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Abstract

Wind plays an important role in regulating mixing/stratification, estuarine circulation,
and transport timescale in estuaries. A three-dimensional model was used to investigate
the effect of wind on transport time by using the concept of water age (WA) in the tidal
Rappahannock River, a western tributary of the Chesapeake Bay, USA. The model was
calibrated for water level, current, and salinity. A series of experiments regarding the
effects of wind on WA was conducted under various dynamic conditions. The effect of
wind on transport timescale depends strongly on the competition between the wind and
buoyancy forcings, and on the pre-status of the circulation. A down-estuary wind
generally decreases WA along the estuary. An up-estuary wind increases WA
substantially because it changes the vertical mixing and estuarine circulation more
significantly. When the buoyancy forcing increases, the up-estuary wind effect decreases
whereas the down-estuary wind effect increases. A 2-day period wind pulse with a
maximum speed of 15 m-s™ can alter WA for 3 days; but the wind influence on WA lasts

up to 40 days in the simulation. Both local and non-local wind forcings alter WA
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distribution. The local wind enhances vertical mixing and changes the gravitational
circulation in the downstream portion of the estuary whereas it enhances transport in the
freshwater portion of the estuary. Consequently, the local wind has a significant impact

on WA distribution. In contrast, the non-local wind does not change the gravitational
circulation significantly by imposing setup (setdown) of water level at the open boundary,

resulting in a lesser impact on WA distribution.

Key words: Wind; water age; estuarine circulation; stratification; EFDC; Rappahannock

River

1. Introduction

The amount of nutrients discharged into an estuary and the transport time required for
these nutrients to be exported to the ocean, along with other biogeochemical processes,
play important roles in the eutrophication processes of an estuary (Nixon, et al, 1996,
Boynton etal.; 1995). To quantify the transport timescale in lagoons, estuaries and
oceans, the age concept of a water parcel has been introduced and utilized (e.g.,
Zimmerman, 1976; Takeoka, 1984; Deleersnijder et al., 2001; Beckers et al., 2001;
Delhez and Deleersnijder, 2002; Shen and Haas, 2004; Shen and Lin, 2006; Shen and
Wang, 2007). Following Delhez et al. (1999), the water age (WA) is defined in this study
as the time elapsed since a dissolved substance is discharged into the estuary, and WA at
any location is representative of the timescale for the dissolved substance to be

transported from its source to that location. Delhez et al. (1999) introduced the water age
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theory based on the advection-diffusion of a tracer and provided a general methodology
to compute the age using an Eulerian-frame modeling approach. Delhez and
Delleersnijder (2002) simulated the age of technetium-99 released from the Cap de La
Hague nuclear fuel reprocessing plant in the English Channel successfully by using a 3-D
model. The studies of WA in the tidal York River and James River indicate that WA
depends highly on river discharge (Shen and Haas, 2004), and the transport timescale and
vertical distribution relies on the strength of the gravitational circulation (Shen and Lin,
2006)

The characteristics of the transport processes for dissolved substances depend
primarily on the low frequency and mean motions of the water in an estuary (McCarthy,
1993). For a given estuary, the variation of the low-frequency residual flow relies on the
interactions of the density field, river flow, wind, and the nonlinear rectification of the
periodic tides. The impact of river flow and tidal mixing on estuarine circulation evolves
in different stages and depends on the competition between the buoyancy input and tidal
amplitude (Park and Kuo, 1996; MacCready, 1999). Many researches have demonstrated
that wind plays a dominant role in affecting stratification and non-tidal circulation in
estuaries (Geyer, 1997; Sanay, 2003; North et al., 2004; Scully et al., 2005, Li et al.,
2007). Scully et al. (2005) demonstrated that the influence of wind on stratification is the
competition between wind straining and wind mixing. A down-estuary wind increases
stratification, decreases the vertical eddy viscosity and enhances gravitational circulation.
An opposite situation occurs for an up-estuary wind. Under less stratified conditions, the

wind is more effective in creating mixing while wind straining can dominate over wind
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stirring under more stratified situations. These results suggest that the effect of wind
depends on the pre-status of mixing in the water column.

Besides investigating the vertical and longitudinal structure of estuarine circulation,
recent studies also focused on their transverse structure (e.g., Guo and Valle-Levinson,
2008). For a cross-section with a channel and side shoals in the estuaries, the net flow is
in the direction of the density gradient or of the local winds over the two shallow sides
whereas a reversed net flow develops at the channel (Wong, 1994; Friedrichs and
Hamrick, 1996). For a down-estuary wind, the wind-driven and buoyancy-induced flows
are additive, and the lateral structure of the estuarine flows is enhanced (Wong, 1994;
Friedrichs and Hamrick, 1996). With an up-estuary wind forcing, the effect of wind on
the estuarine circulation is controlled by the relative importance of the wind and
buoyancy forcings, which can be represented by a Wedderburn number (Geyer, 1997,

Sanay, 2003):

It
W=—>3 1
T ghA (H

where 7 isthe wind stress, / is the salt intrusion length, g is the gravity acceleration of

gravity, 4 is the mean water depth and Ap/! is the horizontal density gradient. A strong

up-estuary wind will induce a transverse structure of flow (with upstream flows along the
side shoals and downstream flows at the channel) while a weak up-estuary wind can not
alter the gravitational circulation driven by the buoyancy force.

The study concerning the effect of wind on WA is limited. Shen and Wang (2007)
examined the influence of wind on WA and transport timescale in the Chesapeake Bay. It

was found that the influences of wind on the spatial and temporal distribution of WA
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depend on both the magnitude and direction of the wind. The up-estuary wind increases
the transport time and the down-estuary wind decreases the transport time in the model
simulations. Gustafsson and Bendtsen (2007) studied the effect of wind on WA in a
shallow estuary in Denmark. The results indicated that surface salinity and WA decreased
due to the reduced vertical mixing and stratification increased if the wind was turned off
in the model, and the fresh water runoff was effectively confined in the surface layer.
Their results are relevant for shallow fjords where wind is the major vertical mixing agent.
Conversely, the variations of water level, current, and mass transport in a tributary are
highly affected by the non-local wind forcing (Elliott, 1976; Wang and Elliot, 1978;
Elliott, 1978; Sanford and Boicourt, 1990). It is reasonable to speculate that the non-local
wind effect can additionally impact the transport timescale in a tributary. The above
results indicate that the influence of wind on WA is complex and warrants further
investigation.

A three-dimensional Environmental Fluid Dynamics Code (EFDC) developed by
Hamrick (1992) was used in this study to investigate the effect of wind on WA in the
Rappahannock River. The model was calibrated with the available water elevation,
current and salinity data. A series of numerical simulations were conducted to investigate
the effect of wind on transport timescales and their corresponding mechanisms under
various dynamic conditions. The interactions among the density field, river flow, and
wind, and their influences on WA were examined. The effects of local and non-local

winds on WA were explored.
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2. Study site

The Rappahannock River is one of the major tributaries of the Chesapeake Bay (Fig. 1).
The cross-sectional areas of the estuary increase exponentially as the shore widens from
about 0.2 km at the headwater to 5 km at the mouth and the channel deepens from 5 to 24
m. The drainage area above the fall line is 4132 km?”. The stream flow (baséd on the data
from 2000 to 2007) at the USGS gauging station near Fredericksburg, Virginia (ID
01668000), shows that the low flow discharge (10th percentile) is 13.56 m’s™, the mean
flow rate (50™ percentile) is 37.66 m’s™, and the high flow 95" percentile) is 182.36 m’s”
! The principal tidal component is the lunar semi-diurnal tide with a period of 12.42
hours. The mean tidal range is 37 cm near the mouth and the tidal wave takes about 9
hours to propagate from the river mouth to the fall line (Park, 1993). The lower portion of
the tidal Rappahannock River is a partially mixed estuary. The salt water intrusion is
generally located around 120 km from the mouth during low-flow and around 70 km
during high-flow. The Rappahannock River is characterized by persistent hypoxic
conditions in the bottom water from the mouth to 50 km upstream during the summer;
this is partly attributed to the weak gravitational circulation of the estuary (Kuo and
Nelson, 1987).

The wind data of 2006 at the NOAA station of Lewisetta (ID 8635750) show that the
most frequent winds are southwesterly and northwesterly with a mean wind velocity of
4.2 and 5.0 m-s”, respectively. The wind is relatively weak during the summer when the
southwesterly wind prevails. The northeasterly and northwesterly winds usually dominate

the winter season. As wind plays an important role for the hydrodynamics and water
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quality in the Rappahannock River, it is an ideal place for studying the wind effect on the

transport timescale.

3. Methodology
3.1. Numerical model

The EFDC model was used to simulate water level, current, salinity, tracer
concentration, and WA in this study. The model solves the three-dimensional continuity
and free surface equations of motion (Hamrick, 1992a; Hamrick and Wu, 1997). The
Mellor and Yamada level 2.5 turbulence closure scheme is implemented in the model
(Mellor and Yamada, 1982; Galperin et al., 1988). The model uses stretched (or sigma)
vertical coordinates and curvilinear, orthogonal horizontal coordinates. It simulates
density and topographically-induced circulation, tidal and wind-driven flows, and spatial
and temporal distributions of salinity, temperature, and conservative/non-conservative
tracers. The model has been successfully applied to a wide range of environmental
studies (e.g. Shen and Haas, 2004; Shen and Lin, 2006; Gong et al., 2007; Xia et al.,
2007).

Rectangular Cartesian grids were used in most portions of the Rappahannock River

with a cell size of 200 m in both x and y directions. Because the upper portion of the

estuary becomes narrow and meandering, curvilinear grids were used to better fit the
shoreline in this upstream portion. The grid resolution ranged from 200 m to 1400 m. Six
layers were used in the vertical direction. The open boundary was extended a short
distance out of the estuary mouth to avoid any influence of the boundary condition on the

circulation near the mouth. The model domain is shown in Fig.1. The bathymetry data
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from the NGDC (National Geophysical Data Center ) were interpolated into the model

grids (http://www.ngdc.noaa.gov/mgg/coastal/coastal.html).

3.2 Age calculation

Several methods have been introduced for computing WA (Bolin and Rodhe, 1972;
Zimmerman, 1976; Takeoka, 1984). Delhez et al (1999) provided a general method
using numerical models to compute spatially varying WA distributions in a real estuarine
environment. WA can be computed based on a tracer and age concentrations. Assuming
that there is only one tracer discharged into the system without other sources and sinks,
the transport equations for calculating the tracer and age concentrations can be written as
(Deleersnijder et al., 2001):

92) | Ge(r,7) - KVe(t, ) = 0 @

da(t, %)
ot

+V(@ua(t,x)— KVa(t,x)) =c(t,x) 3)
where c is the tracer concentration, « is the age concentration, u is the velocity field in
space and time domains, K is the diffusivity tensor, # is time and X is coordinate. The

WA “a”can be calculated as:

it %) = % 4)

The vertically averaged WA can be computed by averaging WA at each layer.

3.3 Model setup
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A radiation boundary condition was used for the water level at the open boundary to
allow the outgoing wave to propagate out of the model domain freely. For the model
calibration, the observed water level data at the NOAA Windmill Point gauge station (ID
8636580) were used as an incoming wave. The salinity data from the LE3.6 station,

measured monthly by the Chesapeake Bay Program (http://www.chesapeakebay.net),

were linearly interpolated both spatially and temporally during the simulation period and
used as the incoming salinity at the open boundary. The salinity at ebb tide at the open
boundary was calculated using upwind concentrations immediately inside the open
boundary. When the flow at the open boundary changed from outflow to inflow, the
model provided a linear interpolation based on the last outflowing salinity and the
specified incoming salinity within a specified time interval (Yang and Hamrick, 2005).
At the estuary headwater, daily freshwater discharge measured at the USGS gauge station
near Fredericksburg, Virginia was utilized. The wind data at the NOAA station of
Lewisetta (ID 8635750) were applied to force the model at the water surface.

The model’s initial condition was obtained by running the model iteratively until the
modeled salinity distribution reached the quasi-equilibrium state. The open boundary
condition of WA was treated the same as the salinity except that the incoming tracer and
age concentrations were set to zero. The tracer with a concentration of 1 (arbitrary units)
was continuously released at the headwater of the River.

Five sets of numerical experiments (Table 1) were conducted for investigating the
effects of wind on WA, which are grouped as: (1) real-time down-estuary and up-estuary
wind effects (E01-E03); (2) local and non-local wind effects (E11 and E12); (3) wind

pulse effect (E21 and E22); (4) constant wind effect (E31-E33); and (5) river discharge
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and wind interaction (E41-E43). As the alignment of the Rappahannock River is in a
northwest direction, winds from the northwest and southeast directions were used for the
down-estuary and up-estuary winds, respectively.

All the setup details of the experiments are described in Table 1. Experiment E0QO is the
simulation forced by real observations and is referred to as the Real Case hereafter. For
experiment E02-03, the real-time wind vectors were projected on the northwest-southeast
axis and only downstream or upstream components were used as wind forcings for E02
or E03, respectively. For experiments E11-E12, the non-local wind effect was examined
by conducting E11 using the same observed wind forcing, river discharge, and salinity at
the boundary as those in E00, except that the water level at the open boundary was
replaced by astronomical tides. The difference between E11 and E00 represents the non-
local wind effect. The local wind effect was studied by specifying the observed water
level at the open boundary without wind forcing in the estuary (E12). The difference
between E12 and E00 denotes the local wind effect. For the wind pulse study (E21 and
E22), a half sinusoidal function for the wind velocity was specified as wind forcing.
Wind started on Day 200 and reached a maximum magnitude of 15 m-s” on Day 201, and
waned for another day. After Day 202, the wind was stopped. This wind pulse represents
a typical strong wind event in the Chesapeake Bay region. For E31-E33, down- and up-
estuary winds were set as 5 m-s” from the northwest and southeast directions, to
represent the mean wind conditions in the Rappahannock River. For E41-E43, the 95

percentile high flow was utilized as the upstream boundary condition.

4. Model calibration

10
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4.1. Water elevation

The water elevation was calibrated by adjusting the bottom roughness height ( z,) to

make the modeled water elevations along the estuary agree with the predicted mean tide
characteristics in the tidal table (National Ocean Survey, 1989). A mean freshwater
inflow was specified at the upstream boundary as it does not affect the mean tidal range

along the estuary (Park, 1993). A sinusoidal (/) tide with a range 0f 0.37 cm was

specified at the open boundary. The model result is shown in Fig. 2.'It can be seen that
the modeled mean tidal range compares favorably with the observations, which indicates
that the characteristics of the tidal propagation from the mouth to the headwater is well
represented by the model (Park, 1993). As the tide propagates upstream (with the
decreasing of cross-section area), the tidal range increases from the mouth to 55 km
upstream. With the superposition of a reflected wave, a nodal point is located
approximately 100 km from the mouth. Beyond the nodal point, the tidal range continues

to increase towards the headwater.

4.2. Current

For the current calibration, the available measurements in the summer of 1987 (lasted
approximately one month from 8/4 to 9/3) was collected. The detailed description of the
field observation can be found in Kuo and Moustafa (1989). The stations for current
measurements are shown in Fig. 1. The open boundary conditions of the model for water
level and salinity was set the same as Park (1993). The wind forcing data at Gloucester
Point (Fig.1) during the simulation period was applied to the model. The river discharge

data at the USGS gauge station near Fredericksburg, Virginia was utilized for the

11
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upstream boundary condition. The initial salinity field was interpolated from the data
measured on 8/4/1987. A comparison between the model results and observations are
shown in Fig. 3. The modeled velocities almost agree with the observations. The Mean
Error, Mean Absolute Error, and Mean Absolute Relative Error between the model
results and observations were as follows: 0.04 ms’l, 0.08 ms'l, and 42%, respectively, at
the surface layer of Station C1; 0.03 ms'l, 0.08 ms'l, and 33%, respectively, at the bottom
layer of Station C1; 0.01ms™, 0.10 ms™ and 94%, respectively, at the surface layer of
Station C2; 0.03, 0.07 ms'l, and 52%, respectively, at the bottom layer of Station C2. The
main discrepancies occurred during the slack period. Overall, the model satisfactorily

reproduced the variations of water currents during the summer of 1987.

4.3. Salinity

The salinity calibration period was from 5/1/2006 to 12/31/2006. The distributions of
wind, non-tidal water level at the river mouth, and river discharge during the simulation
period are shown in Fig. 4. The background diffusivity was calibrated to obtain better
results. It was shown that a background diffusivity of 4.0x10 m?s™ resulted in a
reasonable agreement. A comparison between the model results and measurements is
shown in Fig. 5

The salinity shows large variations in responding to the variations of water level and
river discharge. A water level rise at Day 38.7 resulted in a salinity increase in the whole
estuary. A large river discharge event occurred around Day 60 and diluted the estuary
significantly. Another tremendous salinity increase happened before the tropical storm

Ernesto on September 1, 2006 (Day 123), which was mostly induced by a month long

12
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period of extremely low river inflow. The salinity decreased quickly as freshwater
discharge increased after Day 122. Due to the lack of daily observed salinity data at the
open boundary, the modeled results could not be expected to represent the complete
history of salinity variations in the estuary. Generally, the modeled salinities agreed with
the measured data. The model was able to catch salinity variations and vertical

stratification (Fig. 5). Overall, the model results are unbiased (Fig. 6) and are acceptable.

5. Model results
5.1. The effects of down-estuary and up-estuary winds

The temporal and spatial variations of WA depend on the freshwater discharges, wind,
and tidal forcing conditions. WA under a realistic forcing condition was simulated by
using real observation data (E00). An example of vertically averaged WA variation at
Station 3 from Day 120 to 240 is shown in Fig.7 (see Fig. 1 for station location). WA
varied between 70 to 125 days during the simulation period. WA increased from Day 120
to Day 190 and it decreased significantly from Day 200 to 210. A large fluctuation
occurred around Day 205. WA oscillated continuously from Day 210 to 290.

Wind contributes greatly to the estuarine circulation in the Chesapeake Bay. Previous
investigations suggest that wind energy peaks at 8 and 3.5 days in this area (Wang, 1979).
To diagnose the effect of wind on WA, experiments E01 (without wind), E02 (with
intermittent down-estuary wind components), and E03 (intermittent up-estuary wind
components) were conducted. The time series of WA variations at Station 3 for the
experiments are shown in Fig.7. The results show that WA fluctuated in a similar pattern

for all the simulations. This suggests that river flow contributed to WA variation to a

13
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large extent. In general up-estuary winds increased WA while down-estuary winds
decreased WA. The results are consistent with the findings of Shen and Wang (2007).
Before Day 178, WA of the Real Case (E00) was similar to that with up-estuary wind
components, indicating the importance of up-estuary winds in affecting transport
timescale. Although the intermittent up-estuary wind components were forced in the
experiment, an accumulative effect was evident, which will be further discussed. After
Day 205, the down-estuary wind played a more important role in altering WA as river
discharge increased. An increased WA was evident from Days 190 to 200 under up-
estuary wind forcing.

The spatial distributions of vertically-averaged (averaged from Day 192 to 193) WA in
the estuary are shown in Fig. 8. For the case without wind forcing, it took about 140 days
for the tracer released at the headwater to be transported out of the estuary (Fig. 8a). The
down-estuary wind generally reduced the transport time in the estuary (Fig. 8b). The
tracer needed about 130 days to escape from the estuary. WA decreased by 2.48% on
average over the whole estuary. In contrast, the up-estuary wind increased WA
significantly (Fig. 8c). It took more than 150 days for the tracer to travel from the
headwater to the river mouth. WA increased by 10.65 % on average in the estuary.

The distribution of WA depends highly on the gravitational circulation (Shen and Lin,
2006). The vertical distributions of 25-hour tidally averaged salinity and WA along the
longitudinal transect is shown in Fig.9. It can be seen that the down-estuary wind
generally increased the buoyancy-induced circulation (Fig. 9b). Salt intrusion moved
farther upstream and stratification increased in the region from 60 to 90 km, which is

consistent with the enhanced gravitational circulation. In contrast, under up-estuary wind

14
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forcing, WA increased about 30 days near the mouth of the estuary compared to the cases
with down-estuary wind forcings. It can be seen that the up-estuary wind reduced salt
intrusion and the 1 ppt salinity contour moved 15 km downstream (Fig. 9¢c). WA
increased in the segment from 60 to 110 km, where gravitational circulation was reduced
(Figs. 9b and 9c¢). Sanay (2003) demonstrated that for a down-estuary wind forcing,
buoyancy-induced circulation is enhanced. For a moderate up-estuary wind forcing,
wind-driven circulation overwhelms buoyancy-induced circulation. This is consistent
with the model results in this study. Our results also demonstrate that the influence of up-
estuary wind on the transport timescale of dissolved substances is stronger than the
down-estuary wind. This complies with the pattern found in the Chesapeake Bay (Shen
and Wang, 2007).

A noticeable feature of WA distribution is the lateral variation. Under the buoyancy
force, WA at the western side of the River (i.e, the right hand side facing downstream)
was generally lower than that near the eastern side. This can be attributed to the
bathymetry, Coriolis force, and tidal asymmetries (Shen and Haas, 2004). The down-
estuary wind enhanced the buoyancy-induced lateral variations of non-tidal current and
WA while the moderate up-estuary wind could change the lateral distribution of
longitudinal non-tidal flow and thus alter the lateral variation of WA. An example of the
lateral non-tidal current and WA distributions at a selected Section 1 from Day 238 to
240 are shown in Fig. 10. Without the wind forcing, the downstream current was biased
at the surface of the western side while the upstream current was located at the bottom
(Fig. 10d). WA at the western side of the river was lower than that at the eastern side

(Fig.10g). The down-estuary wind slightly enhanced the estuarine circulation. The

15
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isohalines were vertically distributed and the lateral gradient of salinity was increased
whereas the stratification pattern was identical with the case without wind forcing. The
lateral asymmetric distribution of WA with an overall reduction of WA was similar to the
situation without wind. In contrast, the up-estuary wind changed the estuarine circulation
more apparently. It generated a lateral pattern with upstream flows located in the side
shoals and downstream flows located in the channel at Section 1(Fig. 10f). The lateral
distribution of WA was altered correspondingly (Fig. 101): the lower WA occurred in the

channel while higher WA was present along the side shoals.

5.2. The local and non-local wind effect

Water motions in a tributary can be induced by both the local and non-local winds
through coupling with a neighboring large estuary. Non-local wind often causes sea level
fluctuations in the Rappahannock River (Fig. 4). The influences of wind on the WA can
be distinguished as thelocal and non-local wind effects. The former acts directly on the
surface of the waterbody and the latter influences the estuary through wind-induced sub-
tidal variations at the river mouth. Experiments E31-E33 were conducted to diagnose the
local and non-local wind effects on WA.

Because WA varied during the model simulation, the results averaged over the last 2
days of the simulations were selected for analysis. For the Real Case simulation, it took
approximately 130 days for the tracer released at the headwater to be transported to the
river mouth (Fig. 11a). Because setup dominated the variation of subtidal water level
during the simulation period (Fig. 4), excluding setup at the river mouth would enhance

downstream transport, thus decreasing WA. Without non-local wind forcing, WA

16
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decreased but the root mean square (RMS) difference between the simulations with and
without non-local wind is only 2.64 days in the estuary. The WA distribution shares a
similar pattern with the results of the Real Case. However, without local wind forcing;
WA in the estuary became much different from that of the Real Case (Fig. 11b). The
RMS difference of WA increased to 28.32 days between the simulations with and without
local wind forcing. Without local wind forcing, the lateral differentiation increased, WA
decreased near the western shoreline but increased near the eastern shoreline. This clearly
indicates the effect of local wind on the spatial distribution of WA.

To further examine the local and non-local wind effects on WA, the time series of WA
at two stations (Stations 1 and 3) are shown in Figs. 11c and 11d, respectively. The
change of WA in response to the freshwater discharge was evident, especially at Station 1,
which lies in the freshwater portion of the estuary. The influence of freshwater discharge
on WA decreased downstream. WA increased up to 20 days with the local wind forcing
in the estuary. It can be clearly seen that WA almost follows that of the Real Case
without non-local wind while WA deviated from that of the Real Case more dramatically
without the local wind. The increase of WA was less than 5 days during strong setup
events (i.e., around Day 125, 160, 206, 227). Because the local wind has a much stronger
impact on estuarine mixing, it alters WA more notably. The results indicate that the local
wind effect is more important for long-term transport in the Chesapeake Bay tributaries

under normal wind conditions.

5.3. Wind pulse effect
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The model results show that the wind effect on WA is accumulative within a certain
period even when wind forcing is periodic. The duration of the wind pulse effect is
crucial for the transport processes in the estuary. A strong wind pulse can generate a
strong perturbation to the estuary and alter the mixing and stratification pattern in
estuaries. The response of WA to the wind pulse was examined by conducting
simulations E21 and E22. We separated a wind pulse into two stages: (1) accelerating
phase (from Day 200 to 201) when the wind speed increased; (2) decelerating period
(from Day 201 to 202) when the wind speed decreased. During a storm event (such as a
hurricane), the response of an estuary is basically barotropic (Gong et al., 2007; Li et al.,
2007). During the acceleration phase, the wind induces either a flow pattern with
downwind current at the water surface and upwind current at the bottom or a uni-
directional downwind flow depending on the mixing, and establishes a horizontal water
level slope against the wind foreing. During the deceleration stage, the established
barotropic gradient drives an upwind flow in the water column. After the passage of a
storm event, the estuary readjusts itself, enduring oscillations for both elevation and
current. For the wind pulse simulations, the maximum wind speed was 15 m-s" and the

maximum W, was calculated as 10.92, showing a dominant effect of wind forcing

relative to the buoyancy effect.

The downstream wind, compared with the data without wind (Fig.12a), generated a
strong downstream current at Station 1 and enhanced estuarine circulation in the region
downstream of Station 2 during the acceleration phase (Fig. 12b).The up-estuary wind
induced an upstream current at the surface layer and a downstream current at the bottom

layer in the region downstream of Station 2. The changes in current and mixing altered
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the tracer transport and WA. The strong mixing induced by the wind pulse destratified
the vertical WA distribution. The down-estuary wind pushed the WA contour
downstream, thus decreasing WA in the estuary, while the up-estuary wind induced an
opposite effect.

During the deceleration phase, the surface gradient established during the acceleration
phase generated a reverse flow in the estuary. Large upstream currents were developed at
the subsurface and middle layers in the water column for the down-estuary wind while a
strong downstream current was observed for the up-estuary wind. For the down-estuary
wind, the vertical distribution WA became more stratified (Fig. 12¢). The bottom WA
increased while the surface WA decreased compared to that without wind in the region
downstream of Station 2. For the up-estuary wind, WA contour was advected
downstream and WA was generally higher than that without wind (Fig. 12f).

After the passage of the wind pulse, the vertical distribution of WA for both cases of
down-estuary and up-estuary wind pulses became similar to that without wind. For the
down-estuary wind pulse, WA upstream of Station 2 was higher than that without wind
while WA was lower downstream of Station 2 (Fig. 12h). For the up-estuary wind pulse,
WA adjusted quickly (Fig.121). A time series plot of the perturbation and recovery
processes at Station 4 are shown in Fig.13. It can be seen that WA changed in 3 days for
a 2-day period wind pulse and WA returned to a without wind status at approximately
Day 240, which was 40 days for the adjustment.

Overall, the influence of wind pulse on WA is more pronounced downstream in the
estuary where stratification persists. A wind pulse for a 2-day period can impact WA and

the influence lasts up to 40 days. As the wind pulse can alter the mixing, stratification and
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estuarine circulation in an estuary, the adjustment time is longer in the deeper area, such
as Station 4 (Fig. 13), as demonstrated by MacCready (1999). The results suggested that
an accumulative effect can be expected for the tributaries of the Chesapeake Bay, which

experiences consecutive wind events with a dominant period of 2-10 days.

6. Discussion

Model simulations under different wind forcing conditions suggested that wind has a
significant influence on the estuary gravitational circulation, upon which WA highly
depends. Hansen and Rattray (1965) obtained the estuarine circulation pattern by using a

steady-state approach:

op 3
g—h 2 3 2
u(z)=iL{l—9(ij —8(5j }riu{l—(fj }
48 pK h h 2 h
+lﬂ|:1+i+3[£j2}
4 pK h h (6)

where K is the eddy viscosity, and u,, is the mean outflow due to river discharge. The

first two terms of Eq. (6) describes the estuarine circulation without wind forcing and the
last term represents the circulation induced by the wind effect. It can be seen that the
gravitational circulation will be strengthened with constant down-estuary wind. When
wind becomes up-estuary, the wind-induced current can reduce the estuarine circulation.
It can cause inflow at the surface and outflow at the middle layer (Geyer, 1997). Our
model simulations (E01-E03) agree with the circulation pattern obtained by Eq. (6) under

continuously varying wind conditions. The up-estuary wind forcing weakens the
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estuarine circulation and reduces outflow, resulting in an increase in transport time.
Under down-estuary wind forcing, the estuarine circulation undergoes minor changes and
the decrease in transport time is not significant.

Many studies suggest that the influence of wind on stratification depends highly on the
precondition of the estuary stratification. The competition between wind and buoyancy
force can be represented by the Wedderburn number. When buoyancy forcing becomes
stronger (smaller Wedderburn number situations), the wind effect on transport timescale
is reduced given the same magnitude of wind forcing. To understand the competition
between wind and buoyancy forces and their influence on transport timescale, we
conducted model simulations under constant (with-a velocity of 5 m-s™) down-estuary
and up-estuary wind forcing (Experiments E31-E33 and E41-E43). Although wind
forcing changes continuously in magnitude and direction in a real situation, the model
results under constant wind foreing can be considered as an extreme case that provide
measures for the maximum deviation of transport timescale that can be expected. These
results can be further compared with estuary circulation derived from a steady-state
approach.

For the experiments E31-E33, river discharge was specified as constant mean flow.

Under mean flow condition, W,= +0.77, representing a moderate wind effect in respect to

the buoyancy effect (plus sign signifies the down-estuary wind situation). For the
baseline condition (E31), it took about 160 days for the tracer released at the headwater to
be transported out of the estuary (Fig. 14a). Under the down-estuary wind (Fig. 14b), the
tracer took about 150 days to escape from the estuary. WA decreased 6.13% on average

over the whole estuary. Conversely, the up-estuary wind increased WA significantly (Fig.
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14c). It took about 210 days for the tracer to be transported from the headwater to the
river mouth, a 50 day increase compared to the baseline condition. WA increased 19.42%
on average in the estuary. These results agree with those of experiments EO1-E03.

Under high flow conditions (Experiments E21-E23), W, is reduced to 0.59. With high

river discharge, WA at the estuary decreased greatly compared to the baseline condition
(Fig. 15a). It took less than 60 days for the tracer to be transported out of the estuary. The
down-estuary wind reduced WA overall. It took less than 50 days for the tracer to be
transported from the headwater to the mouth (Fig. 15b). The down-estuary wind reduced
WA by 13.96% (note WA decreased by 6.13% under the mean flow condition) on
average in the estuary. With an increase of buoyancy force under a high flow condition,
the pre-status of stratification can be expected to be less altered by wind forcing. For the
up-estuary wind, WA at the river mouth increased by 10 days (Fig.15c). The increase of
transport time was much less than that under the mean flow condition, which is 50 days.
The up-estuary wind increases WA by 13.97% (note WA increasd by 19.42% under the
mean flow condition) on average in the estuary. This suggests that the impact of wind
forcing on the transport timescale depends highly on the competition between the wind
induced mixing and the stratification established under the buoyancy forcing of the
freshwater discharge. As high flow inputs large buoyancy to the estuary and results in
the establishment of strong estuarine circulation in the Mesohaline region, the wind
forcing is not strong enough to change the estuarine stratification status significantly even
though the up-estuary wind increases vertical mixing. This effect can also be observed
from the model simulation using real-time data (simulations EO0-E12). The local wind

effect was reduced when the estuary endures high inflow after Day 200 (Fig. 11).
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Since the wind pulses usually occur intermittently or continuously in a real situation,
studying a single wind pulse has limitations. An alternative is to use multiple wind pulses
in the study. But it would be difficult to isolate the effect of a specific wind pulse. In this
study, we diagnosed the influence of an isolated wind event on the transport timescale
and examined its recovery time. If a perturbation generated by an energetic wind event
only lasts for a short period, its contribution to the long-term transport can be considered
insignificant. On the other hand, if a wind generated perturbation persists in the system
for a long period, the accumulative effect is important. Our model results forced by
intermittent up-estuary or down-estuary winds (E02-E03) indicate that the up-estuary
wind effect is accumulative, persistent and plays a dominant role for controlling estuarine
transport timescale.

Our model results show that the' down-estuary wind reduces WA in the whole estuary.
This is different from Gustafsson and Bendtsen (2007) but is consistent with Shen and
Wang (2007). The increase of WA under down-estuary wind in Gustafsson and Bendtsen
(2007) could be due to the large Wedderburn number and thus the decrease of estuarine

circulation.in their study.

7. Summary

WA provides a good measure for transport timescale of dissolved substances in
estuaries. Besides the influence of tidal variation and river discharge, wind also affects
WA significantly. Wind plays an important role in regulating mixing, stratification, salt
transport, and estuarine circulation in estuaries. Therefore, it has a great impact on the

transport timescale in estuaries.
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The effects of wind on transport timescale depend strongly on the competition between
the wind forcing and buoyancy forcing. The pre-status of the estuarine circulation can
also alter the effect of wind forcing. The down-estuary wind generally decreases WA
along the estuary. Because the stratification persists in the Rappahannock River, a
decrease in WA due to down-estuary wind is marginal. The up-estuary wind produces the
opposite impact on WA and has a more important impact on age distribution as it
changes estuarine circulation more significantly. For a situation in which wind forcing
dominates over buoyancy forcing, the up-estuary wind causes greater changes in WA
than that of the down-estuary wind. As buoyancy forcing increases under high river
discharge, the effect of up-estuary wind decreases.

In general, the lateral age distributionis more biased towards the right side of the
estuary when looking downstream. Such an asymmetric pattern is due to the asymmetric
lateral variation of net circulation. However, this pattern can be changed by the up-
estuary wind forcing. The interaction of up-estuary winds and geometry can alter the
lateral circulation, resulting in a more symmetric pattern in the lower estuary.

Wind pulse can impose great disturbances on the non-tidal circulation and stratification
in the estuary, thus affecting WA in a certain period of time. Our model results show that
a 2-day period wind pulse with a peak velocity of 15 ms™ can change WA by
approximately 3 days and its influence can last for up to 40 days. The simulation, forced
only by real up-estuary wind components, indicates that the influence of up-estuary wind
persists in the system and represents a significant contribution to the transport timescale.

The model experiments suggest that the setup and setdown of water level imposed at

the river mouth due to remote wind effect has a weak impact on WA under normal wind
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conditions. The local wind has a significant impact on WA distribution as it directly

changes the vertical mixing and subsequent estuarine circulation.
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Table 1: Model simulation experiments

Model Description | Simulation | Wind forcing River Tidal Salinities at | Wedderburn
simulation period flow condition the open number
boundary
E00 Real Case 5/1/2006 to | Observed wind
12/31/2006
(240 days)
EO01 Diagnose No wind
E02 down- 5/1/2006 to | Down-estuary
estuaryand | 12/31/2006 | wind Observed | Observed Observed
up-estuary (240 days) | component river flow | water level salinity
wind forcing only data
E03 using Up-estuary
observation wind
data component
only
Ell Without Observed wind | Observed | Astronomic | Observed
non-local 5/1/2006 to river flow | tide only salinity
wind effect 12/31/2006
E12 Without (240 days) | No wind Observed Observed
local wind water level salinity
effect
E21 Up-estuary 300 days Southeasterly Mean Mean tide 14 and 16 -10.92
wind pulse wind pulse flow psu were
from Day 200 specified at
to 202 the surface
and bottom
E22 Down- Northwesterly | Mean Mean tide same as 10.92
estuary wind wind pulse flow above
pulse from Day 200
to 202
E31 Baseline No wind Mean Mean tide same as
condition flow (tidal range | above
of 0.37m)
E32 Constant Northwesterly | Mean Mean tide same as 0.77
down- wind of 5m/s flow above
estuary wind
E33 Constant up- Southeasterly Mean Mean tide same as -0.77
estuary wind | 300 days wind of 5m/s flow above
E41 No wind High Mean tide The same
flow as above
E42 High flow 280 days Northwesterly | High same as 0.59
wind of 5ms” | flow Mean tide above
E43 Southeasterly -0.59

wind of 5 ms™
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Figure captions

Figure 1. Map of the Rappahannock River and the locations of measurement stations of
the Chesapeake Bay Program (Circles are salinity stations, rectangles are water current
stations, triangles are locations selected for analysis, and longitudinal and lateral cross-
sections for analysis).

Figure 2. Results of mean tidal range calibration along the estuary (Square denotes tidal
table data; solid line is the model result).

Figure 3. Calibration results of water currents (cross represents measurements, solid line
signifies model results).

Figure 4. Time series of wind forcing, non-tidal water level at the river mouth and river
discharge at the headwater of the estuary from 5/1/2006 to 12/31/2006.

Figure 5. Salinity calibration at stations surveyed by the Chesapeake Bay Program (solid
line signifies the modeled surface salinity, dashed line signifies the modeled bottom
salinity, rectangular and circle are observations at surface and bottom);

Figure 6. Comparison between the modeled salinities and observations (Circles are
bottom salinities, rectangles are surface salinities)

Figure 7. Comparison of WA variations at Station 3 under the real case (solid line); no
wind (dotted line); with components of down-estuary wind only (dash-dotted line); with
components of up-estuary wind only (dashed line).

Figure 8. Distributions of vertically averaged WA for (a) without wind; (b) down-estuary
wind component; and (c¢) up-estuary wind component.

Figure 9. Longitudinal distributions of salinity, residual current, and WA along the main
channel of the estuary. Let panel is salinity, middle panel is current, and right panel is
WA (a, d, g: without wind; b,e,h: down-estuary wind, c,f,i: up-estuary wind)

Figure 10. The lateral distribution of salinity (left), non-tidal current (middle) and WA
(right) at Section 1 for the cases of without wind (upper panel), with down-estuary wind
component (middle panel) and with up-estuary wind component (bottom panel).

Figure 11. The distribution of vertically-averaged WA (a: with real wind (black line) vs.
without non-local wind (red line); b: with real wind (black line) vs. without local wind
effect (red line)) and time series of WA at selected stations with, and without local and
non-local wind (c: at Station 1; d: at Station 3).

Figure 12. The distribution of non-tidal longitudinal current along the channel of the

estuary and wind pulse induced change of WA. Left column (a, d, g) is the baseline
condition, middle column (b, e, h) is the case with down-estuary wind pulse and right
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column is the case with up-estuary wind pulse. The upper panel is during the acceleration
period (a, b, ¢), the middle panel is during the deceleration period (d, e, f), and the lower
panel is during the wind pulse succeeding period (g, h, 1).

Figure 13. Time series of subtidal longitudinal current and wind pulse induced change of
WA at Station 4.

Figure 14. The distribution of vertically-averaged WA under mean flow condition (a:
without wind; b: with constant down-estuary wind; c: with constant up-estuary wind).

Figure 15. The distribution of vertically-averaged WA under high flow condition (a:
without wind; b: with constant down-estuary wind; c: with constant up-estuary wind).
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