FP, and CB correspond to locations
ortion of the bay; WA and KP correspond to locations of wind measurements at the
color in this figure caption, the reader is referred to the web version of this paper.)



Table 1
Bay properties. The bays with asterisks next to their names are those for which
particles were released in model simulations to calculate the residence times;
numbers correspond to bay compartments shown in Fig. 2. Mm3 refers to Million
m3. Bay % of area is the ratio of the tidal area of a bay to its total area; tidal prism %
is the ratio of the tidal prism of a bay to its total volume at high tide.

Number-Name Area
(km2)

Tidal
area
(km2)

High
tide
vol.
(Mm3)

Tidal
prism
(Mm3)

Average
depth
(m)

Bay
% of
area

Tidal
prism
%

1-S Magothy/
Fishermans*

68 50 76 49.8 1.0 73 66

2-N Magothy* 43 35 53.3 32.8 1.1 80 62
3-Mink/Smith 36 31 20.5 17.7 0.4 86 86
4-South* 75 69 68.4 57.4 0.6 92 84
5-Cobb/Outlet/

Spider*
51 50 131 53.3 2.1 98 41

6-S Ramshorn* 20 13 19.5 12.6 1.0 68 65
7-Hog/N

Ramshorn*
220 184 356 194 1.4 84 54

8-Machipongo R 66 20 23.5 13.7 0.8 30 58
9-Quinby/N Hog* 51 45 83.1 43.1 1.4 89 52
10-Upshur/San-

dy/Revel
70 63 91 48.4 1.1 90 53

11-Bradford/
Swash

49 35 44.4 27.7 0.9 72 62

12-Burtons* 72 38 50.3 32.5 0.9 52 65
13-Cedar/

Metompkin
74 26 26.4 19.8 0.6 35 75

14-Gargathy* 22 3 3.2 2.3 0.7 14 71
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Spartina alterniflora salt marshes. The current rate of relative sea-
level rise in the VCR, i.e., sum of the change in the elevation of the
sea and the subsidence of the land, is about 4 mm/year, and is
among the highest along the Atlantic Coast of the USA (Emory and
Aubrey, 1991). The mean tidal range, i.e., the difference between
the mean high water level and the mean low water level, is about
1.2 m. The study site is dominated by winds from the N-NNE and
S-SSW, which are most energetic during winter (Fagherazzi and
Wiberg, 2009). Currents induced by these storms, in addition to
tides, are among the major mechanisms that control circulation,
sediment transport (Safak and Wiberg, 2012) and the related
ecological processes in the VCR. In the 1930s, the Virginia coastal
bays experienced a transition from a highly productive seagrass-
dominated (Zostera marina) system to an algae-dominated system
(McGlathery et al., 2001). Recent efforts to restore seagrass to this
system (Reynolds et al., 2012) and to understand the reasons for its
70-year absence have prompted questions regarding hydro-
dynamic processes, scales of these processes and their influence
on ecological processes in these bays.

Although aspects of physical processes within specific bays of
the VCR – particularly Hog Island Bay – have been previously
considered (Oertel, 2001; Fugate et al., 2006; Lawson et al., 2007;
Mariotti et al., 2010; Allen et al., 2011), there has not been a
comprehensive, comparative modeling study of water circulation
patterns and associated residence times over a range of the bays
within this system. Previous estimates of residence time in the
VCR include calculations of the ratio of lagoon volume of Hog Is-
land Bay, one of the central bays, to the volume flux into that la-
goon, i.e., the tidal prism method, yielding estimates of two semi-
diurnal tidal cycles (Oertel, 2001), and a hydrodynamic modeling
study that examined the spatial distribution of residence times for
Hog Island Bay, which averaged O∼ (100 h) (Fugate et al., 2006).
Allen et al. (2011) recently used remotely sensed thermal satellite
imagery of Hog Island Bay to define two distinct regions. First is
the outer portion of the bay, close to Great Machipongo Inlet
which is the primary connection of this bay with the ocean (Fig. 1).
This region represents a tidally refreshed repletion footprint that
has continuous exchange with the ocean and that fills with rela-
tively new water and drains during each tidal cycle. The second
region is the landward portion containing residual water, which is
pushed back and forth with the rise and fall of the tide (and the
resulting motion of the repletion water) but also gradually mixes
into the repletion water. This implies that the residence time of the
repletion footprint should be about one semi-diurnal tidal cycle,
i.e., O(hours). The residual water, on the other hand, was found to
flush at a much slower rate by being entrained into the water in
the repletion footprint along the frontal boundary between the
repletion footprint and residual water; 2–4% of the residual water
in Hog Island Bay was determined to be entrained into the re-
pletion footprint at each tide. Therefore, flushing of this residual
water was proposed to take tens of semi-diurnal tidal cycles, i.e., O
(100 h) (Allen et al., 2011).

The size and configuration of lagoons in the VCR vary along the
length of the system (Table 1). In the southern portion (Bays 1–7,
Table 1), barrier islands are relatively far from the mainland and
bays are wider and generally have more direct access to the ocean
(Figs. 1a and 2). Two bays in the southern region are surrounded
by other bays and therefore lack a direct connection to an inlet –
North Magothy Bay (Bay 2) and South Ramshorn Bay (Bay 6). In
the northern portion of the system (Bays 8–14, Table 1), the bays
tend to be smaller with more surrounding marsh area. This is
particularly true of Gargathy Bay (Bay 14), close to the northern
limit of VCR, which is relatively confined and also the smallest bay
specifically considered herein (Fig. 2).

In this analysis, we calculate circulation throughout the whole
system for two periods of time, November 19, 2002–January 23,
2003 and January 11–March 11, 2009. Residence time is calculated,
as described below, for a subset of the bays, including most of the
bays in the southern region, which has been the primary focus of
VCR LTER research, and three representative bays in the northern
region: Gargathy Bay (Bay 14), Burtons Bay (Bay 12) and Quinby/
North Hog Bay (Bay 9) that span a range of size and connection to
the ocean.
3. Methodology

3.1. Coastal circulation model

3.1.1. Numerical model formulation
The model used herein is the 3-D unstructured grid finite-vo-

lume coastal ocean model (FVCOM, Chen et al., 2003). The geo-
metric flexibility of the finite-element method and the computa-
tional efficiency of the finite-difference method are combined in
the finite-volume method. The unstructured grid approach is also
well suited for irregular coastal geometries such as those that are
found in our study area. In the core circulation model, 3-D mass,
momentum, tracer, and density equations are solved in their in-
tegral forms, which maintain mass conservation. A sigma-stret-
ched coordinate system is used in the vertical plane to better re-
present the irregular bathymetry. Turbulence closure, i.e., calcu-
lation of eddy viscosity and diffusivity, is achieved by Mellor–Ya-
mada level 2.5 (Mellor and Yamada, 1982) and Smagorinksy (1963)
schemes for vertical and horizontal mixing, respectively. As the
mean tidal range at the VCR (1.2 m, Section 2) is of the same order
of magnitude as the mean water depth over the tidal flats (Table 1)
that cover the majority of the lagoons (Oertel, 2001), the model
needs to be capable of resolving the wetting and drying processes
in the intertidal zone. The wetting–drying treatment in FVCOM
guarantees volume conservation in numerical computation and is
as follows: elements with local water depths less than a user-
specified thickness (the model default of 5 cm is used herein) are
specified at each time step; velocities at the centroids and fluxes at



Fig. 2. Particle release locations in the model at the bays of interest, depth classes, and bay compartments. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)
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the boundaries of those elements are set to be zero (Zheng et al.,
2003; Chen et al., 2008).

In the simulations presented herein, the water column was
divided into five sigma levels in the vertical dimension of the
model domain. The bottom boundary condition was set using a
quadratic bottom friction formulation based on the default bottom
roughness parameters in the model. Salinity and temperature
were kept constant in time and space in the simulations. Owing to
the lack of freshwater inflow and shallow depths, stratification is
not an important control on hydrodynamics in this system. For
turbulence closure, the default horizontal and vertical eddy visc-
osity coefficients in the model were used. The model was started
from rest and integrated with an external time step of t 2 sΔ = . In
order to avoid any numerical instability due to a sharp change in
initial forcing, the model was set to spin-up from zero tidal forcing
with a ramp-up period of five days which is equal to the length of
about 10 M2 tidal cycles, the dominant tidal harmonic constituent.

Residence time and exchange of particles within the VCR were
examined with the Lagrangian particle-tracking module in
FVCOM. The position of a neutrally buoyant water particle was
computed by solving the following nonlinear system of ordinary
differential equations:

d
dt

t t
x

v x( ( ), ), (1)

→
= → →

where x→ is the particle position, t denotes the time, and v→ is the
3-D velocity field. Herein, the Lagrangian particle-tracking module
was used in ‘online’ mode, i.e., the module is set to use the 3-D
velocity field the model calculates. Eq. (1) was numerically
integrated using the explicit fourth-order Runge–Kutta method.
For details, the reader is referred to Chen et al. (2006). In the
simulations, one particle was released at each of the 900 locations
(Fig. 2) over the first month, one high- and one-low tide release
every day, i.e., 60 releases in total (Figs. 3b and 4b).

3.1.2. Model forcing
The model was forced with wind data obtained from the NOAA

stations at Kiptopeke (Station ID: VA 8632200; shown as KP in
Fig. 1a) and Wachapreague (Station ID: VA 8631044; shown as WA



Fig. 3. Summary of the observations in 2002: (A) wind speed and direction (colorbar indicates where the winds come from, e.g., red indicates northerly winds); (B) water
level (blue and red dots indicate particle release times at high- and low-tide, respectively); (C) north–south component of horizontal current velocity (positive indicates
northward flow); (D) east–west component of horizontal current velocity (positive indicates eastward flow); (E) estimates (in this study) of median residence time at the
Hog Island Bay for high-tide (blue) and low-tide (red) releases. In panels B, C and D, green curves correspond to the model calculations. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this paper.)
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in Fig. 1a) in the simulations of the experiments of 2002 and 2009,
respectively. The wind forcing was kept spatially uniform
throughout the model domain for the simulations presented.
Water elevation was imposed at the open ocean boundaries; zero
flux condition was imposed in the landward boundary of the
model domain. Due to the absence of water level data at the open
boundaries of the domain for the simulation period of both ex-
periments, the model was forced with water levels based on
measurements made in Hog Island Bay (Fig. 1b) throughout the
experiments (Section 3.2). Water level was only measured near
Hog Island (shown as HIB in Fig. 1b) in the experiment in 2002, so
these observations were used to set water levels in the calcula-
tions for the experiment in 2002. Water levels were measured at
three sites (UN, FP, and CB; Fig. 1b) in Hog Island Bay in 2009
(Section 3.2); the sensor in the central portion of the bay (CB),
located near the Great Machipongo Channel, was closest to the
channel and its water level measurements were used in the si-
mulations of the experiment in 2009. The measured water level at
Hog Island Bay was shifted in time with a lag in order to provide
the best model-data agreement of water levels at these mea-
surement locations (Mariotti et al., 2010).

3.1.3. Bathymetry and model grid
The model domain for this study covered the area extending

from the Fisherman Island National Wildlife Refuge at its southern
limit to approximately 20 km southwest of the Chincoteague Na-
tional Wildlife Refuge at its northern end (Fig. 1). The area covered
by the model domain was approximately 2000 km2 and extended
offshore to spatially varying depths of about 20 m (Fig. 1a). The
domain was represented with an unstructured mesh grid, which
was generated using the Surface-water Modeling Solution (SMS)
software version 10, consisting of approximately 42 000 nodes and
80 000 elements of about 200-m horizontal resolution (Fig. 1b).
The nodes were assigned their elevations (Fig. 1a) based on the
surface interpolated from the scatter data compilation of airborne
LIDAR and sonar bathymetry datasets. The LIDAR data set (VITA,
2011), which provided mostly topographic data, was inconsistently
available for intertidal elevations due to data acquisition across
varying tidal stages. Therefore, intertidal elevations were extracted
from existing Digital Elevation Models (e.g., Oertel et al., 2000) and
grids used in previous modeling studies (e.g., Mariotti et al., 2010).
Bathymetry within the bays and the channels connecting the bays
was based on local surveys and on NOAA charts, where more de-
tailed data sources did not provide coverage or good quality data.
The depths outside the VCR were gathered from NOAA charts and
datasets. The compiled data set was interpolated, where necessary,
to ensure that the main channels connecting the bays within the
system were represented. Finally, the model elements were tested
and modified to meet the model mesh quality requirements such
as the minimum/maximum interior angle limits, the maximum



Fig. 4. Summary of the observations in 2009: (A) wind speed and direction (colorbar indicates where the winds come from, e.g., red indicates northerly winds); (B) water
level (blue and red dots indicate particle release times at high- and low-tide, respectively); (C) north-south component of horizontal current velocity (positive indicates
northward flow); (D) east-west component of horizontal current velocity (positive indicates eastward flow) ; (E) estimates (in this study) of median residence time at the
Hog Island Bay for high-tide (blue) and low-tide (red) releases. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of
this paper.)
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area change between elements and the slope changes between
elements in order to ensure numerical stability of the model si-
mulations (Chen et al., 2006).

3.2. Field observations

The model was tested with field observations of wind- and
tide-induced water flow collected at 1–2 m water depths in Hog
Island Bay, which has been the major bay of interest in field stu-
dies due to its size and central location within the VCR. Within the
bay, water levels were measured for about two months at one
location (shown as HIB in Fig. 1b) in the winter of 2002 (November
19, 2002–January 23, 2003) and at four locations (shown as HIB,
UN, FP, and CB in Fig. 1b) in the winter of 2009 (January 11–March
11, 2009). Both experiments employed one acoustic current meter
near Rogue Island in the vicinity of Hog Island (HIB); in the ex-
periment in 2009, the current meter ran just for the first month.
Water levels and current velocities were recorded at 30-min in-
tervals. In both 2002 and 2009, strong winds (exceeding 10 m/s)
were most commonly coming from the NW–NE sector (Figs. 3a
and 4a). The experiment in 2002 (Fig. 3) captured a relatively
energetic period with several moderate storms with wind speeds
exceeding 10 m/s (Fig. 3a) and more extreme changes in water
levels (Fig. 3b) compared to 2009. The resulting mean horizontal
currents were as high as 40 cm/s in N–S and 20 cm/s in E–W or-
ientations (Figs. 3c and d); root-mean square (RMS) current ve-
locities were v 23 cm/sN S =– and v 10 cm/sE W =– . In winter 2009
(Fig. 4), winds exceeded 10 m/s for a short period of time in the
second half of the experiment when velocity data were not
available (Fig. 4a). The measured currents were weaker than 2002,
with maximum magnitudes being around 20 cm/s both for N–S
and E–W, and RMS velocities v 11 cm/sN S =– and v 7 cm/sE W =–
(Fig. 4c and d).

3.3. Model-data comparison

For the simulation of the 2002 experiment, correlation coeffi-
cients between the measured (HIB) and calculated water levels,
north–south component of velocity, and east–west component of
velocity were 0.998, 0.921, and 0.816, respectively (Fig. 5). This
represents a quantitative improvement over the model-data
agreement in a previous modeling effort (Lawson et al., 2007) in
which only the first month of the experiment in 2002 was mod-
eled with a depth-averaged model. For the experiment in 2009
under different wind and tide conditions, correlation coefficients
between measured and calculated water levels at the three mea-
surement locations (central portion of the bay “CB”, Upshur Neck



A B C

Fig. 5. Model-data comparison of (A) water levels; (B) east–west component of horizontal velocity; (C) north–south component of horizontal velocity at the Hog Island site
in 2002. Numbers in the boxes indicate the correlation coefficients; red lines show the one-to-one relationship. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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“UN”, and Fowling Point “FP”) were 0.997, 0.989, 0.994 while those
for north–south and east–west components of horizontal velo-
cities near Hog Island (HIB) were, respectively, 0.636, and 0.666
(Fig. 6). Water levels were in excellent agreement with data as
they were in Mariotti et al. (2010). The agreement between the
calculated current velocities for the experiment in 2009 and the
measured velocities, which was not investigated by Mariotti et al.
(2010), is not as good as what is obtained for the experiment in
2002 but is still fair.

There are several sources of uncertainty and potential model-
data discrepancy. One is the possible spatial non-uniformity of
winds in the area of interest, contrary to the spatially uniform
A B

D E

Fig. 6. Model-data comparison of (A) water levels at “CB” near the central portion of
horizontal velocity at the Hog Island site; (D) water levels at Upshur Neck; and (E) wa
coefficients; red lines show the one-to-one relationship. (For interpretation of the refere
paper.)
wind field used throughout the model domain in our simulations.
Available wind data are too limited to attempt to create a spatially
non-uniform wind data field. However, the relatively good corre-
lation among the limited wind records available in the vicinity of
the VCR as well as the generally good agreement between mod-
eled and measured water levels and currents suggest that the
water flow is adequately characterized using a uniform wind field
for the purpose of calculating particle trajectories and residence
times. In addition, varying vegetation cover on tidal flats, marshes,
and channels can create a spatially varying bottom roughness that
could affect bottom friction, tidal fluctuations and current velo-
cities in ways not completely captured with the constant bed
C

the Hog Island Bay; (B) east–west component and (C) north–south component of
ter levels at Fowling Point in 2009. Numbers in the boxes indicate the correlation
nces to color in this figure caption, the reader is referred to the web version of this



Table 2
Median particle residence time (in hours) at each bay under varying forcing and
release conditions. HT and LT refer to high-tide and low-tide release conditions,
respectively. Bays 4, 5, 7 and 9 have the most direct connection to an inlet.

Bay number-name With wind Without wind

2002 2009 2002 2009
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roughness used herein. Another potential source of error is un-
certainty in bay bathymetry. Hog Island Bay and Gargathy Bay
have the highest quality bathymetric data, but the elevations of
the marshes surrounding Hog Island Bay are not well character-
ized. Uncertainty in bathymetry is a larger concern in the other
bays, a concern that is common to many modeling studies of
shallow bay systems.
HT LT HT LT HT LT HT LT

1-S Magothy/Fishermans 108 138 217 258 125 229 213 285
2-N Magothy 194 208 198 223 358 355 324 345
4-South 18 71 17 61 12 70 16 80
5-Cobb/Outlet/Spider 34 87 36 85 41 127 43 124
6-S Ramshorn 185 189 237 221 424 415 330 343
7-Hog/N Ramshorn 46 108 42 123 53 149 49 146
9-Quinby/N Hog 46 88 47 96 58 123 52 117
12-Burtons 87 136 139 197 102 157 160 211
14-Gargathy 156 190 383 389 274 353 448 451
4. Results

4.1. Residence time

Residence time is calculated herein in a Lagrangian manner as
the period of time a released particle spends within a domain of
interest before leaving the limits of the domain (Takeoka, 1984;
Gecek and Legovic, 2010). Accordingly, the time it takes for a
particle to exit the system through one of the inlets (Figs. 1a) after
it is released during high- or low-tide (Figs. 3b and 4b) is recorded
as the particle residence time for that release location. The loca-
tions of particle release in the study bays are shown in Fig. 2.

The spatial distributions of residence time under different for-
cing (2002 and 2009; with and without wind forcing) and particle
release conditions (high- and low-tide, Figs. 3b and 4b) are shown
in Fig. 7 (separately averaged over all high- and low-tide release
cases). The effects of location and tidal phase of particle release
(Signell and Butman, 1992) and wind forcing (Zhang et al., 2010;
Lee et al., 2011) on particle residence time in the bays are evident.
In most of the bays, there is about two orders of magnitude
Fig. 7. Spatial distribution of residence times (in hours) in 2002 (upper panels) and 2009
tide), one every day. Each panel includes an inset zoomed into Bay 14 (Gargathy) due to
this figure caption, the reader is referred to the web version of this paper.)
variation in particle residence time varying from O(hours) for
particles released close to the mouth of major inlets (patterns
dominated by blue colors, Fig. 7) to O(weeks) for those released
close to the mainland away from the inlets (patterns dominated by
dark red colors). In 2002 (Fig. 7 upper panel) and 2009 (Fig. 7
lower panel), the separation of zones associated with relatively
long and short residence is very similar (both for high- and low-
tide releases; with and without wind) and sharper for high-tide
releases. This significant spatial variation in residence time within
the bays is in accordance with what has been reported for some
other shallow coastal lagoon systems such as Venice Lagoon
(lower panels). Each figure corresponds to the average of 30 releases (high- or low-
the relatively small size of that bay. (For interpretation of the references to color in
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(Cucco and Umgiesser, 2006; Cucco et al., 2009) and shows the
inadequacy of describing particle residence in a bay with a re-
presentative residence time for the entirety of the bay.

Cumulative distributions of residence time, summarized in
Table 2 in terms of the median value, were used to characterize
representative values and variability within each bay. Both for
high- and low-tide releases in 2002 and 2009 with wind forcing,
the bays lacking direct inlet access (Bays 2, 6 and 14) were asso-
ciated with the highest median residence time (around one week
or more), whereas bays broadly bordering an inlet (Bays 4, 5, 7 and
9) had much shorter median residence times (shorter than one
week). The influences of tides, winds and bay geometry on cal-
culated residence times are discussed in Section 5. The residence
time estimates at each particle release location under different
forcing conditions are added as supplementary material and can
also be accessed through http://www.dx.doi.org/10.6073/pasta/
811139e0f5c2574b5a4cfd7ed2d904c9.

4.2. Capture areas of inlets and exchange among bays

Water in the bays located in the southern portion of the VCR
typically has access to more than one inlet. Access to multiple
inlets affects residence times and also the likelihood of particles
traversing more than one bay as they travel toward the inlet
through which they ultimately exit the system. To determine the
capture area for each inlet, we used the particle trajectories and
calculated the probabilities of water in the bays in this southern
portion exiting through each inlet (Fig. 1a); for simplicity in this
analysis, bays 1 and 2 are referred together as Magothy, bays 5 and
6 are referred together as CORS, bays 7 and 9 are referred together
A B

E F

Fig. 8. (A–D) The major outlet locations of particles released at the bays in the southern p
wind forcing (averaged over all 60 releases). Only the inlets with probabilities greater
southern portion of VCR. The probabilities correspond to simulations with 2002 data
references to color in this figure caption, the reader is referred to the web version of th
as Hog Island, and bay 4 is South Bay. The upper panels in Fig. 8
show the major exiting locations (with probabilities greater than
10%) of particles released at these bays, averaged over all 60 high-
and low-tide releases. Due to insignificant differences between
exit probabilities calculated for the experiments in 2002 and 2009,
and with and without wind, only values based on simulations with
the data from the experiment in 2002 including wind forcing are
shown. Great Machipongo Inlet (Fig. 1a) was the primary exit lo-
cation for water in bays 5–6–7–9 that are in the central portion of
the VCR; bays 1–2 and bay 4 at the southern limit mainly used
Fishermans Inlet and New and Ship Shoal Inlets, respectively (Fig.
1a).

Particle trajectories calculated herein were also analyzed to
estimate the probability of exchange among the bays in the
southern portion. Such exchange is important in terms of water
quality and migration, colonization and dispersal of marine plant
and invertebrate populations (Harwell and Orth, 2002; Greiner
et al., 2013). There was no significant difference between the re-
sults for high- and low-tide release, for simulations of 2002 and
2009 with and without wind forcing. Therefore, only the exchange
probabilities calculated from the results of the 2002 simulation
including wind forcing are shown (lower panels in Fig. 8, averaged
over all 60 high- and low-tide releases). Particles released in bays
7 and 9 only made it to bays 5 and 6 (Fig. 8e). Particles released in
bays 5 and 6 had the highest probability to be transferred to any of
the other bays, likely due to the central location of these bays (Fig.
8f), followed by bays 1 and 2 (Fig. 8h). Particles released in bay
4 had minimal chance of being transferred to another bay (all
probabilities 10%< , Fig. 8g), which might be due to the wide inlet
just east of this bay where water can easily be exchanged with the
C D

G H

ortion of VCR. The probabilities correspond to simulations with 2002 data including
than 10% are shown. (E and F) The probability of exchange among the bays in the
including wind forcing (averaged over all 60 releases). (For interpretation of the
is paper.)

dx.doi.org/http://dx.doi.org/10.6073/pasta/811139e0f5c2574b5a4cfd7ed2d904c9
dx.doi.org/http://dx.doi.org/10.6073/pasta/811139e0f5c2574b5a4cfd7ed2d904c9
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ocean before it is transferred to any other bay. Compared to bay
4 with relatively small median residence times (Section 4.1, Ta-
ble 2), bays 1 and 2 with higher median residence times, which are
also closer to southern limit of the system, are found to interact
more with other bays, which suggests an expected inverse re-
lationship between residence time within a bay and interaction of
that bay with other bays.
5. Discussion

5.1. Temporal effects on residence time: tides and winds

In simulations of the experiments in both 2002 and 2009,
particles released at low tide (just before incoming flood) are
consistently associated with longer residence times compared to
those released at high tide (just before outgoing ebb) because the
initial flow experienced by low-tide-release particles is directed
into the VCR (Figs. 3e, 4e and 7). In all the cases simulated, the
effect of tidal phase (of particle release) on residence time is
highest near the inlets, as noted by Cucco et al. (2009), where the
strongest tidal exchange occurs. This is evident in all the bays
bordering an inlet. For the bays with the most direct connection to
an inlet (Bays 4, 5, 7 and 9; hereafter referred to as “inlet bays”),
residence time (when wind is accounted for) for low-tide releases
averages 2–4 times longer than for high-tide releases. For bays
lacking a direct inlet connection (Bays 2, 6 and 14; hereafter re-
ferred to as “back bays”), the increase in residence time for low-
tide versus high-tide release is usually less than 10% (Table 2;
Fig. 7). Bays 1 and 12 have connections to inlets but are not ca-
tegorized here as inlet bays, for reasons explained below.

Sensitivity of residence time to wind is evaluated by turning off
the wind forcing at the ocean surface in a set of simulations. Both
for the high- and low-tide release conditions in the simulations of
the 2002 and 2009 experiments, turning off the wind forcing in-
creases the median residence time for all bays compared to the
results obtained with wind forcing (Table 2). The increase in re-
sidence time due to no-wind conditions, averaged over all the bays
and high- and low-tide releases, is 64% in 2002 and 26% in 2009.
This higher effect of turning wind on and off in the simulation of
2002 compared to the simulation of 2009 is consistent with the
differences we observed in simulations for 2002 and 2009 that
included wind forcing (Table 2), in that residence times estimated
for 2002 (more energetic winds; Section 3.2; Fig. 3a) were smaller
than those for 2009 (less energetic winds; Fig. 4a) in a vast majority
of bays both for high- and low-tide releases. Wind forcing has a
higher effect on the landward sections of most of the bays (darker
reds in no-wind cases compared to wind cases); the patterns in low
residence time zones do not show a comparably significant change.

An impact of wind conditions on residence times in inlet bays is
supported by a previous study that also used Lagrangian tracers to
determine residence times. Fugate et al. (2006) reported residence
times O∼ (100 h) for Hog Island Bay (Bay 7) based on offline par-
ticle tracking using the flow fields from a 2-D model different than
the one used herein. Their calculations were for a period in the
year 2000 with relatively weak winds barely exceeding 5 m/s
speed; winds in the periods investigated herein (2002 and 2009)
are much stronger, especially in 2002 when winds exceeded 10 m/
s during several storms and even 15 m/s in one storm (Section 3.2;
Figs. 3a and 4a). While there are several methodological differ-
ences in the models (including 2-D vs. 3-D), particle tracking
(offline vs. online) and number of tidal cycles particles are released
in the model runs (9 vs. 60 high- and low-tide releases) between
the Fugate et al. (2006) study and ours, an average residence time
of 100 h is almost exactly what we obtain for our no-wind runs for
this bay (Table 2, Bay 7).
Overall, we find that residence times in inlet bays are very
sensitive to tidal phase but less so to wind conditions, similar to
what was demonstrated by Umgiesser et al. (2014). Averages of
high- and low-tide releases for inlet bays in 2002 and 2009 give
essentially identical median residence times of about 60 h (80 h
for the no-wind runs). In contrast, residence times in back bays are
considerably more sensitive to wind conditions than tidal phase.
Residence time in the two remaining bays, South Magothy Bay
(Bay 1) and Burtons Bay (Bay 12), depends on both tidal phase and
wind conditions. Median residence times for low-tide releases in
South Magothy were 20–80% higher than high-tide releases while
the average residence time obtained from the simulations of the
experiment in 2009 (including wind) was almost twice the value
obtained from the simulations of the experiment in 2002. For
Burtons Bay, the median residence time for low-tide release was
40–60% higher than high-tide release while the average difference
in residence times for 2009 and 2002 (including wind) was 50%.
Both of these bays have a direct but somewhat obstructed con-
nection to an inlet. A set of marshes largely separates Burtons Bay
from its inlet, coinciding with the outer limit of residence time
tracers in our model for that bay (Fig. 2). The channel along South
Magothy Bay shoals at its southern end (Figs. 1a and 2),, restricting
exchange through Fishermans and Smith Island Inlets.

In terms of capture areas of inlets, when winds were turned off
(both in 2002 and 2009), the exit probabilities associated with the
primary inlets slightly increased, i.e., a particle tended to leave
more often from the major inlet associated with the bay from
which it was released. This could be attributed to the fact that in
the absence of winds, the relative importance of tidal exchange
between the lagoons and the ocean increased whereas mixing
decreased. Therefore, particles tended to leave more often from
the closest inlet. Consistent with this, in full simulations with wind
forcing, the probabilities of particles exiting through their primary
inlets were slightly higher (not shown) in 2009 (less energetic in
terms of winds) than 2002. Also, the insignificant difference be-
tween the results of exchange among bays as a function of dif-
ferent forcing and tidal release conditions is similar to what was
seen in the aforementioned exit probabilities of the capture areas
of inlets. This suggests that the major control for the exchange
between the bays is likely to be simply the geography.

5.2. Spatial effects on residence time: bay geometry and circulation

The bay-to-bay variation of median residence time in the VCR,
despite spatially uniform wind and tide forcing, suggests that bay
geometry (e.g., area, volume, depth, marsh-bay ratio) is a primary
control on residence times in shallow coastal bays, consistent with
what was demonstrated for agoons in the Mediterranean (Um-
giesser et al., 2014). Our results show that proximity to an inlet is a
critical control on residence time, as would be expected. Median
residence times in the back bays (2, 6, 14) are approximately four
times greater than in the inlet bays (4, 5, 7, 9); residence times in
the remaining two bays fall in between. Comparison of median
residence times (Table 2) with bay area, high tide volume and
average depth for these bays (Table 1) reveals no trends. For ex-
ample, Bays 4 and 5 have the shortest median residence times
(Table 2) but represent the bays with the shallowest and deepest
depths, respectively (Table 1). Bay 7 (Hog Island Bay) has by far the
largest area and volume (Table 1), but is intermediate in residence
time (Table 2). We did find a significant relationship between
average median residence time for the high tide releases (with and
without wind) and fractional cover of open water (ratio of bay area
to total bay plus marsh area) (Fig. 9a), with longer residence times
in bays with a higher fraction of marsh vs. open-water area.

Allen et al. (2011), in a study of residence time in Hog Island
Bay (bay 7), proposed that the location of a relatively sharp
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Fig. 9. Variation of (A) median residence time obtained directly from particle tracking with fraction of open-water area; (B) bay volume with minimum pathlength divided
by RMS velocity (SPRT) 6 h≤ and bay volume with particle tracking residence times (PTRT) 13 h≤ ; and (C) bay volume with SPRT 6 h≤ vs. tidal prism volume. Solid and
dashed lines correspond to regression lines and one-to-one relationship lines, respectively.

Fig. 10. (A) Bay compartments, modeled tracer release points; (B) root-mean-square (RMS) velocities; and (C) residence time estimates based on minimum pathlength
(distance to inlet) divided by RMS velocity (SPRT). These can be converted to estimates of true residence time using the relationship between SPRT and particle-tracking
residence time in Fig. 11. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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transition from low to high residence times in this bay, similar to
that shown in Fig. 7, is consistent with the spatial separation of
zones of repletion (water exchanged during a single tidal cycle)
and residual water observed in this bay (see Figs. 4, 6, and 8 in
Allen et al., 2011). The residence times estimated herein for the
sections of Hog Island Bay close to the Great Machipongo Inlet and
close to the mainland are O(1–10 h) and O(100 h), respectively,
which are quantitatively consistent with what Allen et al. (2011)
observed for the zones of repletion footprint ( 1∼ semi-diurnal tidal
cycle) and residual water (25–50 semi-diurnal tidal cycles) at this
bay. If this is a general result, then the volume of the repletion
footprint should be comparable to the tidal prism volume. This
would also suggest that bays with a large ratio of tidal prism to bay
volume might have shorter average residence times.

We used two approaches to estimate the tidally exchanged
volume and associated repletion footprint for the bays in the study
area. For locations where we calculated particle residence times,
we estimated the repletion footprint based on locations where the
high-tide release residence times (simulations with wind) were
13 h (∼ one semi-diurnal tidal cycle) or less. These locations are
shown by the dots in Fig. 10a. In some bays (e.g., Burtons Bay), we
did not release tracers all the way to the inlet. We know, however,
that residence time near inlets is typically short and should be
included in the repletion footprint. We extended the area of the
repletion footprints in the vicinity of inlets by noticing that the
root-mean-square (RMS) velocities (V) of currents (Fig. 10b) are
generally highest in areas near inlets where residence times (Fig.
7) are shortest. Specifically, we found that almost all tracer release
locations with RMS velocities of 0.3 m/s or higher were associated
with residence times on the order of a tidal cycle or less for the
model simulations of the experiments in 2002 and 2009. Based on
this, we added areas with RMS velocities 0.3 m/s≥ to the repletion
footprints defined by particle tracking residence time (Fig. 10). The
resulting estimates of the tidally refreshed volumes are provided
in Table 3.

Consideration of the spatial distribution of RMS velocities (Fig.
10b) suggested an alternative approach for estimating the foot-
print and volume of tidally exchanged water throughout the sys-
tem of bays. Residence time can be thought of as particle path-
length divided by its speed. Distance from any location in the bays
to the nearest inlet provides a minimum estimate of pathlength
(D); RMS velocities (V) provide an estimate of particle speed. For
locations within the repletion footprint, it seems reasonable to
expect that this minimum pathlength provides an estimate of the
actual pathlength of particles traveling toward the inlet during ebb
tide (i.e., particles released during high tide). Regions in which
minimum pathlength divided by RMS velocity (D/V) for the 2002
simulations (with wind) was 6 h≤ (ebb tide duration) are shaded
Table 3
Tidal prism of bays, bay volumes with particle tracking residence time (PTRT)

13 h≤ , and bay volumes with minimum pathlength (distance to inlet) divided by
RMS-velocity (SPRT) 6 h≤ .

Number-Name Tidal prism
(Mm3)

Volume with
PTRT 13 h≤ (Mm3)

Volume with SPRT
6 h≤ (Mm3)

1-S Magothy/
Fishermans

49.8 42 41

4-South 57.4 51 38
5-Cobb/Outlet/Spider 53.3 42 71
7-Hog/N Ramshorn 194 158 151
9-Quinby/N Hog 43.1 39 22
10-Upshur/Sandy/Revel 48.4 N/A 32
11-Bradford/Swash 27.7 N/A 7
12-Burtons 32.5 33 22
13-Cedar/Metompkin 19.8 N/A 5
14-Gargathy 2.3 4 0
in blue in Fig. 10a; the associated water volumes are listed in Ta-
ble 3. Note that we were able to make this estimate of tidally re-
freshed area and volume for all bays, as it depends on parameters
that can be readily estimated for every grid point in the model
domain.

Repletion footprints estimated directly from particle tracking
residence times (PTRT) and from the ratio of minimum pathlength
to RMS velocity (herein termed shortest-path residence time,
SPRT) generally overlap (Fig. 10b) and their volumes (Table 3) are
well correlated (r2¼0.91, Fig. 9b). There is also a significant cor-
relation between the D V/ estimate of tidally exchanged volume
and the volume of the tidal prism (r2¼0.93, Fig. 9c). Interestingly,
there is no relationship between tidal prism volume fraction (tidal
prism as a fraction of total high-tide volume) and median high-
tide residence time.

Residence times estimated fromminimum pathlength and RMS
velocity (i.e., SPRT) can be estimated everywhere in the model
domain. However, outside of the repletion footprint (Fig. 10c),
shortest-path residence time estimates are smaller than those
calculated using particle tracking (Fig. 7), as expected given the
circuitous paths that tracer particles take as they are transported
within the bays over multiple tidal cycles. Nevertheless, these
estimated SPRT increase with distance away from the inlets in a
pattern like those determined from particle tracking. We ex-
amined the relationship between the system-wide estimates of
shortest-path residence times and our particle tracking residence
times to determine whether there is a potentially useful re-
lationship between the two (Fig. 11). The results suggest that the
mapped intervals of SPRT in Fig. 10 could be roughly converted to
more realistic values of residence times throughout the system of
bays using the corresponding median value of PTRT from Fig. 11.

5.3. Some limitations of the residence time and exchange
calculations

The particle tracking module used herein did not incorporate
any particle behavior, therefore application of exchange prob-
abilities to tracers that tend to settle, such as sediment, or which
are mobile, such as larvae, must be done with caution. Adding
behavior to the particles is out of the scope of this study; however,
depending on the specific process of interest, this could be
Fig. 11. Relationship between high-tide particle tracking residence time (PTRT for
2002-with winds) and shortest-path residence time (SPRT) estimates for the same
locations. Red lines indicate median values of PTRT, boxes enclose values within the
25th–75th percentiles, whiskers span 99%∼ of distribution and red pluses are
considered outliers. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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achieved by using the 3-D flow fields from a model like the one
used herein together with an off-line particle tracking module that
can simulate particle behavior (North et al., 2008).

One of the shortcomings of this study is the absence of directly
measured particle trajectories such as observations of GPS tracked
in-situ surface drifters (North et al., 2008). Therefore, the model
estimates of residence time and exchange, that are based on the
particle trajectories from the Lagrangian particle tracking module,
could not be compared with direct observations at the field. This
forced parts of the evaluation of the model results to be done with
indirect observations of residence time based on remote sensing
(Allen et al., 2011) which has the advantage of higher spatial
coverage. Another limitation is the fact that hydrodynamic data for
model validation is available only at the largest bay, which has
been the major bay of interest in field studies due to its size and
central location within the system. These two issues could be
addressed by future comprehensive field experiments with a
spatial extent covering the other bays of interest.
6. Conclusions

Controls on particle residence times and exchange in a system
of shallow coastal bays (Virginia Coast Reserve on the Atlantic
coast of the USA) were investigated using a finite-volume coastal
ocean model applied to two two-month-long periods of time
during which flow data were available. The simulated water flow
for both experiments showed good agreement with the water le-
vels and currents measured within a centrally located bay.

We found residence times to be sensitive to the location and
tidal phase of release, wind forcing, and bay geometry and mor-
phology, consistent with previous studies (Signell and Butman,
1992; Zhang et al., 2010; Lee et al., 2011; Umgiesser et al., 2014).
Within bays, we found that separation of bay water volumes into a
near-inlet, tidally refreshed “repletion” volume and the remaining
“residual” volume as proposed by Allen et al. (2011) was a useful
construct for understanding spatial variations in residence times.
The order of magnitude variations of residence time within most
of the bays, i.e., O(hours) near the inlets and O(weeks) near
mainland, can be attributed to relatively limited tidal exchange in
the landward, residual-water portions of these bays throughout a
tidal cycle. This spatial variability, and the relatively large effect of
the tidal phase of particle release on residence time near the inlets
are consistent with what have been reported for other shallow
coastal lagoons such as Venice Lagoon (Cucco and Umgiesser,
2006; Cucco et al., 2009). Winds were found to shorten particle
residence within the bays due to increased mixing between re-
pletion and residual water volumes, with residence times in re-
sidual waters showing greater sensitivity to wind forcing than
residence times in tidally refreshed waters.

Variations in residence times among bays were most strongly
influenced by bay geometry. In terms of median residence time,
bays adjacent to wide inlets were associated with smaller residence
times; the residence times were longer in relatively confined bays
that lack a direct inlet connection. We also found a significant
positive relationship between residence time and the ratio of marsh
area to total area (open water plus marsh) of the bays in our study
area. Particle trajectories were used to estimate particle exchange
among bays (i.e., interaction of bays) and between the bays and the
ocean (i.e., capture areas of inlets). Bay location and residence times
affected the exchange among bays: centrally located bays interacted
most with the other bays; bays with short residence times func-
tioned relatively separately, as might be expected. Independent of
tidal phase of particle release, wind, or forcing conditions in
different years, each bay had a major inlet location associated for
the extraction of its particles to the ocean.
Remote-sensing-based flushing patterns and estimates of the
footprint of repletion and residual water volumes (Allen et al.,
2011) are in good agreement with our hydrodynamic-process-
based estimates of residence times for centrally located Hog Island
Bay, the largest bay in our study site. Repletion footprint volumes
of the bays, estimated based on particle-tracking residence time
calculations herein, were found to be well correlated with and
comparable to the tidal prism volumes of these bays. We esti-
mated shortest-path residence times over the entire domain based
on distance to the nearest tidal inlet divided by the RMS velocity
calculated from the model simulations. The volume of water with
a shortest-path residence time of 6 h or less, and its footprint,
corresponded well with the repletion volumes and footprint found
from particle tracking. A relationship between shortest-path re-
sidence time and particle tracking residence time offers a means of
roughly estimating residence times throughout the model domain.
These system-wide patterns and time scales are useful in evalua-
tion of the effects of physical processes on bed sediment size
distribution (Wiberg et al., 2015), ecological processes and related
environmental measures such as assessment of habitat suitability
for seagrass restoration in conjunction with a seagrass population
model.
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