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Physical exchange between estuarine and continental shelf waters impacts flushing dynamics of the
estuary and determines rates of ocean inputs of nutrients and plankton. To investigate the occurrence
and propagation of shelf water intrusions into the Narragansett Bay estuary, we collected velocity data
near the estuarine–shelf interface during three summer periods. These data were compared to en-
vironmental forcing factors, including wind velocity, tidal mixing and river discharge. Results suggest a
background cyclonic flow within the two passages of the estuary based on mean inflow in the channel on
the eastern side of the estuary and mean outflow on the western shoals. Within the lower estuary this
background circulation was perturbed by channel-parallel winds. On the shelf outside of the estuary,
winds parallel to the coast were associated with cross-shelf flow of deep water. Strong pulses in es-
tuarine–shelf exchange flow fell into two wind-driven modes: responses to direct forcing by down-
estuary wind or rebounds following relaxation or reversal of up-estuary wind. Rebound events were
common, providing the most dramatic perturbations to the mean background estuarine circulation. A
reduction in exchange between Narragansett Bay and shelf waters during prevailing up-estuary winds in
the summertime and short-lived pulses in exchange flow under wind reversal events are expected to
affect nutrient fluxes and dynamics of hypoxia in the estuary.

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

The exchange between an estuary and continental shelf waters
is a complex dynamical problem that influences ecosystem pro-
cesses such as biogeochemical balances (Nixon et al., 1996; Jickells,
1998; Boehlert and Mundy, 1988) and larval transport (Boehlert
and Mundy, 1988; Hare and Govoni, 2005; Tilburg et al., 2005).
Wind influences circulation at the estuary–shelf interface on time
scales of a few to several days (Weisberg and Sturges, 1976; Wang
and Elliott, 1978; Klinck et al., 1982; Janzen et al., 2005). In this
study, we examined the effects of wind forcing on exchange be-
tween estuary and shelf waters.

Wind is a dominant driver of flows on the continental shelf on
synoptic time scales (Brink, 1998). In general, along-shelf wind
stress drives cross-shelf surface Ekman transport on the shelf and
development of a cross-shelf pressure gradient (Ekman, 1905;
Allen, 1980; Brink, 1983). Interior geostrophic flow driven by the
cross-shelf pressure gradient subsequently causes bottom Ekman
CEOAS Administration Build-
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transport opposing the surface layer transport (Allen, 1980;
Weisberg et al., 2000). This balance evolves in response to the
onset of wind over the course of a few inertial periods in nu-
merical models (Li and Weisberg, 1999a; Austin and Lentz, 2002).
In the inner shelf, defined alternatively as water depths where
surface and bottom Ekman layers overlap (Lentz, 1995) or where
bottom stress balances the bottom pressure torque due to cross-
isobath flow (Weisberg et al., 2001), cross-shelf wind stress also
becomes an important driver of cross-shelf transport (Li and
Weisberg, 1999b; Fewings et al., 2008). Density stratification alters
the cross-shelf structure and magnitude of the wind response by
reducing boundary layer thicknesses, which both shifts the loca-
tion of surface divergence into shallower water and strengthens
the cross-shelf transports (Weisberg et al., 2000; Lentz, 2001;
Austin and Lentz, 2002). The wind response may also be modified
by bathymetric features that cause spatial heterogeneity in the
strength of upwelling and downwelling along the coast (Brink,
1983; Weisberg et al., 2001; Castelao and Barth, 2005) and other
along-shelf variability (Brink, 1991).

Estuarine circulation was traditionally viewed as a balance of
the along-channel baroclinic pressure gradient and vertical mixing
(Pritchard, 1956; Hansen and Rattray, 1965), but these flows are
also modified by wind forcing (Weisberg, 1976; Weisberg and
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Sturges, 1976). In the simple case of a narrow, laterally-uniform
channel, the component of wind blowing along the axis of the
channel drives near-surface water in a down-wind direction and
the resulting sea surface gradient drives deeper waters up-wind
(Bowden, 1953; Csanady, 1973). Observations support this basic
pattern of wind-driven circulation (Pape and Garvine, 1982; Geyer,
1997; Janzen et al., 2005). Because the background gravitational
circulation results in surface outflow and bottom inflow, a down-
estuary wind enhances estuarine circulation and up-estuary wind
stalls or reverses this background flow (Weisberg, 1976; Weisberg
and Sturges, 1976).

Many estuaries are not narrow, rectangular channels, so it is
important to consider how topography and rotation modify cur-
rents across an estuary. Wong (1994) developed an analytical
model that extended Pritchard's (1956) momentum balances to a
simple case of a channel with a triangular cross-section. Even
without the influence of rotation, the model predicts that the
saltier inflow from the shelf extends throughout the water column
in the deepest part of the channel and the fresher outflow shifts to
the shallower sides (Wong, 1994). A similar distribution of currents
and salinity is observed in estuaries with approximately triangular
cross sections such as Delaware Bay (Wong and Munchow, 1995)
and Chesapeake Bay (Valle-Levinson and Lwiza, 1995). In estuaries
with a deep channel flanked by shoals, observations and numerical
models show that the wind-driven component of flow is down-
wind on the shoals and up-wind in the channel (Wong, 1994;
Valle-Levinson et al., 1998; Weisberg and Zheng, 2006; Narvaez
and Valle-Levinson, 2008). Numerical modeling studies also de-
monstrate an influence of cross-channel circulation on along-
channel momentum by an interaction of tides, stratification and
rotation (Lerczak and Geyer, 2004; Scully et al., 2009; Li and Li,
2011, 2012). The net effect of tidal rectification and rotation is to
tilt the deep inflow to the right (looking up-estuary in the
Northern Hemisphere) and the outflow to the left (Huijts et al.,
2009; MacCready and Geyer, 2010).

Wind also remotely influences estuary–shelf exchange by set-
ting up sea surface elevation gradients. Through Ekman transport,
an along-shelf wind that is upwelling-favorable will lower the sea
level on the shelf and a downwelling-favorable wind will raise the
shelf sea level relative to the estuary. The sea level gradient may
then drive a barotropic response through the estuary mouth, such
that upwelling conditions increase outflow and downwelling
conditions increase inflow into the estuary (Wang and Elliott,
1978; Wang, 1979; Klinck et al., 1982; Wong and Valle-Levinson,
2002). There are conflicting observational and modeling results
regarding the relative importance of direct and remote effects of
wind on estuarine exchange. Two hydrodynamic models of es-
tuary–shelf exchange suggest a dominant influence of remote ef-
fects by along-shelf wind forcing (Klinck et al., 1982; Garvine,
1985). Field data and an analytical model of Delaware Bay showed
that currents driven by local wind forcing are up to an order of
magnitude stronger than remotely-forced currents (Janzen and
Wong, 2002). Observations in Chesapeake Bay, however, revealed
a similar forcing magnitude between remote and local wind dur-
ing strong density stratification, but remote winds dominated over
local winds during periods of weak stratification (Wong and Valle-
Levinson, 2002).

Here, observations of currents on the shelf and inside the lower
portion of the partially-mixed Narragansett Bay estuary were used
to assess the influence of wind on subtidal estuary–shelf exchange.
Observations were analyzed to address three questions. First, what
are the mean circulation patterns near the estuary–shelf interface
of a partially-mixed estuary with complex geometry? Second, does
wind forcing explain large, short-lived estuary–shelf exchange
events observed in the data? Third, what are the potential impacts
of the estuary–shelf exchange events on circulation and ecological
processes in the estuary?
2. Study site

Narragansett Bay is a partially-to well-mixed estuary on the
southern New England coastline (Fig. 1). The mid-to-lower portion
of the estuary is divided into two channels with distinct topo-
graphy, known as the West and East Passages. The West Passage is
4–14 km wide and 6–16 m deep, while the East Passage is slightly
narrower (3–10 km) and deeper (16–48 m). Both passages have
north–south trending channels flanked by a shoal on the western
side. A third passage east of the East Passage, Sakonnet River, is
connected by a narrow constriction that limits exchange with the
rest of the bay (DeLeo, 2001) and was not included in this study.
The internal Rossby radius of both the West and East passages are
nearly equal to the width of each channel during the summer
(Kincaid et al., 2003), making the Kelvin number Z1 and in-
dicating an importance of rotational effects.

Narragansett Bay receives water from several rivers that pass
through industrialized areas. Surface freshwater input to the es-
tuary typically ranges from 150–300 m3 s�1 in the late spring to
40–65 m3 s�1 in the late summer (Pilson, 1985). The estuary has
fairly weak vertical stratification, with surface-to-bottom salinity
differences typically less than 2 psu (Pilson, 1985) and thermal
stratification appearing only in May through July (Hicks, 1959).
Horizontally, the East Passage has higher salinity that the West
Passage in both surface and bottom waters (Hicks, 1959). A strong
influence of wind forcing on current velocities within Narragansett
Bay has been reported by observational (Weisberg, 1976; Weisberg
and Sturges, 1976; Kincaid et al., 2008) and modeling (Gordon and
Spaulding, 1987; Bergondo, 2004; Rogers, 2008) studies. Previous
shipboard surveys identified a persistent inflow on the eastern
side of the East Passage and a persistent outflow on the western
side of the West Passage (Kincaid et al., 2003).

Rhode Island Sound is the inner continental shelf adjacent to
Narragansett Bay and bordered on the seaward side by Block Is-
land, Rhode Island and Martha's Vineyard, Massachusetts. The
depth of Rhode Island Sound has a range of 30–40 m. The inner
portion of the sound has open boundaries to the south and east,
but the coastline bends nearly 90° toward the south on the wes-
tern side of the entrance to Narragansett Bay (Fig. 1). Rhode Island
Sound is typically stratified in June through mid-September, with
most of the density stratification due to a strong thermal gradient
(Shonting and Cook, 1970; Rosenberger, 2001). Prior investigations
suggest that summertime near-surface flow in inner Rhode Island
Sound is typically west to southwestward and bottom flow is
weaker and more variable (Shonting, 1969; Rosenberger, 2001;
Kincaid et al., 2003).
3. Materials and methods

3.1. Data collection and processing

Time series of velocity and bottom temperature were collected
by upward-looking RD Instruments Acoustic Doppler Current
Profilers (ADCPs) in the late spring to summer of 2000, 2007 and
2008 (Table 1). ADCP moorings spanned the area from the inner
shelf south of the estuary mouth to the mid-estuary (Fig. 1). The
velocity records collected at three of the stations (SHN, EPL, WPL)
in 2000 have been previously described by Rosenberger (2001)
and Kincaid et al. (2008). We included these data in our analysis to
extend the spatial coverage of time series information. Data col-
lected in May–July 2000 covered the inner shelf and both passages
of the lower estuary simultaneously (Table 1). The shelf mooring



Fig. 1. Map of Narragansett Bay and Rhode Island Sound sampling stations. Large map shows location of study area on the Southern New England shelf (red box) and
location of BUZM3 meteorological buoy (blue diamond). Inset map shows location of the six moored ADCP stations (red circles); year and duration of sampling are listed in
Table 1. Additional data sources were meteorological and tide gauge stations (blue diamonds) at Newport (NP) and Conimicut Point (CP), vertical profiles of salinity from the
GSO Fish Trawl (cyan squares) and NOAA NuShuttle surveys (yellow lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Table 1
Acoustic Doppler Current Profiler (ADCP) mooring locations and sampling characteristics. Station locations are displayed in Fig. 1.

Station Location Depth (m) Duration ADCP frequency (kHz) Bin size (m) Good data range (m)

SHS 41°22.176′N, 71°23.448′W 33 10 July–6 October 2008 300 1 5–30
SHE 41°23.898′N, 71°20.502′W 32 10 July–6 October 2008 600 1 5–30
SHN 41°24.576′N, 71°23.322′W 30 11 May–24 July 2000 600 1 3–29
EPL 41°30.330′N, 71°21.084′W 40 21 April–6 July 2000 300 2 5–36
WPL 41°29.832′N, 71°25.002′W 12 16 May–7 July 2000 1200 0.5 2–11
EPM 41°35.436′N, 71°18.420′W 31 13 June–24 September 2007 300 1 1–28
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(SHN) was 4.4 km offshore of the entrance to the estuary. The East
Passage mooring (EPL) was located near the deepest parts of the
channel, where dominant inflow was expected. The West Passage
mooring was on the shoals to the west of the main channel to
capture predominant outflow. During June–September 2007, an
ADCP mooring (EPM) was installed in the East Passage channel at
17 km north of the estuary mouth. Four moorings were installed
outside of the estuary mouth in an area of high bottom trawling
activity in July 2008 to characterize the inner shelf circulation.
Only two of these were recovered at the end of the sampling
period in October 2008. The two shelf ADCP records were near the
33 m isobath, 8.8 km south (SHS) and 7.4 km southeast (SHE) of
the estuary mouth.

ADCP data were quality controlled and low-pass filtered prior
to further time series analysis. Velocities were recorded by the
ADCPs as burst averages in 6 min intervals. Depth bins closest to
the surface were omitted when more than 25% of the data were
flagged as bad. Data points with error velocities greater than
3 cm s�1 were also removed from the time series. No more than
5 m were eliminated from the surface and no more than 4 m were
eliminated from the bottom (Table 1). The percent of the water
column that was missed by the ADCP ranged from 10% at Station
SHN to 29% at Station WPL. Gaps in the time series of 2.5 h or less
were filled by linear interpolation across each depth bin. One 5.2-h
gap in the Station WPL time series was filled with the median of
velocities within 6 h before and after the gap. The Station EPL time
series had a 1.5 day gap, which was omitted from time averages
but filled with median velocities for cross-correlation analysis. For
analysis of near-surface and near-bottom velocities, data were
averaged over bins at 6–8 m below the sea surface and 4–6 m
above the seafloor. These depth bins were the closest to the sur-
face and bottom, respectively, containing good data at all six sta-
tions. Finally, a 4th-order Butterworth low-pass filter with a 33-h
window was applied to examine subtidal variations in the
currents.

3.2. Additional data sources

Hourly wind velocity and tidal height time series were ob-
tained from a NOAA-PORTS meteorological station at Newport,
Rhode Island (41°30.3′N, 71°19.6′W) (NOAA PORTS, 2011). Addi-
tional wind velocity data were obtained from NDBC buoy BUZM3
at the entrance to Buzzards Bay, Massachusetts (41°23.8′N, 71°2.0′
W) (NDBC BUZM3, 2011). Wind speed and direction were con-
verted to eastward and northward velocity components. For
comparison with subtidal currents, the wind time series were fil-
tered with a 33-h low-pass filter. River discharge data from the
Blackstone River gauge at Woonsocket, Rhode Island (USGS
Blackstone, 2011) were used as an indicator of variation in fresh-
water input to the estuary. The Blackstone River is the largest of
several rivers that enter near the head of Narragansett Bay.

Salinity data were not routinely collected as part of our study,
but limited amounts of data were obtained from two sources to
gain information about stratification in the estuary. The National
Marine Fisheries Service conducts surveys of the East and West
Passages, as well as the upper estuary, approximately once a
month with a Chelsea Technologies NuShuttle undulating towed
sampling platform (Narragansett Bay Window Program, 2014). We
used data from two surveys coincided with our mooring time
series in 2000, on 12-May and 12-June, to determine along-
channel and vertical salinity gradients. A second source of salinity
data was the Graduate School of Oceanography Fish Trawl Survey
(GSO Fish Trawl, 2014), which conducted weekly sampling of
surface and bottom salinity at a station in the mid-bay West Pas-
sage (41°34.5′N, 71°24.3′W) and the mouth of the West Passage
(41°23.6′N, 71°25.4′W). These data were used to examine inter-
annual variability in spring-summer density stratification.

3.3. Data analysis

The coordinate system at each station was defined by the
principal axes of the depth-averaged flow (Fig. 2). Residual velo-
cities were averaged by depth and then rotated to the major and
minor principal component axes (Emery and Thomson, 2001).
Outside of the estuary (stations SHS, SHE, SHN), the first principal
axis is defined as the along-shore direction and second principal
axis as the cross-shore direction. Inside the estuary (stations WPL,
EPL, EPM), the first principal axis is defined as the along-channel
direction and the second principal axis is defined as the cross-
channel direction. For the cross-shore or along-channel direction,
positive is toward the shore or head of the bay, respectively. For
the along-shore or cross-channel direction, positive is roughly
toward the east.

A goal of this study was to improve comparisons between
fluctuations in subtidal currents and winds. Cross-covariance
analysis was used to establish time-lagged relationships between
the low-pass filtered wind and velocity data. Degrees of freedom
were estimated by dividing the total length of each time series by
the distance to the first zero-crossing of its auto-covariance
spectrum (Emery and Thomson, 2001). Correlations were con-
sidered significant if they exceeded the 95% confidence interval. To
find the wind directions that were most strongly related to cur-
rents, the wind velocity axes were rotated in 15° increments and
cross-correlated with the along-channel or cross-shelf compo-
nents of the current velocity.

Currents measured on the shelf were compared with wind
velocity measured inside the estuary (NOAA PORTS, 2011) as well
as wind velocity from the nearest meteorological buoy on the shelf
(NDBC BUZM3, 2011) at 30 km to the East of the study site. Wind
will be described throughout by the direction the wind was
blowing toward (rather than the meterological convention of de-
scribing the direction wind came from) to be consistent with the
oceanographic convention for water velocities. Wind velocity time
series from Newport and BUZM3 had positive vector correlations
(Pearson's r of 0.65–0.85) in the three years of our study (2000,
2007, 2008). BUZM3 wind was rotated counterclockwise from
Newport wind on average with an offset in direction of 15–27°.
The wind direction was most frequently toward the northeast
(22.5–67.5°T) at both stations and in all three summers, with 33–
37% of the observations falling in that direction. Correlations of



Fig. 2. Principal axes of depth-averaged subtidal velocity at each ADCP station. Size of ellipse indicates one standard deviation of the velocities. A scale ellipse with 2 cm s�1

major axis and 1 cm s�1 minor axis is shown in the lower left. Velocity data were rotated to the coordinates defined by these principal axes, where y is the cross-shelf or
along-channel direction.
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currents from shelf stations with the two wind data sources were
positive over the same band of wind directions, but were stronger
in magnitude for wind from BUZM3. For this reason, the BUZM3
wind time series was used for all comparisons with data on the
inner shelf. Currents measured inside the estuary were compared
with Newport winds for closer geographic proximity.

Near-bottom velocity time series were examined for above-
average pulses in flow directed onshore (for shelf stations), up-
estuary (for stations EPL and EPM) or down-estuary (for Station
WPL). A velocity pulse is labeled as an enhanced exchange event if
the velocity was greater than 1 standard deviation from the mean.
A stalling event is defined as velocity more than 1 standard de-
viation below the mean. In some cases this coincided with flow
that was near zero, or even reversed from its mean direction. The
event duration was determined by the time that it was sustained
above the 1 standard deviation limit. An event magnitude was
determined for each case by integrating the velocity anomaly over
the duration of the flow perturbation.

An additional goal was to characterize how background and
perturbed subtidal flow compares with magnitudes of other
modes of estuarine circulation. Volumetric inflow through the East
Passage (QEPL) was estimated by applying the velocity profiles at
Station EPL to the cross-sectional area of the channel. Velocity
profiles were extrapolated to the surface by assuming constant
velocity from the shallowest good bin and linearly extrapolated
from the deepest good bin to zero at the seafloor as in Kirincich
et al. (2005). A linear bottom profile is not the most realistic shape
for the bottom boundary layer, but should not contribute much
difference in total volume transport compared to applying higher
order fits to velocities. A bottom boundary layer thickness of 3 m
was assumed based on inspection of velocity profiles over a tide
cycle. In places where the water depth was shallower than the
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mooring site, velocities were linearly tapered to zero over the
bottom boundary layer. Transport through the channel was cal-
culated as

Q v z x
1

EPL
x L

L

z H

0

∑ ∑= Δ Δ
( )=− =−

where v is northward velocity, H is water depth and L is half of the
cross-channel width centered at the deepest point adjacent to the
EPL mooring site. We do not have information about the lateral
velocity structure at EPL during the sampling period, but results
from shipboard ADCP surveys just outside the mouth of the East
Passage found that the persistent subtidal inflow covered one third
of the cross-section width (Kincaid et al., 2003). At the latitude of
EPL this fraction provides an L of 0.8 km over which the EPL
velocity profiles were applied.
Fig. 3. Seasonally-averaged velocity profiles from moorings on the shelf. Mean (black lin
(lower panels) velocity components. Horizontal lines indicate local water depth. Major
clockwise from north. SHS and SHE averaged over full deployment (days 192–280). SHN
4. Results

4.1. Mean summertime velocities

Seasonally averaged currents provide a basis from which to
compare shorter term fluctuations in circulation. Our velocity
measurements in northern Rhode Island Sound agree with pre-
vious observations of mean westward circulation sweeping past
the mouth of Narragansett Bay (Shonting, 1969; Rosenberger,
2001; Kincaid et al., 2003). Principal ellipses of the depth-averaged
subtidal velocities were oriented in a northeast to southwest
major axis that roughly followed the local bathymetry (Fig. 2), in
contrast to tidal ellipses (not shown) which had northwest–
southeast trends. Mean summertime near-surface currents were
3.7–8.6 cm s�1 westward to southwestward (Fig. 3). Vector cor-
relations of currents at the two stations occupied in 2008 in-
dicated an offset in direction of 46° near-surface and 28° near-
bottom, with SHS rotated counter-clockwise from SHE similar to
e) and standard deviation (gray shading) of northward (upper panels) and eastward
axis (along-shelf) angle of rotation shown in upper right-hand corners in degrees
averaged over days 137–188.



Fig. 4. Seasonally-averaged velocity profiles from moorings in the estuary. Mean (black line) and standard deviation (gray shading) of northward (upper panels) and
eastward (lower panels) velocity components. Horizontal lines indicate local water depth. Major axis (along-channel) angle of rotation shown in upper right-hand corners in
degrees clockwise from north. WPL and EPL averaged over days 137–188. EPM averaged over full deployment (days 164–267).
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the local isobath curvature (Fig. 2). Cross-shelf flow was slower
than the along-shelf flow by a factor of 2 or more. Mean near-
bottom currents were an order of magnitude smaller than near-
surface values. The standard deviations of cross-shelf velocity in
the near-bottom layer were greater than the means (Fig. 3), in-
dicating bottom flow was highly variable in direction. Variations in
the near-bottom cross-shelf flow were used to define patterns in
transport toward and away from the estuary mouth.

Mean summertime currents inside the estuary were dominated
by opposing directions of inflow in the deeper channel of the East
Passage and outflow on the western shoal of the West Passage
(Fig. 4), in agreement with prior studies (Weisberg and Sturges,
1976; Kincaid et al., 2008; Rogers, 2008). At Station EPL in the
lower East Passage, the mean along-channel velocity was up-es-
tuary throughout the measured portion of the water column with
speeds of 7.2 cm s�1 at 5 m below surface (“near surface”) and
6.4 cm s�1 at 4 m above bottom (“near bottom”). At Station EPM,
further up the East Passage, mean velocities were also up-estuary
but increased from 1.1 cm s�1 near surface to near-bottom bins by
to 7.8 cm s�1 near bottom. In bins shallower than 5 m, however,
subtidal currents were 0.9 cm s�1 down-estuary on average at
EPM (Fig. 4). There may have also been a surface layer of down-
estuary flow at Station EPL, but this instrument missed the upper
5 m of the water column (Table 1). Principal ellipses of depth-
averaged currents inside the estuary had higher aspect ratios than
the shelf stations (Fig. 2). Tidal ellipses (not shown) were also
oriented along the channels.

The average subtidal velocity at Station WPL in the lower West
Passage was remarkably different from the East Passage trends,
being directed down-estuary throughout the water column
(Fig. 4). Because WPL ADCP was located in shallower water, it may
have missed up-estuary bottom flow in the channel that was ob-
served by Weisberg and Sturges (1976) and suggested by ship-
board surveys outside of the West Passage mouth (Kincaid et al.,
2003). Average speeds decreased from 13 cm s�1 at 3 m below the
surface to 7 cm s�1 at 1 m above the bottom. Station WPL is much
shallower that the other five stations (12 m water depth), and for
consistency among stations we use depth levels near the mid-
water column to represent near-surface and near-bottom currents.
At these depths the mean flow was 10.5 cm s�1 southward. This
cyclonic flow pattern between passages within the lower estuary
was very consistent over time. Fluctuations in magnitude of sub-
tidal velocity were common, but there were rarely in changes in
direction (Fig. 4).

4.2. Covariance of wind and subtidal currents

Comparisons between wind velocity and cross-shelf currents



Fig. 5. Compass diagrams show the range of wind directions that were significantly correlated with (A) near-surface and (B) near-bottom currents at each station. Arrows
indicate wind direction with the strongest positive correlation with cross-shelf velocity either toward shore (SHN, SHE) or along-channel velocity toward head of estuary
(EPL, EPM, WPL). Gray shaded directions were not significantly correlated with the cross-shelf or along-channel flow.
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revealed consistent relationships across the three shelf stations
(Fig. 5). Previous analyses of cross-shelf currents at Station SHN
found qualitative agreement with Ekman transport. Upwelling-
favorable (eastward) wind was correlated with offshore flow near
the surface and onshore flow near the bottom (Rosenberger, 2001;
Kincaid et al., 2008). We extended these relationships to the two
other shelf stations, SHE and SHS, which were 4 kmwest and 4 km
south from SHN, respectively (Fig. 1). Near-surface cross-shelf flow
at these sites was not well correlated with wind, except at Station
SHE where near-surface cross-shelf flow was significantly corre-
lated (r40.30, po0.05) with wind blowing toward the south
(Fig. 5a). Near-surface cross-shelf flow was not significantly cor-
related with wind at the other two shelf stations. One explanation
for why shallower circulation did not exhibit the expected wind
response in our records is that the analyses did not include the
shallowest 5 m of the water column (due to poor data quality in
the shallowest bins), and thus likely missed the strongest wind-
driven surface currents. Onshore flow near the bottom did corre-
late significantly (r40.31, po0.05) with wind blowing toward the
east for stations SHE and SHN (Fig. 5b). The lag between wind and
maximum bottom current response was up to 26 h (less than two
inertial periods). The correlations between near bottom cross-shelf
flow and wind at Station SHS had the same trend as the other two
shelf stations, but were not statistically significant.

Comparisons of wind components and subtidal currents in the
estuary also revealed consistent responses among the three es-
tuarine records. The strength of circulation within the lower es-
tuary varied with along-channel winds, as previously found in
Narragansett Bay (Weisberg and Sturges, 1976; Kincaid et al., 2008;
Rogers, 2008). The persistent deep inflow in the East Passage
channel was significantly positively correlated (r40.38, po0.05)
with winds blowing toward the west, southwest or south at both
Station EPL and Station EPM (Fig. 5b). Along-channel near-bottom
currents were most strongly correlated with southward winds
(180°T; r¼0.67, po0.05) at EPL and southwestward winds at EPM
(240°T; r¼0.64, po0.05). Near-surface currents were also most
strongly correlated with southward winds (195°T) at EPL and
southwestward winds (240°T) at EPM (Fig. 5a). In the case of the
lower West Passage (Station WPL), a positive correlation in Fig. 5b
with northeastward wind relates to stalling of the persistent deep
outflow. Down-estuary flow at WPL was therefore significantly
correlated (r40.45, po0.05) with winds blowing toward direc-
tions ranging from south–southeast through west–northwest
(Fig. 5b). The down-estuary currents at WPL were most strongly
correlated with southwestward wind (210°T; r¼0.63, po0.05).
Lags between wind and currents were less than 8 h for the
strongest correlations. In summary, southwestward wind was as-
sociated with strengthening of the estuarine circulation, which
was up-estuary in the East Passage channel and down-estuary on
the West Passage shoal.

4.3. Pulses in near-bottom subtidal velocity

The velocity time series show many brief periods of time when
the deep cross-shelf or along-channel currents were considerably
stronger or weaker than average (Figs. 6–8). Strong onshore and
up-estuary pulses in the deep portion of the water column are
consistent with a pattern of enhanced estuarine-shelf exchange.
Weakening or reversal of onshore and up-estuary flow was as-
sumed to be an indicator periods of reduced estuarine-shelf
exchange.

Strong pulses in estuarine-shelf exchange flows were in-
frequent, making it difficult to rely on standard statistical analyses
to describe the events over the 1–2 month-long deployment per-
iods. Averaged over each time series, there was approximately one
exchange event per week and events were not evenly distributed
in time, but instead occurred in sporadic clusters (Figs. 6–8).
During an event, the velocities were elevated by at least 1 standard
deviation above the mean for an average duration of 24 h (range
1–63 h). There was no apparent trend between tidal amplitude (as
a proxy for mixing) and frequency of exchange events (not
shown). Events did appear to be influenced by wind (see Section
4.3.1). There was not a direct relationship with fluctuations in river
discharge, but indirect effects of stratification are possible (see
Section 4.3.2).

Velocity records were compared to see if near-bottom pulses
were localized to a single station or widespread across more than
one location. Bottom onshore pulses were commonly observed
together at both of the outermost shelf stations (SHS and SHE).
There were 8 on-shore velocity pulse events (60%) that co-oc-
curred at both of these shelf stations during the 89-day records.
For example, large synchronous events appeared on days 226–227
and days 251–253 in 2008 (Fig. 8b). Velocity patterns consistent
with periods of enhanced exchange flows closer to the estuary–
shelf interface were often localized at a single station. There were
52 days of overlap among the time series at stations SHN, EPL and
WPL in 2000. Within this period of overlap there were two events
in common at all three stations (Fig. 6b). The first event, on days
139–140, began with near-bottom onshore flow at Station SHN,
down-estuary flow at Station EPL and weak down-estuary flow at



Fig. 6. Time series from summer 2000 of (A) wind velocity (m s�1) at Newport, RI, (B) near-bottom cross-shelf flow (cm s�1) at SHN (cyan), near-bottom up-estuary flow at
EPL (black) and near-bottom down-estuary flow at WPL (red), with horizontal dashed lines at 71 standard deviation from mean, and (C) discharge rate of the Blackstone
River (m3 s�1). Horizontal bars on (A) and (C) mark events of enhanced near-bottom currents.
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Station WPL, followed by a strong rebound to up-estuary near-
bottom flow at Station EPL and down-estuary flow at Station WPL.
The second event, on days 158–159, first appeared as a down-es-
tuary pulse at Station WPL followed 10 h later by strong onshore
Fig. 7. Time series from summer 2007 of (A) wind velocity (m s�1) at Newport, Rhode
Passage with horizontal dashed lines at 71 standard deviation from mean, and (C) B
Horizontal bars on (A) and (C) mark events of enhanced near-bottom currents in the E
bottom flow at Station SHN and up-estuary flow at Station EPL.
Four additional events at EPL coincided with bottom flow toward
shore at SHN (within 40 h before the event) but no down-estuary
pulse appeared at WPL.
Island, (B) near-bottom along-channel flow (cm s�1) at EPM in the mid-bay East
lackstone River discharge (note that the vertical scale is half of that in Fig. 6C).

PM record.



Fig. 8. Time series from summer 2008 of (A) wind velocity (m s�1) at Buzzards Bay, Massachusetts, (B) near-bottom cross-shelf flow (cm s�1) at SHS (black) and SHE (red)
with horizontal dashed lines at 71 standard deviation from mean, and (C) Blackstone River discharge. Horizontal bars on (A) and (C) mark events of enhanced near-bottom
currents in the SHS (black) and SHE (red) records. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.3.1. Effects of wind forcing
The significant relationships between wind and velocity re-

cords both in and outside the estuary suggest estuarine-shelf ex-
change events were also wind-influenced. The wind response of
currents on the shelf will have time dependence as described in
Section 1. In a two-dimensional view, the surface responds to
along-shelf wind stress first to produce a cross-shelf pressure
gradient, and then a bottom Ekman layer with transport opposing
the surface flow develops only after interior geostrophic flow
commences (Li and Weisberg, 1999b; Weisberg et al., 2000). The
velocity records examined here were located in the inner shelf in a
region of irregular coastline and seasonal stratification (Ro-
senberger, 2001); thus the wind response was not expected a
priori to follow a simple two-dimensional process. Cross-covar-
iance relationships between wind and near-bottom currents at the
shelf stations were roughly consistent with the two-dimensional
model, however, in that wind with a strong eastward component
is expected to drive near-bottom flow toward shore.

Wind velocities before and during exchange events were ca-
tegorized by the range of wind directions that were significantly
Table 2
Summary of near-bottom exchange event characteristics. Events were defined as period
velocity associated with events was designated as “favorable” or “unfavorable” by corre

Parameter SH

“Exchange flow” direction On
Threshold velocity for enhanced exchange flow 2.4
Number of events 13
Events with maximum velocity in bottom half of water column 2 (
Events with near-surface flow at or below average 7 (
Events with rebound (before or after event) 7 (
Events with favorable wind during event and within
6 h prior 5 (
Events with favorable wind during event but unfavorable wind within 6 h prior 6 (
Events with unfavorable wind during and within 6 h before event 2 (
positively correlated with bottom velocities at each station (Fig. 5).
These are referred to as “flow enhancing winds” below. Eastward
wind was determined to be a flow enhancing direction based on
wind-current correlations in bottom water on the shelf, which is
expected to drive onshore bottom flow. Station SHS did not have
any significant correlations between wind and near-bottom cross-
shelf currents, but most of the events (85%) occurred in association
with wind directions that were positively correlated with onshore
bottom flow at stations SHE and SHN. Station SHS had six cases
(46%) where westward winds lead up to the event before
switching to an eastward direction at the onset of the event. A
majority of the bottom onshore events at Station SHE (60%) and
Station SHN (56%) occurred in association with sustained winds
that were expected to enhance onshore flow (Table 2). Strongly
unfavorable wind conditions that weakened or reversed near the
onset of an event were observed during 27% of events at Station
SHE and 33% of events at Station SHN. The remaining a few flow
perturbations at each of the shelf stations occurred during un-
favorable wind conditions (Table 2).

There were two primary styles of wind forcing preceding
s of near-bottom flow greater than one standard deviation above the mean. Wind
lation analysis (Fig. 5).

S SHE SHN WPL EPL EPM

shore Onshore Onshore Down-estuary Up-estuary Up-estuary
cm s�1 1.1 cm s�1 3.4 cm s�1 12.8 cm s�1 10.0 cm s�1 12.0 cm s�1

15 9 5 11 17
15%) 10 (67%) 9 (100%) 0 (0%) 10 (91%) 15 (88%)
54%) 5 (33%) 8 (89%) 0 (0%) 4 (36%) 15 (88%)
54%) 11 (73%) 6 (67%) 3 (60%) 5 (45%) 9 (53%)

38%) 9 (60%) 5 (56%) 1 (20%) 6 (55%) 1 (6%)
46%) 4 (27%) 3 (33%) 3 (60%) 3 (27%) 16 (94%)
15%) 2 (13%) 1 (11%) 1 (20%) 2 (18%) 0 (0%)
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periods of enhanced exchange flow inside the estuary: (1) sus-
tained exchange-favorable wind prior to and during the event or
(2) unfavorable winds prior to the event that shifted to a favorable
direction shortly before the event. The cross-covariance relation-
ships between wind and near-bottom currents in the lower es-
tuary suggest that down-estuary winds, ranging from south–
southeastward to west–southwestward, enhanced the average
circulation pattern of deep inflow into the East Passage and out-
flow from the West Passage. At Station EPL, more than half of the
perturbations to background flow (55%) had sustained favorable
wind before and during the events (Table 2). In contrast, only 20%
of events at Station WPL and 6% of events at Station EPM were
associated with sustained favorable wind prior to onset. Wind
conditions that shifted from unfavorable to favorable at the start of
an event were common at all three estuarine stations (Table 2).
Events that occurred despite unfavorable wind conditions were
less common, making up 20% of the EPL and WPL cases but none
of the EPM events. Perturbations to background flow during un-
favorable wind conditions also had the smallest magnitudes of all
identified events.

4.3.2. Effects of river input
Changes in freshwater input rates to the estuary affect estuar-

ine circulation through buoyancy forcing. Density gradients, which
are set by freshwater input, likely impacted the response to wind
forcing (Wong and Valle-Levinson, 2002; Guo and Valle-Levinson,
2008; Jia and Li, 2012) and may have had a dominant impact on
the mean estuarine circulation (see Section 5.2). Two surveys of
salinity in the estuary in May and June 2000 showed stratified
conditions with vertical salinity differences (excluding a 2 m layer
at the surface that was not sampled) of 2.4 psu at WPL and 0.8 psu
at EPL in May, and smaller inter-passage differences of 1.9 psu at
WPL and 1.8 psu at EPL in June. Along-channel salinity gradients
between the mouth and 16 km up each passage were
�0.2 psu km�1 in both passages and both months, but salinity
was consistently fresher in the West Passage (Fig. 9). The NuSh-
uttle stratification patterns were on the high end of longer term
observations in the West Passage (GSO Fish Trawl, 2014); in May–
June of 2009–2012 there was an average surface-to-bottom
Fig. 9. Salinity profiles collected by NuShuttle along channel of the (A) West Passage and
5 m by latitude (mouth of the estuary is at 41.45°N) for (C) 12-May-2000 and (D) 12-Ju
salinity differences of 0.6 psu at mid-bay and 0.9 psu at the mouth,
with a few observations of vertical salinity differences 42 psu.
There were no significant interannual trends in salinity stratifica-
tion in the Fish Trawl data, but interannual variability in river
discharge patterns do occur. For example, in a 42-year period the
monthly average river discharge into Narragansett Bay in April was
150 m3 s�1 but varied from 50 m3 s�1 to 375 m3 s�1 in individual
years (Pilson, 2008).

Noting the importance of river discharge in setting density
patterns on longer time scales, we focus here on direct responses
of subtidal exchange flow to river discharge on �1 day time scales.
One caution in the interpretation of these results is that a direct
river response in the estuarine circulation will not necessarily
appear on these time scales, which are short compared with the
estuary residence time. For example, Weisberg and Sturges (1976)
discussed a requirement for time series of multiple weeks in
length to distinguish non-tidal mean buoyancy circulation from
wind effects in the West Passage of Narragansett Bay.

If observed pulses in near-bottom velocity were related to river
discharge events, we expect a change in velocity at some delay
after a peak in discharge. A previous analysis found an approx-
imate delay of 5 days between river discharge events and the
signal of these events in lower Narragansett Bay velocity records
(Kincaid et al. 2008).There were two runoff events in 2000 in the
Blackstone River where daily averaged freshwater flows neared
100 m3 s�1 compared to background discharge rates of
10–30 m3 s�1 (Fig. 6d). A larger 155 m3 s�1 freshwater input oc-
curred on day 114 that overlapped with the Station EPL record.
This record had a sharp decrease in both near-surface and near-
bottom velocity at 4–6 days after the river peak, suggesting that
the typical up-estuary flow stalled before rebounding to slightly
above average flow 7–8 days after the discharge event. The second
river discharge peak of 95 m3 s�1 was on day 160. Station EPL had
a data gap at 4–6 days after the river discharge peak, but both
near-surface and near-bottom currents were below average 7 days
later. At 9 days after the peak river discharge, the near-surface and
near bottom flow at EPL dropped more than one standard devia-
tion below the mean. The Station WPL velocity record had down-
estuary pulses in both the near-surface and near-bottom at 4–5
(B) East Passage on 12-May-2000. Right-hand panel shows salinity averaged over 3–
ne-2000. Location of these transects are shown by yellow lines in Fig. 1.
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days after this discharge event. Station SHN outside of the estuary
mouth had stronger offshore bottom flow at the same time as the
event at WPL followed by an onshore flow event on day 165.

It is difficult to separate river versus wind forcing of events in
the summertime records. The near-bottom intrusion event at
Station EPL associated with a river discharge pulse was also co-
incident with favorable wind conditions. The down-estuary flow
enhancement at WPL that followed a river discharge event oc-
curred during unfavorable wind conditions. This suggests the
freshwater input may have produced the WPL response. While
river discharge may have contributed to a few of these velocity
pulses, the majority of short-term near-bottom velocity pulses do
not appear to be directly tied to discharge events.

Time series from the other stations had no obvious influence of
river discharge on near-bottom velocity events. The Blackstone
River did not exceed 25 m3 s�1 during the velocity sampling per-
iod in 2007 and no freshwater-related pulses in near-bottom flow
were identified at Station EPM. There was one notable river dis-
charge event in 2008. A peak 70 m3 s�1 runoff on day 252 coin-
cided with a strong onshore pulse in bottom water velocity re-
corded at stations SHN and SHE (Fig. 8b). This event was likely a
response to a change in winds rather than river flow as there was
no time lag in the onset of strong bottom flow.
Fig. 10. Schematic of response to wind shift at estuary–shelf interface. Arrows in diagr
outflow) is simplified as vertical shear. (A) Mean circulation pattern, showing cross-shel
(B) Wind toward northeast stalls estuarine circulation and sets up shoreward shelf bottom
near-bottom (blue) during strong northeastward wind on day 139, 2000. (C) Reversal to
bottom water. Map view of cross-shelf/along-channel current speed near-surface (red) a
that during these events the cross-shelf velocity outside of the estuary is an order of ma
color in this figure legend, the reader is referred to the web version of this article.)
5. Discussion

5.1. Wind-driven modes of exchange

A goal of this study was to assess drivers of subtidal estuary–
shelf exchange flows on time scales of days. Events in each of the
time series that were indicative of strong exchange flows were
fairly infrequent, at less than one per week, and lasted about 24 h
on average. A lack of persistent patterns relating near-bottom
subtidal velocity pulses to the spring-neap tide cycle or short-term
variation in river runoff rule out a direct influence of these two
factors on the summertime estuary–shelf exchange events on daily
time scales. Wind, on the other hand, was associated with a ma-
jority of the large fluctuations in subtidal circulation. This result
was not surprising because wind is a recognized driver of flows in
the coastal ocean (Ekman, 1905; Csanady, 1973) and is known to be
a dominant driver of subtidal fluctuations in Narragansett Bay in
particular (Weisberg and Sturges, 1976; Weisberg, 1976; Rogers,
2008; Kincaid et al., 2008).

These observational records suggest that enhancements of es-
tuary–shelf circulation occurred via two distinct styles of wind
forcing. The first wind-driven mode of exchange was a local effect
of along-channel wind inside the estuary. Down-estuary wind
drove stronger exchange flows by enhancing background
ams on left side are not to scale and the lateral structure (eastern inflow, western
f component on shelf and lateral structure in estuary simplified to two dimensions.

flow. Map view of cross-shelf/along-channel current speed near-surface (red) and
southwestward wind strengthens estuarine circulation and allows intrusion of shelf
nd near-bottom (blue) during strong southwestward wind on day 140, 2000. Note
gnitude larger than the mean (Fig. 3, SHN). (For interpretation of the references to



Fig. 11. (A) Along-channel wind (black; positive toward head of estuary) and sea
level difference between Conimicut Point and Newport (red). (B) Subtidal near-
bottom velocity from stations EPL and WPL with horizontal lines at mean velocity.
Shaded bars highlight stalling event on day 139 (purple) and enhanced exchange
events on days 140 and 159 (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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gravitational circulation, while up-estuary wind stalled the back-
ground circulation. The second wind-driven mode of exchange
was a two-stage process of stalling and rebounding. Because the
predominant summertime wind directions were toward the
northeast or southwest, winds tended to either (1) drive the deep
shelf layer toward the mouth but stall the estuarine circulation or
(2) strengthen estuarine circulation but drive the deep shelf layer
away from the mouth. This difference in wind response regimes
provides for two-stage exchange, with a potential for delivery of
material in shelf waters (e.g. larvae, nutrient-rich bottomwater) to
a zone near the estuary mouth under northeastward winds fol-
lowed by a draw-in of material when the wind shifts to
southwestward.

5.2. Subtidal momentum balances

The schematic of wind response in Fig. 10 implies Ekman up-
welling and downwelling on the shelf outside of the estuary
mouth, with a dominant balance between along-shelf wind stress
and rotation. This balance omits other important dynamics af-
fecting sea surface elevation outside the estuary mouth, however,
which could explain the fairly low correlation (r2r0.4) between
cross-shelf velocities and wind stress. Surface and bottom
boundary layer interaction is likely given the 30–35 m water
depths of the moorings, affecting the Ekman balance by increasing
importance of bottom stress (Lentz et al., 1999; Weisberg et al.,
2005; Lentz and Fewings, 2012). Propagation of coastal-trapped
waves, a more remote effect of atmospheric forcing, also causes
oscillations in the sea level at the coast that will influence trans-
port through the estuary mouth (Gill and Schumann, 1974; Janzen
and Wong, 2002; Wong and Valle-Levinson, 2002). Finally, sum-
mertime density stratification and possible upslope mixing of
bottom water near the mouth of the East Passage (Kincaid et al.,
2003) could further affect the estuary–shelf interaction. In all of
these cases, the qualitative relationship in Fig. 10 between wind
and changes in cross-shelf sea level on the shelf remains, which
provides a sea level boundary condition at the mouth of the
estuary.

Inside the estuary, Fig. 10 implies a balance of along-channel (y-
direction) pressure gradient and vertical (z-direction) stress di-
vergence for the subtidal momentum as in Pritchard (1956)
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where Kz is the vertical eddy viscosity, v is along-channel subtidal
velocity, oρ is a reference density and P is pressure. This is a great
simplification, as it is well-known that density and eddy viscosity
are not spatially or temporally constant in estuaries (Jay and
Smith, 1990; Simpson et al., 1990; Whitney et al., 2012; Geyer and
MacCready, 2014). Acknowledging the real-world complexity, it is
useful to examine simple momentum balances to see where these
do or do not agree with the observations. Winant (2004) pre-
sented an analytical model for the response to wind stress in a
basin without density stratification using the momentum balance
in Eq. (2) with the addition of rotation. Narvaez and Valle-Levinson
(2008) applied the Winant (2004) model to a shallow estuarine
channel by neglecting rotation, providing a non-dimensional
solution of
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sectional averages of water depth (Narvaez and Valle-Levinson,
2008).

The simplified balance in Eq. (3) assumes barotropic pressure
gradient forcing caused by sea surface elevation gradients, which
we assessed with observations. Surface elevation slopes were ob-
tained from tide gauge data at three NOAA PORTS stations (Con-
imicut, Quonset, Newport). The sea level time series from in-
dividual stations were processed before intercomparison by sub-
tracting annual mean sea level from the sea level time series and
low-pass filtering to remove tides. An inverse barometer correc-
tion was applied as in Gill (1982) using atmospheric pressure data
from the same stations. Surface elevation anomalies at head of the
bay (Conimicut Point; Fig. 1) were compared with surface eleva-
tions in the mid-bay West Passage (Quonset Point) and lower bay
East Passage (Newport). The sea level slopes were highly coherent
among the three stations during the time frame shown in Fig. 6.
There was also strong coherence between sea level slope and
along-channel wind (Fig. 11). There are a few clear examples that
support the conceptual model that along-channel wind sets up the
sea surface toward the head or mouth of the estuary, driving a
barotropic response in the bottom layer of the East Passage and
enhancing or stalling the estuarine exchange flow (Fig. 11). Up-
estuary wind on day 139 corresponded with an up-estuary sea
surface slope and near-bottom velocities that reversed at EPL and
stalled at WPL. The wind reversal on day 140 and similar strong



Fig. 12. Results of Eq. (2) analytical model for wind-driven along-channel velocity (v) with Kz of 1.5�10�3 m2 s�1 and wind stress of 70.05 Pa. (A) Cross-section of v versus
depth under up-estuary wind stress of 0.05 Pa. (B) Profiles of v at location of WPL and EPL (vertical dashed lines in (A)) for up-estuary wind. (C) Cross-section of v versus
depth under down-estuary wind stress of �0.05 Pa. (D) Profiles of v at location of WPL and EPL for down-estuary wind. Note that in the cross-section views the distance
between the two passages was shortened by removing land.
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down-estuary wind on day 159 corresponded to the reverse effect;
sea surface sloped upward toward the estuary mouth and the
exchange flows strengthened.

A key difference between the two passages in the lower portion
of Narragansett Bay is that the maximum water depth is much
larger in the East Passage. This makes the East Passage naturally a
conduit for most of the inflow of bottom water from the shelf into
the bay (Hicks, 1959; Kincaid et al., 2003), as well as affecting
cross-estuary flow between the passages due to differential sea
surface set-up (Weisberg and Sturges, 1976). We applied Eq. (3),
which considers along-channel velocity as a function of water
depth, to a bathymetric cross-section of Narragansett Bay at 41.5°N
(near the WPL and EPL sites) assuming a representative ρ of
1022 kg m�3 from NuShuttle survey data and selecting Kz of
1.5�10�3 m2 s�1 to best match the maximum EPL bottom layer
velocity anomalies during strong wind events of �10 cm s�1. The
results for wind stress of 70.05 Pa (equivalent to wind events on
days 139–140, 2000; Fig. 6) are shown in Fig. 12.

The analytical model (Eq. (3)) predicts dominant wind-driven
exchange flows in the East Passage and muted response in the
West Passage (Fig. 12). A similar contrast in summertime subtidal
inflow and outflow volume transports through the East versus
West passages was observed by Kincaid et al. (2003) in shipboard
ADCP surveys conducted just outside the mouth of each passage.
The shipboard sections, however, showed isotachs tilting down
toward the west, such that the inflow was shifted to the east and
outflow to the west side of the passages. This type of lateral
structure, which differs from the classic two-layered estuarine
circulation, has been noted elsewhere with effects of rotation and
cross-channel variation in bathymetry invoked to explain the lat-
eral tilting (Wong and Munchow, 1995; Valle-Levinson et al., 1998;
Li and Li, 2012). The internal Rossby radius near the estuary mouth
was on the same order as the width of each passage (�4 km),
allowing for an influence of rotation (Kincaid et al., 2003).

Another contrast between the analytical model of wind re-
sponse and observations in the lower estuary passages is that the
time series of velocity presented in this study had mean outflow
on the west side of the West Passage that was similar in magni-
tude to, rather than significantly smaller than, mean inflow in the
deeper channel of the East Passage. An important term neglected
in Eq. (3) is the influence of density stratification, which is typi-
cally a dominant driver of exchange flow in estuaries (Dyer, 1997;
MacCready and Geyer, 2010). The Knudsen (1900) relation esti-
mates exchange flow from freshwater discharge and the vertical
salinity difference at the estuary mouth. This relation provides an
upper bound to buoyancy-driven transport in a two-layered,
steady state scenario (Pawlowicz, 2001; MacCready and Geyer,
2010), which differs from the weaker density stratification and
time-varying wind forcing present in Narragansett Bay. Never-
theless, estimates of buoyancy-driven transport at the mouth of
each passage are as follows. Salinity profiles collected on 12-June-
2000, when freshwater discharge from the 8 major rivers com-
bined was approximately 150 m3 s�1, had vertical gradients of
1.9 and 1.8 psu in the West and East passages, respectively.
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Assuming that the freshwater content divides evenly among the
two passages (which is not entirely realistic because the lower
West Passage was about 0.4 psu fresher than the East Passage), the
expected inflow and outflow volumes were similar in the two
passages. The West Passage had predicted inflow volume transport
of 1.25�103 m3 s�1 and outflow of 1.18�103 m3 s�1, while the
East Passage had predicted inflow of 1.33�103 m3 s�1 and out-
flow of 1.26�103 m3 s�1. These results highlight an important
clarification that the wind-related pulses in the observed velocity
records are on top of a mean inflow/outflow pattern that is likely
governed by seasonal stratification patterns. Furthermore, com-
plex interactions between wind and density fields could affect
both the magnitude of exchange and lateral structure as described
in a number of modeling studies (e.g., Guo and Valle-Levinson,
2008; Chen and Sanford, 2009; Li and Li, 2011, 2012).

The Wedderburn number (Monismith, 1986) has been applied
to estuaries to compare the strength of wind and buoyancy effects
on circulation (Geyer, 1997; Chen and Sanford, 2009). This non-
dimensional parameter is defined as W L

gh
w

2= τ

ρΔ
, where τw is the

along-channel wind stress, L is the along-channel length scale, Δρ
is the along-channel change in density, g is gravitational accel-
eration and h is the vertical length scale (water column or layer
thickness). Measurements of density from the two NuShuttle
surveys (yellow lines in Fig. 1), in May and June 2000, were used to
calculate W in the lower estuary passages for the portion of the
water column below the pycnocline. The along-channel density
gradients in May were 0.2 kg m�3 km�1 in the West Passage and
0.03 kg m�3 km�1 in the East Passage, but a difference in h makes
W approximately equal between the passages. The June survey had
similar Δρ and equality of W between the passages. Extrapolating
from density gradients measured in the two surveys, an along-
channel wind stress of approximately 0.08 Pa, equivalent to
7.5 m s�1, was required for W¼1. Maximum winds associated
with the two widespread exchange events in 2000 (days 139 and
159; Fig. 6) exceeded that threshold, indicating a dominance of
wind forcing in the estuarine circulation. These measurements
produce W«1 during low winds, such as the time of the NuShuttle
survey in May (day 133), underscoring the episodic nature of
wind-driven circulation above a more slowly varying buoyancy
circulation.

5.3. Impact of subtidal exchange events

Significant estuary–shelf exchange can be inferred for periods
when enhanced estuarine inflow corresponded with deep shelf
currents flowing toward the estuary mouth. In 2000, when data
were collected simultaneously on the shelf and in both passages of
the estuary, most of the periods of strong estuarine flows or on-
shore flow on the shelf were localized to a single station. One large
event appeared in data from all three stations. This large-scale
estuary–shelf exchange event occurred on days 139–140 (Fig. 6)
and represents an excellent example of a two-stage shelf to es-
tuary intrusion process. As depicted in the schematic in Fig. 10B,
the event began during a northeastward wind, with strong on-
shore flow at the shelf station and stalled flow at both estuarine
stations. As the wind shifted to southwestward, the estuarine
circulation rebounded with strong inflow in the East Passage
channel and outflow on the West Passage shoal (Figs. 6B and 10C).
The near-bottom current on the shelf, meanwhile, turned to an
offshore direction (Fig. 6B).

Although the event on day 140 was only one of two widespread
events observed in the early summer of 2000, the wind conditions
during this period are relatively common in summer. In June
through August of 2000 and 2007, the wind shifted from strongly
unfavorable (i.e. directed up-estuary with speed greater than
1.6 m s�1) to strongly favorable 20 times, or approximately every
5 days. Not all of the wind shifts resulted in up-estuary flow en-
hancement in the East Passage. Roughly 40% of these characteristic
wind shifts were not associated with an event during the sampling
periods at either EPL or EPM (Figs. 6 and 7). Velocity data were not
collected on the shelf or lower estuary while the EPM station was
operational, but two events observed at this mid-bay station with
similar characteristics to the widespread event on day 140 of 2000.
The two up-estuary pulse events at Station EPM, on days 238 and
253 in 2007, began with stalled flow during strong northeastward
winds followed by a strong rebound after the wind shifted toward
the southwest (Fig. 7). Given the similarities to the day 140 event
(in 2000) at Station EPL, it is likely that these two up-estuary
pulses in 2007 were also a widespread strengthening of estuary–
shelf exchange.

If strong pulses in estuary–shelf exchange occur only a few
times each summer, it is important to consider whether such
events impact estuary flushing. Numerical modeling experiments
simulating Narragansett Bay found large variations in residence
time of sub-estuaries of the upper bay in relation to wind direction
(Rogers, 2008). One method of estimating flushing time is as the
ratio of estuary volume to volume transport rates (Monsen et al.,
2002). This is a simplistic view of flushing in an estuary with
complex geometry and non-steady state conditions, but it in-
dicates the relative contribution of exchange flow at the estuary
mouth. Estimated inflow in the lower East Passage channel (QEPL,

Eq. (1)) was large relative to average and perturbed freshwater
input from rivers. Mean QEPL was 0.9�103 m3 s�1 over the full
time series. QEPL was 1.5�103 m3 s�1 on average during events
and up to 2.3�103 m3 s�1 for the largest intrusion event. Com-
pared with the volume of the estuary of 2350�106 m3 (excluding
Providence River, Mount Hope Bay and Sakonnet River; Pilson,
1985), the mean flow suggests an apparent residence time of 30
days, similar to Pilson's (1985) estimate of monthly average re-
sidence times of 19–33 days in early summer. The estimated vo-
lume transport during events reduces apparent residence times to
12–18 days, or approximately half of the seasonal average. Note,
however, that the enhanced exchange events were considerably
shorter in duration than these residence times (days versus
weeks), and thus the actual impact on residence time would be
smaller.

Another metric for intrusion event impact is the net excursion
obtained by integrating velocity over the duration of the events.
Estimating excursion distances from velocity at a single point is
admittedly problematic because the velocity field may change
dramatically over distances smaller than the implied excursions.
We restrict this analysis to two locations: (1) shoreward flow at
SHN where shipboard velocity data collected closer to the estuary
mouth (Kincaid et al., 2003) suggest that a continuation of flow
into the estuary is plausible, and (2) the East Passage where two
current records had mean up-estuary flow in the channel and si-
milar wind response in the lower and middle estuary (Figs. 6 and
7). Pulses in cross-shelf bottom flow toward the estuary mouth at
SHN had excursion lengths greater than the distance to the mouth
in 44% of the events. Near-bottom up-estuary pulses at EPL had
excursion lengths of 3–26 km. We estimate 64% of these excur-
sions exceeded the 7 km distance from the estuary mouth to the
EPL site. Only one event had an excursion length that extended as
far as Conimicut Point at the head of the bay (Fig. 1). Most ex-
cursion lengths estimated for WPL (e.g. 6–19 km) were sufficient
to allow water parcels to exit the estuary mouth. The mid-estuary
velocity record at EPM had excursion lengths of 2–15 km, with 17%
of these exceeding the distance to the entrance to the urban-im-
pacted Providence River at Conimicut Point. Length scale estimates
for near-bottom velocity pulses suggest that several periods could
reasonably result in subtidal transport between the mouth and the
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lower/mid estuary sites. The largest events appear to be capable of
transporting water into the upper estuary.

Some of the inflow at EPL and outflow at WPL may pass
through a break between islands at 41.57°N or turn within the
passages and not extend into the upper estuary. Analysis of West
Passage currents by Weisberg and Sturges (1976) suggested com-
munication between the passages influenced the response time to
wind events, for example. Our observations cannot distinguish
such flows directly, but there is evidence that a sizable portion of
the inflow of shelf water does propagate further into estuary and
contribute to material exchange. First, fluctuations in bottom ve-
locity at EPM, north of the break between the islands, had a similar
relationship to along-channel wind as at EPL. By conservation of
mass these mid-estuary events must draw water from the lower
estuary, and the excursion lengths described above suggest that it
comes from as much as 15 km away. Secondly, the West Passage
channel had higher freshwater content compared to the East
Passage inflow. Salinity measured by NuShuttle surveys decreased
from the East Passage to the West Passage and in particular the
sub-halocline salinity (below 5–8 m) remained within 0.5 psu of
the bottom salinity at the mouth for more than 10 km into the East
Passage. Salinity consistent with shelf water only appeared in the
first �2 km of the West Passage (Fig. 9). These salinity observa-
tions support the concept of predominant East Passage inflow and
West Passage outflow extending into the mid-estuary rather than
net inflow/outflow turning within each of these physically sepa-
rated passages of the lower estuary.

5.4. Implications for hypoxia

One ecosystem process of concern in Narragansett Bay is
summertime hypoxia (Bergondo et al., 2005; Deacutis et al., 2006;
Codiga et al., 2009). Hypoxia in estuaries is linked to high nutrient
loads that fuel high biological productivity and supply the organic
matter necessary for oxygen draw-down (Diaz, 2001; Kemp et al.,
2009). A key component of this cycle is the retention of nutrients
and organic matter in high enough concentrations to impact
oxygen levels before the water is ventilated by vertical mixing or
lateral advection (Kemp et al., 2009). Upper Narragansett Bay
waters have indicators of excess nutrients, including blooms of
phytoplankton and macroalgae and loss of historic seagrass beds
(Deacutis, 2008). Likewise, the upper reaches of Narragansett Bay
are commonly suboxic (dissolved oxygen less than 4.8 mg L�1)
and episodically hypoxic (dissolved oxygen less than 2.9 mg L�1)
in July and August of each year (Saarman et al., 2008).

Rates of exchange between the estuary and shelf waters may
affect ecosystem dynamics such as hypoxia by setting residence
times within the estuary (Dyer, 1997). Results of this study con-
firmed that prevailing summertime winds suppress estuarine-
shelf exchange in Narragansett Bay. With lower river discharge
compared to winter–spring (Pilson, 1985) and decreased wind-
driven exchange flow, the physical conditions in the summertime
likely allow additional build up of organic matter in the estuary by
increasing residence time. Apparent residence times were reduced
by half during wind reversals compared with the mean conditions.
The wind-related slow down of flushing is specific to the geo-
graphy of this estuary; estuaries with a different shelf and channel
orientation relative to prevailing winds, such as Delaware Bay on
the U.S. east coast (Goodrich, 1988), may not experience the same
effect.

Hypoxia in bottom waters of the upper estuary typically per-
sists for one to several days (Codiga et al., 2009), similar to time
scales of wind fluctuations. Wind-driven exchange events in the
lower bay have the potential to relieve hypoxic conditions by ad-
vection of oxygenated bottom waters up into the estuary as in-
dicated by excursion lengths 410 km in largest East Passage
intrusion events. Alternatively, intrusion of shelf waters could
exacerbate the conditions for hypoxia by contributing nutrients
that fuel primary production. A nutrient budget for Narragansett
Bay estimated that Rhode Island Sound supplies about 20% of the
total dissolved inorganic nitrogen (DIN) to the estuary annually,
with rivers and wastewater contributing the majority of DIN
(Nixon et al., 1995). Earlier work suggested that periodic diatom
blooms in the summertime exceed the productivity expected from
known sources of DIN at that time of year (Furnas et al., 1976;
Chaves, 2004). It is possible that, as speculated by Nixon et al.
(1995), large volume exchange events at the mouth supply the
nutrients needed. Our observations of estuary–shelf exchange
following wind conditions favorable for upwelling of shelf waters
support this hypothesis.

Statistical models of Narragansett Bay hypoxia at the event
scale do not explain much of the variance in the hypoxic episodes
(e.g. Codiga et al., 2009), which is not surprising given the complex
interactions of the physical and biological factors involved. Wind-
driven fluctuations in estuary–shelf exchange, and subsequent
advection and mixing of water masses, must be a factor in the
dynamics that control hypoxia in the estuary. How the exchange
events propagate into the impacted waters of the upper estuary
remains to be determined.
6. Conclusions

Exchange between the Narragansett Bay estuary and adjacent
shelf waters appeared to be strongly influenced by wind forcing, as
suggested by previous studies (Weisberg and Sturges, 1976; Kin-
caid et al., 2008). Winds blowing toward shore and in an upwel-
ling-favorable direction promoted deep flow from the inner shelf
toward the mouth of the bay, but these winds were significantly
correlated with stalling the deep inflow in the East Passage. Winds
blowing down-estuary were favorable for enhancing deep ex-
change flow in the lower estuary, but these wind directions were
also significantly correlated with offshore bottom flow at the inner
shelf stations. The relationships between wind and currents sug-
gest that intrusion of shelf water into Narragansett Bay is often a
two-stage process rather than a direct wind response driving the
deep shelf waters into the estuary. A conceptual model of this
process is that prevailing summertime winds toward the northeast
first allow shelf water to build up at the mouth of the estuary.
Then, when prevailing wind conditions relax or reverse, a pulse of
shelf water enters the East Passage of the estuary accompanied by
strengthened outflow from the West Passage.

Periods of enhanced deep exchange flow may improve water
quality in the estuary by shortening the flushing time. In six cur-
rent velocity records, we observed several pulses per month of
elevated near-bottom velocity from the shelf stations toward
shore, up the East Passage or down the West Passage of the es-
tuary. A majority of these estuary–shelf exchange pulses coincided
with relaxation from unfavorable wind velocity, supporting the
idea of a two-stage intrusion process. Other pulses occurred as
slow increases in flow during sustained down-estuary winds.
These relatively short-lived, strong pulses in exchange likely affect
nutrient concentrations and related ecosystem processes in par-
tially-mixed estuaries in a way that is not captured by mean
transport or bulk methods of calculating estuarine flushing rates.
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