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ABSTRACT: A remarkably consistent Lagrangian upwelling circulation at monthly and longer time scales is observed in
a 17-yr time series of current profiles in 12 m of water on the southern New England inner shelf. The upwelling circulation
is strongest in summer, with a current magnitude of ~1 cm s~ ', which flushes the inner shelf in ~2.5 days. The average win-
ter upwelling circulation is about one-half of the average summer upwelling circulation, but with larger month-to-month
variations driven, in part, by cross-shelf wind stresses. The persistent upwelling circulation is not wind-driven; it is driven
by a cross-shelf buoyancy force associated with less-dense water near the coast. The cross-shelf density gradient is primarily
due to temperature in summer, when strong surface heating warms shallower nearshore water more than deeper offshore
water, and to salinity in winter, caused by fresher water near the coast. In the absence of turbulent stresses, the cross-shelf
density gradient would be in a geostrophic, thermal-wind balance with the vertical shear in the along-shelf current. How-
ever, turbulent stresses over the inner shelf attributable to strong tidal currents and wind stress cause a partial breakdown
of the thermal-wind balance that releases the buoyancy force, which drives the observed upwelling circulation. The pres-
ence of a cross-shelf density gradient has a profound impact on exchange across this inner shelf. Many inner shelves are
characterized by turbulent stresses and cross-shelf density gradients with lighter water near the coast, suggesting turbulent
thermal-wind-driven coastal upwelling may be a broadly important cross-shelf exchange mechanism.

SIGNIFICANCE STATEMENT: A remarkably consistent upwelling circulation at monthly time scales is observed
in a 17-yr time series of current profiles in shallow water off southern New England. This is not the traditional wind-
driven coastal upwelling; instead, it is forced by cross-shelf buoyancy (density) gradients, released by turbulent stresses
in shallow water. The persistent upwelling circulation is strongest in summer, when wind and wave forcing are weak,
and flushes the inner portion of the continental shelf in a few days. Consequently, this buoyancy-driven coastal upwell-
ing is important for cooling the inner shelf and provides a reliable mechanism for cross-shelf exchange. Many inner
shelves are characterized by cross-shelf density gradients and turbulent stresses, suggesting this may be a broadly im-
portant cross-shelf exchange mechanism.
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1. Introduction circulation (reviewed in section 2; e.g., Garrett and Loder
1981). If density decreases toward the coast the buoyancy
force drives an upwelling circulation, with offshore flow near
the surface and onshore flow near the bottom (Fig. 1). This
buoyancy-driven upwelling may be important over inner
shelves that typically have both turbulent stresses and cross-
shelf density gradients.

Martha’s Vineyard Coastal Observatory (MVCO) was estab-
lished over the inner shelf south of Martha’s Vineyard (Fig. 2)
in August of 2001 to collect long-term meteorological and
oceanographic time series (Kirincich 2021). The resulting
17-yr time series of current profiles, meteorological forcing,
surface gravity wave characteristics, and seawater density
provide a rare opportunity to examine the characteristics
and dynamics of annual and interannual current variability
at an inner-shelf site. Previous observational studies focus-
ing on daily time scales have found that cross-shelf circula-
tions at this site are primarily driven by surface gravity waves
(Lentz et al. 2008) and cross-shelf winds (Fewings et al. 2008;
~ @ Denotes content that is immediately available upon publica- o witz and Lentz 2014). This study will show that surface
tion as open aceess. gravity waves (section 4a) and cross-shelf winds (section 4d)

drive cross-shelf circulations at longer time scales in a manner

Corresponding author: S. J. Lentz, slentz@whoi.edu consistent with these previous studies. However, the dominant

In classical coastal upwelling, along-shelf winds drive an
offshore transport in the surface boundary layer and because
of the coastal boundary, there is a compensating onshore and
upward transport of subsurface water (Ekman 1905; Smith
1981; Brink 2016). Wind-driven coastal upwelling regions are
among the most productive areas in the global ocean due to
the upwelling of nutrient-rich subsurface waters into the eu-
photic zone (e.g., Falkowski et al. 1998). Observations are
presented here of a different type of persistent coastal up-
welling driven, not by wind stress, but by cross-shelf density
(buoyancy) gradients. In a steady, linear, rotating system with-
out turbulent stresses, a cross-shelf density gradient would be
in geostrophic, thermal-wind balance with the vertical shear in
the along-shelf current. Turbulent stresses allow a partial re-
lease of the cross-shelf buoyancy force that drives a cross-shelf
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FIG. 1. Cross-shelf section extending 5 km offshore showing aver-
age summer (April-September) density structure during SWWIM
and the average summer cross-shelf current profile (depth depen-
dent) from the 17-yr ADCP time series at the 12-m site. Black dots
indicate temperature—conductivity sensor positions. Densities from
the 27-m site, 11 km offshore, are used in contours but are not
shown.

cross-shelf circulation at monthly time scales is a remarkably
consistent turbulent thermal-wind (buoyancy)-driven coastal
upwelling that is strongest in summer when wind and surface
gravity wave forcing are weakest (sections 4b and 4c).

2. Turbulent thermal-wind balance

In a geostrophic flow with a lateral (cross shelf) density gra-
dient, the thermal-wind balance

—far=52 M

is between the Coriolis force associated with the vertical shear
in the along-shelf current v and the buoyancy force associated
with the cross-shelf density gradient dp/dx. Here z is positive
upward, x is positive offshore (Fig. 2), fis the Coriolis frequency,
g is gravitational acceleration, and p,, is a reference density.

The thermal-wind balance is steady, linear, and inviscid;
there are no turbulent stresses. However, over shallow inner
shelves, turbulent stresses often extend throughout the water
column (e.g., Kirincich 2013). To illustrate the key features
of a turbulent thermal-wind balance, consider steady, linear
dynamics with no along-shelf variations and assume there is a
cross-shelf density gradient that is independent of depth (e.g.,
Garrett and Loder 1981; Chen and Chen 2017). The cross-shelf
and along-shelf momentum balances are
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FIG. 2. Map of the inner shelf south of Martha’s Vineyard show-
ing 17-yr MVCO 12-m and Air-Sea Interaction Tower (ASIT) sites
(squares), 3-yr SWWIM sites (triangles) where temperature—
conductivity chains were deployed, and the coordinate frame.

Here 7 is the sea level variation and A, is a turbulent eddy
viscosity. If there are no turbulent stresses (A4, = 0), Eq. (2)
reduces to a geostrophic balance that includes the thermal-
wind balance in Eq. (1) and, from Eq. (3), there is no cross-
shelf circulation. If there is no cross-shelf density gradient
(dp/dx = 0), then, for an applied wind stress, Egs. (2) and (3)
reduce to the classic coastal Ekman (1905) response that in-
cludes a barotropic, geostrophic along-shelf current.

Starting from a thermal-wind balance and applying turbu-
lent mixing causes a reduction in the along-shelf current shear
and hence an unbalanced portion of the buoyancy force. This
unbalanced buoyancy force accelerates a cross-shelf circula-
tion until the cross-shelf turbulent stress divergence in Eq. (2)
balances the difference between the two components of the
thermal-wind balance. Equation (3) indicates that there may
be a cross-shelf circulation driven by the turbulent stress diver-
gence associated not only with wind stress and bottom stress,
but also the eddy viscosity acting on the thermal-wind shear.

These features of the response are clearly seen in an ana-
lytic solution to Egs. (2) and (3) forced by an along-shelf wind
stress derived by Chen and Chen (2017). They assume an im-
posed vertically uniform cross-shelf density gradient and eddy vis-
cosity A, = ku-D/6, where k = 0.4 is the von Karman constant,
u« = (|7%/p)" is the shear velocity associated with the wind stress,
and D is the water depth. They also assume that the cross-shelf
velocity is weak and hence does not contribute to the bottom
stress. With these assumptions, the ageostrophic velocity is

. (™™D  gDap
u, tiv, = (PA,, +Ea)
« (1 + i) cosh[(1 + i)z + D)] — cosh[(1 + i)(%)]
2D sinh[(1 + 1)D] ’
4)

where 7% is the along-shelf wind stress, D = y24,/f is the
Ekman depth, Z = z/D, and D = D/D. The first two terms
on the right-hand side are velocity scales associated with the
wind-driven shear and the geostrophic shear, both times the
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water depth. The remaining term (in curly braces) only de-
pends on 7 and D, and determines the vertical structure of
the current and the strength of the Ekman response depend-
ing on whether the water depth D is large or small relative to
the Ekman depth Dg. Note that the along-shelf wind stress
drives a crosswind Ekman circulation and also imposes a tur-
bulent stress that determines the strength of the eddy viscosity
A, and hence the Ekman depth D g. The cross-shelf velocity is
entirely ageostrophic, u = u,, since there is no along-shelf
pressure gradient in this idealized case. If the wind-driven
shear is much larger than the thermal-wind shear, the cross-
shelf circulation is driven by the wind stress and Eq. (4) re-
duces to the classic coastal Ekman response (Ekman 1905). If
the thermal-wind shear is large relative to the wind-driven
shear, then the cross-shelf circulation is driven by the buoy-
ancy force rather than the wind stress. Chen and Chen (2017)
show a great example of this, where a downwelling-favorable
wind, acting on a buoyant coastal current, drives an upwelling
circulation in shallow water because the buoyancy driven
thermal-wind shear exceeds the wind-driven shear and has
the opposite sign. In summary, the three components required
to generate a turbulent-thermal-wind-driven cross-shelf (cross-
isopycnal) circulation are a 1) rotating system, 2) buoyancy
gradient, and 3) turbulent stress.

The notion of a turbulent thermal-wind balance (McWilliams
et al. 2015) goes back at least to the early 1970s when Heaps
(1972) proposed it as an explanation for density currents in the
Irish Sea. A number of subsequent studies examined tidal mixing
fronts in the context of a turbulent thermal-wind balance (e.g.,
James 1978; Loder and Wright 1985) including a comprehensive
theoretical treatment by Garrett and Loder (1981). These
dynamics have also been used to explain the presence of an up-
welling circulation in a buoyant plume driven by downwelling-
favorable winds (Moffat and Lentz 2012; Chen and Chen 2017)
and the cross-frontal circulation in open ocean fronts (e.g., Nagai
et al. 2006; Ponte et al. 2013) and filaments (Gula et al. 2014;
McWilliams et al. 2015).

3. Measurements and analyses
a. Site, measurements, and processing

MVCO includes a cabled underwater node 1.5 km offshore
in 12 m of water that has been operational since August 2001.
At the node there is an RDI broadband acoustic Doppler cur-
rent profiler (ADCP) sampling at 2 Hz, resulting in 20-min
averages of both current profiles and surface gravity wave di-
rectional spectra (available at https://www.whoi.edu/mvco/).
Reliable ADCP current profiles extend from 2.5 to 10 m above
the bottom. There is also a single temperature—conductivity
sensor deployed about 2 m above the bottom on the pedestal
supporting the ADCP.

Surface gravity wave Stokes drift velocity profiles are esti-
mated from the 20-min wave directional spectra following
Kenyon (1969). The directional spectra consist of a single wave
direction at each frequency, that is, no directional spread, and
wave directions are uncertain for wave periods shorter than 3 s.
The MVCO Stokes velocity estimates were compared with
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estimates from a 5-beam ADCP sampling at 4 Hz deployed
nearby for ~5 months in 2014 that provided more accurate esti-
mates of the wave directional spectra, including directional
spread. The wave directional spectra from the MVCO ADCP
underestimate the Stokes velocity by about 25% relative to the
5-beam ADCP because of the lower cutoff frequency but over-
estimate the Stokes velocity by about 40% as a result of not
accounting for directional spread in the spectra. In both
cases the time series are highly correlated. [See Webb and
Fox-Kemper (2015) for a thorough discussion of the chal-
lenges in estimating accurate Stokes velocities from direc-
tional spectra.] Here the Stokes velocity is calculated from
the MVCO wave directional spectra without correcting for
contributions from higher frequencies or wave directional
spread. Lagrangian currents are estimated as the sum of the
estimated Stokes velocities u® and the measured Eulerian
velocities u® from the ADCP (i.e., u” = u5 + u®).
Meteorological measurements have been made at the
MVCO shore mast since 2001 and an Air-Sea Interaction
Tower (ASIT) 2.8 km offshore (Fig. 2) since 2004. Wind
stress at ASIT is estimated from these meteorological
measurements using the Coupled Ocean—Atmosphere Response
Experiment (COARE) 3.5 bulk algorithm (Edson et al. 2013).
Depth-average currents are estimated by transforming the
current profiles to a water-depth normalized uniform grid and
then, for simplicity, averaging the currents without extrapolat-
ing to the surface or bottom. (Results are essentially the same
if currents are linearly extrapolated to the surface and bottom.)
Monthly (calendar) averages are estimated from the 20-min
samples. Currents are detided (Pawlowicz et al. 2002) prior to
estimating monthly averages. Currents and wind stresses are ro-
tated into a coordinate frame aligned with the principal axes of
the monthly depth-average Lagrangian currents. Cross shelf
(x, u) is positive offshore and along shelf (y, v) is positive
eastward (94.5° clockwise from true north) (Fig. 2).

b. Estimation of the cross-shelf density gradient

A key element of the turbulent thermal-wind balance is the
cross-shelf density gradient. Direct measurements of the cross-
shelf density gradient are only available during a 3-yr period
(October 2006-February 2010) during the Stratification, Wind
and Waves on the Inner Shelf field program (SWWIM;
Horwitz and Lentz 2014) when temperature—conductivity
moorings, with typically 2-3-m vertical spacing between sen-
sors, were deployed along a cross-shelf transect in water
depths of 7 m (0.4 km offshore), 12 m (MVCO site, 1.5 km),
17 m (3.8 km), and 27 m (11.1 km) (Fig. 1). Cross-shelf den-
sity gradients spanning the 17-yr time series are estimated
by assuming that density variations over 48-h periods are
primarily driven by the depth-average tidal currents advect-
ing the cross-shelf density gradient past the 12-m site; that
is, dp/at ~ uk ap/ax (e.g., Brink et al. 2009). Daily values of
dp/dx are estimated as the linear regression slope between
the depth-average Lagrangian cross-shelf current uf, and
dp/dt estimated as a finite difference from the 20-min sam-
ples taken 2 m above bottom (mab). The regression analysis
is over 2 days periods that included a half-day overlap with
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Fi1G. 3. Comparison of thermal-wind shear estimated from finite
differences between moored density measurements in 7, 12, and
17 m of water during the 3-yr SWWIM study (x axis) and estimated
from density and cross-shelf velocity measurements at the 12-m
MVCO site as a linear regression slope assuming dp/dt ~ uk ap/ox.

the previous and following day. This analysis resulted in
115 monthly averages (~9.5 yr) estimated from the daily val-
ues. This estimate of dp/dx clearly makes a number of strong
assumptions, notably that, at tidal time scales, vertical mix-
ing, vertical advection, and along-shelf advection of density
are, on average, small relative to cross-shelf advection.

The cross-shelf density gradient estimates are compared with
finite differences between density measurements at the same
depth at the 7- and 17-m (13 months) and the 7- and 12-m
(24 months) SWWIM sites. At daily time scales, the correla-
tion between the SWWIM quasi-centered finite-difference
estimates (7- and 17-m sites) and the 12-m site advective
estimates is 0.54 with a regression slope of 0.90 * 0.19
(95% confidence interval) (Fig. 3, black dots). For monthly
averages, the correlations are 0.86 for the 7-to-17-m differ-
ence and 0.78 for the one-sided 7-to-12-m site difference
(Fig. 3, red circles). The corresponding regression slopes
are 0.74 £ 0.43 and 1.00 £ 0.50, respectively. The advective
estimates reproduce the annual cycle of dp/dx observed
during SWWIM (see section 4c, Fig. 6b). This comparison
indicates that the monthly averaged dp/dx estimates based
on dp/dt ~ uk,dp/ox are reasonable.

¢. Numerical model

To provide further insight into the relationship between the
observations and the turbulent thermal-wind forcing, an un-
stratified, steady, linear one-dimensional numerical model is
used [see Lentz (1995) for a complete description]. The model
solves Egs. (2) and (3) for an applied surface wind stress and
assuming no flow at the bottom. The eddy viscosity depends
on the surface and bottom stresses with a vertical structure
proposed by McWilliams and Huckle (2006) based on results
from a large-eddy simulation model. For the shallow 12-m site
forced by an along-shelf wind stress greater than 0.002 N m 2,
turbulence extends throughout the water column in the model
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and the eddy-viscosity profile is parabolic with a maximum
value at middepth of ku=D/4 (D = 12 m). The model is forced
to have a two-dimensional current structure, which satisfies
the constraint of no cross-shelf transport at the coast and no
along-shelf variations in the currents, by finding the baro-
tropic, cross-shelf pressure gradient that forces the net cross-
shelf transport (depth-average current) to be zero. The model
has 1001 grid points in the vertical with logarithmic spacing
near the boundaries. This model differs from the analytic
model in Eq. (4) [developed by Chen and Chen (2017)] pri-
marily in the inclusion of a more realistic eddy viscosity profile
rather than a vertically uniform eddy viscosity.

The steady model is forced by the daily-averaged wind
stress and does not include the strong tidal currents at MV CO.
Scully et al. (2018) estimated an average z, = 0.0014 m in the
vicinity of MVCO from direct covariance stress estimates that
included tidal currents. In the model, an enhanced hydrody-
namic roughness of z, = 0.055 m is imposed to account for
tidal current and surface gravity wave contributions (Lentz
2022) to bottom stress not explicitly present in the daily aver-
ages. For the turbulent thermal-wind simulations the daily
cross-shelf density gradient is assumed to be vertically uniform
and is imposed as in Eq. (2). The model is diagnostic, at best,
since the cross-shelf density gradient is prescribed and the
model neglects stratification influences on vertical mixing (see
discussion section 5d). The model is only intended to demon-
strate consistency between the proposed dynamics given by
Egs. (2) and (3) and the observations (section 4c).

4. Results

The dependence of the depth-average Eulerian cross-shelf
velocity on the surface-gravity-wave-driven Stokes velocity is
considered in section 4a. The subsequent focus is on the
characteristics of the Lagrangian cross-shelf current pro-
files (section 4b), and the roles of turbulent thermal wind
(section 4c) and cross-shelf wind stress (section 4d) in driv-
ing the depth-dependent cross-shelf circulation. In some cases,
summer (April-September) and winter (October-March) are
examined separately. The 12-m site is intermittently (tidal
time scales) stratified in summer and unstratified, or weakly
stratified in winter.

a. Depth-average cross-shelf currents and surface gravity
wave forcing

Monthly mean depth-average currents at MVCO are
strongly polarized along shelf (Lentz 2022). The depth-averaged
Eulerian cross-shelf current u%, standard deviation (0.3 cm s7h
is one-eighth of the along-shelf current standard deviation
(2.4 cm s™1). At monthly time scales the depth-averaged
Eulerian cross-shelf current is almost always offshore (positive)
and less than 1.5 cm s™!, with a mean of 0.5 cm s™' (Fig. 4a,
blue circles and line). Surface gravity waves are largest in fall
and winter, occasionally exceeding 4 m at the 12-m site. The
surface gravity waves almost always propagate northward
(onshore), with wind waves (periods 4-8 s) over a broad range
of directions (from —60° to 60°T, where T indicates true north)
and swell (periods of 8-20 s) over a narrower range of directions
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FIG. 4. Annual variation of monthly averages of the (a) depth-
average Eulerian and Stokes cross-shelf currents and (b) depth-
average Lagrangian cross-shelf current (positive offshore) at the
MVCO 12-m site. Dots are individual months, and lines are aver-
age annual variation.

(from —30° to 20°T). The resulting depth-averaged cross-shelf
Stokes velocities (u3,) are always onshore at monthly time
scales, with a mean of —0.5 cm s~ ' (Fig. 4a, red line) and
larger magnitudes in winter relative to summer. Depth-average
Stokes cross-shelf velocities are approximately equal in magni-
tude but opposite in direction to the depth-averaged Eulerian
cross-shelf velocities (correlation —0.54; regression slope
—0.79 £ 0.19). Consequently, the depth-averaged Lagrangian
cross-shelf current (ul =uj, +uf) is typically less than
0.5 cm s~! (Fig. 4b) with a mean near zero (0.09 cm s™!)
and a standard deviation of 0.26 cm s~ '. The depth-average
Lagrangian cross-shelf currents are not obviously different
from zero given the uncertainties in the Stokes velocities,
the depth averaging, and the current measurements. In sum-
mary, at monthly time scales there is an offshore depth-average
Eulerian current that is equal in magnitude and opposite in di-
rection to the onshore, depth-average Stokes current, consistent
with previous inner-shelf studies focusing on daily time scales
(Lentz et al. 2008; Kirincich et al. 2009). The following sections
focus on the depth-dependent (depth-average removed),
Lagrangian cross-shelf current profiles.

b. Cross-shelf current profiles

The monthly-averaged, depth-dependent, Lagrangian cross-
shelf current profiles are almost always an upwelling circulation,
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with offshore flow in the upper half of the water column and
onshore flow in the lower half of the water column (Figs. 5
and 6a). Summer (April-September) current profiles are
remarkably consistent both month to month and year to year
(Figs. 5a and 6a).

During the summer, average cross-shelf currents at 3 m
below the surface are offshore at 1.4 cm s~ ' with a standard
deviation of 0.27 cm s~ ! (red symbols and line in Fig. 6a) and
at 3 m above the bottom are onshore at 1.0 cm s~ * with a stan-
dard deviation of 0.17 cm s~ ! (blue symbols and line in Fig. 6a).
The average winter cross-shelf current profile is a weaker
upwelling circulation (one-half of the summer values) but
with a broader range of variability (2 times the summer
standard deviations) (Fig. 5b) and occasional weak down-
welling circulation in November and December (Fig. 6a).
The monthly, depth-dependent part of the Stokes cross-
shelf velocity magnitudes are less than 10% of the depth-
dependent part of the Eulerian cross-shelf velocity magnitudes.
Consequently, the depth-dependent Eulerian current profiles
are similar to the Lagrangian current profiles in both summer
and winter.

c¢. Turbulent thermal-wind-driven cross-shelf circulation

The annual cycle of the cross-shelf circulation is consistent
with turbulent thermal-wind forcing. The three components
of turbulent thermal-wind-driven coastal upwelling (the cross-
shelf circulation, the cross-shelf density gradient, and the ver-
tical shear in the along-shelf current), exhibit similar annual
cycles (Fig. 6). The thermal-wind shear (cross-shelf buoyancy
gradient) is on average weakly negative in January, increasing
in magnitude through the late winter to an approximately
constant maximum of —0.01 s~ ! from April through September
(Fig. 6b). The thermal-wind shear magnitude decreases rapidly
in the fall to near-zero values in November and December,
with small positive values in many years. The vertical shear in
the along-shelf current (Fig. 6¢) and the cross-shelf circulation
(Fig. 6a) exhibit the same pattern. In particular, there is a per-
sistent upwelling circulation throughout the year, except in
November and December when the cross-shelf circulation,
cross-shelf buoyancy gradient, and along-shelf velocity shear
are all weak and occasionally reverse sign. Consistent with a
turbulent thermal-wind balance the along-shelf current shear
is smaller than the thermal-wind shear with a few exceptions
(Fig. 7). The imbalance between these two terms is consistent
with the presence of a persistent upwelling circulation (Fig. 6a)
and a corresponding turbulent stress divergence [Eq. (2)].

The annual cycle of the cross-shelf circulation (Fig. 6a) is
not consistent with along-shelf and cross-shelf wind stresses
that would both force stronger upwelling circulations in the
winter, when monthly wind stresses are consistently eastward
and, on average, weakly offshore (Fig. 8). In summer, both
along-shelf and cross-shelf wind stresses are weak with near
zero monthly means.

Equation (4) indicates that the cross-shelf circulation de-
pends on both the wind-driven turbulent stress and the turbu-
lent stress associated with the geostrophic shear, with the
eddy-viscosity determined by the wind stress. The wind-driven
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FI1G. 5. All monthly Lagrangian cross-shelf current profiles (depth-average removed) for (a) summer (April-September;
82 profiles) and (b) winter (October-March; 90 profiles). Positive currents are offshore.

shear is less than 10% of the geostrophic shear in summer, but
similar in magnitude in winter. Monthly averages of the verti-
cal structure term [curly braces in Eq. (4)] at 3 m below sur-
face range from 0.06 to 0.12 with a mean of 0.09. If one
assumes that the wind-driven shear term is small relative to
the thermal-wind shear and the nondimensional vertical struc-
ture term is approximately constant, the cross-shelf circulation
should be proportional to the thermal-wind shear. Consistent
with these assumptions the observed upwelling circulation is
correlated with the geostrophic shear velocity scale (correla-
tion 0.75 in upper and lower water column] and has roughly
the expected magnitude (Fig. 9, open circles). Removing the
cross-shelf wind-driven response (see following section) in-
creases the correlations to 0.85 (Fig. 9, filled circles).

The diagnostic numerical model described in section 3c
provides additional confirmation that the observed cross-shelf
circulation is due to a turbulent thermal-wind balance. The
model is forced by the observed daily-averaged along-shelf
wind stresses and the estimated daily cross-shelf density gra-
dients are imposed. Monthly averages of the model cross-shelf
currents are correlated with the observed cross-shelf currents
(correlations of ~0.8 in the upper and lower water column)
and have about the same magnitudes (Fig. 10a). Setting the
cross-shelf density gradient to zero in the model results in

cross-shelf currents that are much smaller than the ob-
served cross-shelf currents (Fig. 10b). In contrast, imposing
the estimated cross-shelf density gradient with zero along-
shelf wind stress and an eddy viscosity profile assuming a
constant #? =0.24cms™! results in model cross-shelf cur-
rents that are very similar to both the observations and the
model forced by the observed along-shelf wind stress (Fig. 10c).
(The constant u? is the average from the daily bottom stresses).
The analytic model in Eq. (4) yields similar results but with
slightly stronger cross-shelf circulations than either the diagnos-
tic model or the observations (not shown). The agreement
between Figs. 10a and 10c indicates that at monthly time
scales the along-shelf wind stress does not substantially alter
the monthly cross-shelf current profiles. Comparison of
Figs. 10a and 10b highlights the key result of this study,
that the presence of a cross-shelf density gradient has a
profound impact on exchange across the inner shelf.

To gain further insight into the turbulent thermal-wind re-
sponse, the dependence of the upwelling circulation on the
along-shelf wind stress and cross-shelf density gradient is
examined using the diagnostic model (Fig. 11). For a constant
along-shelf wind stress, the dependence of the cross-shelf
circulation on the thermal-wind shear (cross-shelf density gra-
dient) is nearly linear, with a stronger upwelling circulation
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FIG. 6. Monthly averages of (a) the near-surface (red) and
near-bottom (blue) cross-shelf currents (positive offshore),
(b) the thermal-wind shear associated with the cross-shelf den-
sity gradient [dv®/dz = —(gdp/dx)/(p.f)]. and (c) along-shelf
current shear. Lines indicate average annual variation.

(current at 2 m below the surface) for the weaker summer
wind stress (Fig. 11a), which is consistent with the observed
response (Fig. 9).

In contrast, for a constant cross-shelf density gradient, the
dependence of the cross-shelf circulation on the wind stress is
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FIG. 7. Relationship between monthly thermal-wind shear and
along-shelf current shear.

2915

5
J FM A M J J

A S O N D J

FIG. 8. Monthly averages of the (a) along-shelf (positive eastward)
and (b) cross-shelf (positive offshore) wind stresses. Lines indicate
average annual variation.

not linear (Fig. 11b). If there is no cross-shelf density gradient
(Fig. 11b, black line) the upwelling/downwelling circulation is
symmetric for positive/negative along-shelf wind stresses and
nearly independent of the wind stress for magnitudes greater
than 0.002 N m ™2 This is because the tendency for a stronger
wind stress to drive a stronger cross-shelf circulation is roughly
balanced by the tendency for the enhanced turbulent mixing
(eddy viscosity) associated with the wind stress to decrease the
Ekman response (cross-shelf circulation) in shallow water. A
constant, positive cross-shelf density gradient results in an asym-
metric response to the wind stress, with an enhanced upwelling
circulation for small wind stress magnitudes (Fig. 11b, red and
blue lines). At large wind stress magnitudes, the cross-shelf cir-
culation becomes weakly dependent on the wind stress magni-
tude because of the enhancement of the turbulent mixing (eddy
viscosity). For a larger cross-shelf density gradient (Fig. 11b, red
line), there is an upwelling circulation even when the wind
stress is downwelling favorable, as noted previously (e.g.,
Chen and Chen 2017).

This analysis provides an explanation for why the turbulent
thermal-wind-driven upwelling at MVCO is stronger in sum-
mer than in winter, even though upwelling favorable along-shelf
wind stresses are stronger and more persistent in winter. In
summer, the combination of a larger cross-shelf density gradient
and weaker wind stresses both contribute to drive a stronger up-
welling circulation. In winter, the stronger upwelling-favorable
wind stresses actually reduce the upwelling circulation, in addi-
tion to the weaker cross-shelf density gradient.

d. Cross-shelf circulation driven by cross-shelf wind stress

Previous studies have shown that cross-shelf wind stresses
drive substantial cross-shelf circulations at this site on time
scales of days, with downwind currents in the upper third of
the water column and upwind currents in the lower two-thirds
of the water column (Fewings et al. 2008; Horwitz and Lentz
2014). Theory, numerical modeling, and observations (Tilburg
2003; Lentz and Fewings 2012) indicate that the cross-shelf
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FIG. 9. Observed Lagrangian cross-shelf currents at (a) 9 and
(b) 3 mab vs the geostrophic shear velocity from Eq. (4). The coef-
ficient of 0.09 is the mean value of the real part of the term in curly
braces in Eq. (4). Open circles are complete cross-shelf current,
and filled circles are with cross-shelf wind response removed. The
dashed line has a slope of 1 or —1.

circulation driven by the cross-shelf wind stress scales with u$*,
the cross-shelf component of the shear velocity [/(]75]/p)e’,
where 6 is the orientation of the wind stress]. To determine
whether the cross-shelf wind stress makes an observable con-
tribution to the cross-shelf circulation at monthly time scales,
monthly averaged shear velocities are estimated from the
20-min wind stresses and compared with the cross-shelf veloci-
ties. To isolate the relatively weak response to the cross-shelf
wind stress, the stronger turbulent thermal-wind-driven re-
sponse, discussed in the previous section, is removed using a
linear regression of the cross-shelf density gradient on the
cross-shelf current at each depth (e.g., Fig. 9, open circles).

For comparison with the observations, the model described
in section 3c was run for cross-shelf wind stresses ranging
from 0.02 to 0.12 N m ™2 (no along-shelf wind stress or cross-
shelf density gradient). The model cross-shelf currents scale
with u- so that the profiles essentially collapse onto a single
curve with downwind flow in the upper third of the water col-
umn and opposing upwind flow in the lower two-thirds of the
water column (Fig. 12, model profiles).

At monthly time scales the cross-shelf current fluctuations
are correlated with u$* (e.g., Fig. 12, inset). Correlations are
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FIG. 10. Diagnostic model vs observed cross-shelf current at
3 and 9 mab forced with (a) observed along-shelf wind stress and
cross-shelf density gradient, (b) with observed along-shelf wind
stress but cross-shelf density gradient set to zero, and (c) estimated
cross-shelf density gradient but zero along-shelf wind stress and a
constant #2 based on daily bottom stress.

0.5-0.73 in the lower half of the water column but small in
the vicinity of the zero crossing (as expected). In winter, the
regression slopes between u’” and u$* (Fig. 12, blue circles)
exhibit almost exactly the same vertical structure as the
model profiles (Fig. 12, blue lines). The observed summer
current response to cross-shelf wind stresses (Fig. 12, red
circles) is less sheared than the observed winter response or
the model response, possibly due to the weak onshore winds
(Fig. 8b) reducing the stratification (Fig. 1) (Horwitz and
Lentz 2014). Thus, the cross-shelf wind stress accounts for
some of the variability in the monthly cross-shelf circula-
tion, particularly in winter when the cross-shelf wind stress
variability is larger (Fig. 8b). However, the cross-shelf wind
stress does not account for most of the variance in the
monthly cross-shelf circulation. This is evident in Fig. 9,
where the difference between including (open circles) or ex-
cluding (closed) the cross-shelf wind response is small. The
cross-shelf wind stress primarily leads to a slightly stronger
upwelling circulation in winter due to offshore wind stresses
(Fig. 8b). The anomalously large cross-shelf circulation
(Fig. 9a, largest open circle) was due to exceptionally strong
offshore winds during a sequence of northeaster storms in
March 2018 (Fig. 8b).
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sity gradients and no cross-shelf density gradient. Positive currents are an upwelling circulation. In (b), when the wind
stress is zero, there is no turbulent stress, and consequently the cross-shelf circulation is zero, as noted previously in

discussing Egs. (2) and (3).

5. Discussion
a. Limitations of analyses

The MVCO observations indicate that current variability at
time scales of hours to days tends to conceal the relatively
weak turbulent thermal-wind-driven coastal upwelling circu-
lation that emerges so clearly at monthly time scales (Fig. 5).
For daily averages, the correlation between the observed
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FIG. 12. Linear regression coefficients between u” and u. as a
function of normalized height above the bottom for winter and
summer. Lines are model response for 0.02 = #* = 0.12Nm 2 in
0.01 N m~? increments showing how normalizing by u. collapses
the model output to essentially one line. The inset shows a scatter-
plot of u* vs u. at normalized height of 0.25 for winter (blue) and
summer (red). The 95% confidence intervals for the summer re-
gressions slopes are shown; confidence intervals for the winter
regression slopes are smaller.

cross-shelf circulation (3 m below surface or 3 mab) and the
cross-shelf density gradient estimate is ~0.35 (significant at the
95% confidence level) as compared with 0.75 for monthly
averages. The correlation exceeds 0.5 for time scales of a week
or longer. Inaccuracies in the observations and estimation of
terms, most notably the indirect estimate of the cross-shelf
density gradient (Fig. 3), undoubtedly contribute to the weaker
relationship at daily time scales. Previous studies have shown
that at daily time scales cross-shelf winds (e.g., Fewings et al.
2008; Horwitz and Lentz 2014) and inner-shelf eddies (Kirincich
2016; Kirincich and Lentz 2017) are important at this site and
cross-shelf flows associated with transient rip currents are prob-
ably important closer to the surfzone (e.g., Hally-Rosendahl
et al. 2014). Additionally, buoyancy driven flow will be more
transient, and tides and daily variations in surface heat flux may
be more important (e.g., Ulloa et al. 2018; Grimes et al. 2020).
The dynamics [Egs. (2) and (3)] and the analytic and
diagnostic models are intentionally simple to focus on the
key features of the turbulent thermal-wind response. In the
cross-shelf momentum balance, estimates of du/dt and u du/dx
from the 20-min samples at the 12-m site (using distance to
coast for the cross-shelf gradient) or directly from the SWWIM
moorings are two orders of magnitude smaller than the terms in
Eq. (2) at monthly time scales (an order of magnitude smaller
at daily time scales). Scaling suggests the vdu/dy term is similarly
small unless the along-shelf scale of the cross-shelf velocity gra-
dient is much less than 1 km. In contrast to the cross-shelf mo-
mentum balance, some of the neglected terms in the along-shelf
momentum balance are not small. At monthly time scales, the
along-shelf acceleration dv/dt is negligible and the nonlinear
terms udv/dx and vyv/dx are ~10% of the terms in Eq. (3)
(Lentz 2022). However, the along-shelf pressure gradient term
(estimated from tide gauges along the southern New England
shelf) is as large as the terms in Eq. (3), and the along-shelf
density gradient contribution to the pressure gradient may be
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significant in summer (Lentz 2022). Including the along-shelf
pressure gradient estimate [from Lentz (2022)] in the diagnos-
tic model slightly improves the correlation between the model
and the observed cross-shelf velocities—from 0.79 to 0.82 at
3 mab and from 0.82 to 0.85 at 3 m below the surface. These
results provide further support for the idea that the cross-shelf
circulation at monthly time scales is dominated by turbulent
thermal-wind-driven upwelling (e.g., Fig. 10).

A key element of turbulent thermal-wind-driven upwelling
that is not addressed in this study is the feedback between the
upwelling circulation, the turbulent mixing, and the cross-
shelf buoyancy (density) gradient that drives the upwelling
circulation. It is clear in Fig. 1 that the upwelling circulation,
in the absence of surface heating, would tend to reduce the
cross-shelf density gradient, which, in turn, would reduce the
upwelling circulation. As noted above, the offshore heat flux
associated with the summer upwelling circulation tends to bal-
ance the incoming surface heat flux (Fewings and Lentz
2011). This suggests an equilibrium where the thermal-wind-
driven upwelling circulation is just large enough to maintain a
constant cross-shelf density gradient given the surface heat
flux and/or the along-shelf freshwater flux. Such an equilib-
rium would depend not only on the buoyancy flux and inner-
shelf geometry but also the turbulent stresses that are influ-
enced by the density field. The remarkable consistency of the
summer cross-shelf current profiles (Fig. 5a) suggests a robust
equilibrium. Numerical model simulations are needed to de-
termine if such an equilibrium exists and the characteristics of
the feedback between the turbulence and the buoyancy forcing.

b. Sources of cross-shelf density gradient and
turbulent stresses

The key elements in turbulent thermal-wind-driven coastal
upwelling (or downwelling) are the cross-shelf density gradi-
ent that provides the buoyancy force that drives the cross-
shelf circulation and turbulent stresses that allow release of
the buoyancy force that would otherwise be in thermal-wind
balance with the Coriolis force associated with the along-shelf
velocity shear.

In the presence of strong surface heating or cooling cross-
shelf temperature (and hence density) gradients may develop
because of the order one variations in water depth across the
inner shelf. The estimated cross-shelf temperature gradient at
MVCO exhibits a seasonal cycle consistent with the surface
heat flux and the decrease in water depth across the inner
shelf. In summer (April-September), water temperatures in-
crease toward shore (Fig. 13, blue circles), as expected for the
strong surface heating in summer at this location (Fewings
and Lentz 2011). In winter, water temperatures decrease to-
ward shore as expected given the strong surface cooling
(Connolly and Lentz 2014). The correlation between the
cross-shelf temperature gradient and the surface heat flux is
—0.9, primarily due to the annual cycle. The seasonal varia-
tion in the cross-shelf temperature gradient at MVCO is
probably typical of many inner shelves with large seasonal
variations in surface heat flux.
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F1G. 13. The annual variation in estimates of the monthly cross-
shelf temperature and salinity gradient contributions to the thermal-
wind shear (see Fig. 6b for total).

In coastal regions with significant runoff, buoyant coastal
currents are common over inner shelves and salinities typically
decreases toward shore (e.g., Horner-Devine et al. 2015). This
is the case at MVCO, where the cross-shelf salinity gradient is
almost always positive with fresher (less dense) water nearer
the coast (Fig. 13, red circles). The cross-shelf salinity gradient
is relatively small in summer and larger in winter. The cause of
this seasonal variation in the salinity gradient across the inner
shelf is unclear (though see section 5c).

At MVCO the cross-shelf density gradient in summer (Figs. 1
and 6b) is almost entirely due to the cross-shelf temperature
gradient (Fig. 13). In winter (October-December), the tempera-
ture and salinity gradients make similar contributions to the
cross-shelf density gradient but typically have opposite signs,
with salinity tending to dominate so that the cross-shelf density
gradient generally remains positive (Fig. 6b). As discussed
above, there is the potential for feedback that is not addressed
in this study as the turbulent thermal-wind-driven upwelling
circulation that is stronger in summer will impact both the
cross-shelf temperature and salinity gradients.

Inner shelves are often defined as the region where surface
and bottom boundary layers merge and hence turbulent stresses
extend throughout the water column (e.g., Lentz and Fewings
2012). At MVCO winds and tidal currents tend to dominate
the turbulent stresses that extend through the water column
(Kirincich 2013). Tidal currents are particularly strong in this re-
gion (Shearman and Lentz 2004; He and Wilkin 2006; Kirincich
et al. 2013) with along-shelf current magnitudes of 0.3 m s~ ! at
the 12-m site (Fewings et al. 2008). The strong tidal currents re-
sult in substantial bottom stresses (Scully et al. 2018) and turbu-
lent stresses extending throughout most of the water column
(Kirincich 2013). Wind stresses, particularly in winter, also drive
substantial currents (Fewings et al. 2008; Horwitz and Lentz
2014) and turbulent stresses (Kirincich 2013). Bottom stresses
are enhanced by surface gravity waves because there can be
strong wave-orbital velocities near the bottom at this shallow
site (Fewings and Lentz 2010; Scully et al. 2018; Lentz 2022).
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Surface gravity waves also contribute to turbulence at the
MVCO site through both wave breaking and Langmuir turbu-
lence (Gerbi et al. 2009; Kukulka et al. 2011).

c¢. Impact of turbulent thermal wind on coastal upwelling

For the turbulent thermal-wind-driven upwelling in summer
(Fig. 1), the flushing time for the volume onshore of the 12-m
site is 2.5 days. (Flushing time is defined as cross-sectional area
onshore of the 12-m site divided by the mean summer offshore
transport seen in Fig. 1.) A consequence of this relatively short
flushing time, in comparison with monthly time scales, is that
the offshore heat flux associated with this upwelling circulation
tends to balance the incoming surface heat flux in summer
keeping the inner shelf at MVCO much cooler than it would
be otherwise (Fewings and Lentz 2011). It also seems plausible
that the reduced cross-shelf salinity gradient in summer is due
to the persistent upwelling circulation. Salinities at MVCO are
consistently lowest in July, presumably as a result of spring
runoff from farther north. In the absence of any cross-shelf cir-
culation, one might expect the cross-shelf salinity gradient to
be largest when the salinity is lowest, which is opposite to what
is observed.

Fewings and Lentz (2011) also note that there must be sub-
stantial advective cooling inshore of the 30-m isobath
throughout the entire Middle Atlantic Bight (MAB) during
the spring and early summer to account for the small increase
in water temperature relative to the expected increase due to
the surface heat flux. It seems plausible, if not likely, that tur-
bulent thermal-wind-driven coastal upwelling contributes to
the required advective cooling throughout the MAB. While
direct evidence in support of this hypothesis is lacking at pre-
sent, there is a mean upwelling circulation on the New Jersey
inner shelf (LEO-15 site) that is nearly identical to the mean
upwelling circulation at MVCO (Fig. 6a in Lentz 2008). At
monthly time scales, there is also a persistent upwelling circu-
lation over the inner shelf near the mouth of Long Island
Sound (Ullman and Codiga 2004), although it is unclear
whether this is due to a turbulent thermal-wind balance given
the complexity of the flow in this region.

The persistent upwelling circulation may be an important
source of nutrients to near-surface waters over the inner shelf.
However, this clearly depends on whether the turbulent ther-
mal driven upwelling extends deep enough to provide a signif-
icant nutrient flux. The persistence and consistency of the
upwelling circulation also provides an extremely reliable
mechanism for larval transport across the inner shelf in the
vicinity of MVCO.

A key set of questions that are not addressed in this study
is how turbulent thermal-wind-driven upwelling over the in-
ner shelf impacts and is impacted by the stratified midshelf
offshore and the more energetic surfzone onshore. Turbulent
thermal-wind-driven coastal upwelling should be limited to
the inner shelf where turbulent mixing extends throughout
the water column. How far offshore this coastal upwelling
extends is an important, unresolved question. The analyses
of Fewings and Lentz (2011) suggest it may be limited to on-
shore of about the 30-m isobath, at least in the Middle
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Atlantic Bight. Recent studies have demonstrated the impor-
tance of surfzone eddies and transient rip currents to exchange
between the surfzone and the inner shelf (e.g., Clark et al.
2011; Hally-Rosendahl et al. 2014; Kumar and Feddersen
2017a). It is unclear how transient rip currents impact the de-
velopment of turbulent thermal-wind-driven exchange near
the surfzone and how these two processes interact to deter-
mine exchange between the surfzone and the inner shelf. This
is particularly interesting because modeling studies of transient
rip current exchange with a stratified inner shelf have shown
the development of a thermal-wind balance offshore of the
surfzone (Kumar and Feddersen 2017b).

6. Summary

Seventeen years of current profiles in 12 m of water from
the Martha’s Vineyard Coastal Observatory provide a rare
opportunity to examine the characteristics and dynamics of
the cross-shelf circulation over an inner shelf. There is a
depth-average offshore transport that is roughly equal in mag-
nitude but opposite in direction to the onshore Stokes trans-
port (Fig. 4), consistent with previous studies focusing on daily
time scales (e.g., Lentz et al. 2008). Cross-shelf wind stresses
also force significant cross-shelf circulations (Fig. 12), particu-
larly in winter, again consistent with previous studies focusing
on daily time scales (Fewings et al. 2008; Horwitz and Lentz
2014). However, the dominant cross-shelf circulation is a re-
markably consistent upwelling circulation at monthly and lon-
ger time scales, which is not obvious at shorter time scales.
During the summer months (April-September), the mean
Lagrangian cross-shelf current (depth-average removed) is
~1 ecm s™! offshore at 3 m below the surface and 1 cm s~
onshore flow at 3 m above the bottom (Figs. 1, 5a, and 6a).
At monthly time scales both interannual and intraseasonal
variations from the mean summer upwelling circulation are
small, standard deviations of 0.2 cm s~ ! or less at all depths.
In winter (October-March), the mean Lagrangian upwelling
circulation is weaker, about half the summer magnitude, but
the variations are larger with occasionally a weak downwelling
circulation in November and December (Figs. 5b and 6a). A
small fraction of the month-to-month variability in the cross-
shelf circulation, particularly in winter, is driven by cross-shelf
wind stresses (Fig. 9).

The persistent upwelling circulation, the annual cycle, and
most of the month-to-month variability is not wind-driven and
seems inconsistent with the mean westward (downwelling-
favorable) along-shelf current at this site (note isopycnals
tilting downward toward coast in Fig. 1). The observed up-
welling circulation is driven by the buoyancy force associ-
ated with a cross-shelf density gradient with lighter water
near the coast. The density gradient is primarily due to tem-
perature in summer when strong surface heating warms
shallower nearshore water more than deeper offshore water
(Fig. 13). In winter, there is a stronger salinity gradient with
fresher water near the coast that tends to be larger than the
opposing temperature gradient contribution to density caused
by surface cooling. In the absence of turbulent stresses,
the cross-shelf density gradient would be in a geostrophic,
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thermal-wind balance with the vertical shear in the along-
shelf current. However, turbulent stresses over the inner
shelf due to tidal currents and wind stress cause a partial
breakdown of the thermal-wind balance (Figs. 6b,c and 7).
The resulting net buoyancy force drives an upwelling cir-
culation with lighter water flowing offshore in the upper
half of the water column and denser water flowing onshore
in the lower half of the water column (Fig. 1). The key re-
sult of this study is that the presence of a cross-shelf den-
sity gradient can have a profound impact on exchange
across the inner shelf (Fig. 10). Most inner shelves are
characterized by cross-shelf density gradients with lighter
water near the coast and turbulent stresses suggesting tur-
bulent thermal-wind-driven coastal upwelling (or down-
welling) may be a broadly important cross-shelf exchange
mechanism.
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