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[1] The subtidal, depth‐average momentum balances in 12 m and 27 m water depth
are investigated using observations from 2001 to 2007 of water velocity, temperature,
and density; bottom pressure; surface gravity waves; and wind stress. In the fluctuating
across‐shelf momentum budget, the dominant terms are surface wind stress, pressure
gradient, and Coriolis acceleration. The balance is a combination of (1) the geostrophic
balance expected at midshelf sites and (2) the coastal setup and setdown balance driven by
the across‐shelf wind stress expected where surface and bottom boundary layers overlap.
At the 12 m site, the estimated wave radiation stress gradient due to surface gravity wave
shoaling is also large but is uncorrelated with the observed pressure gradient. A simple
model suggests the wave radiation stress gradient is balanced by an across‐shelf pressure
gradient with a spatial scale too small to resolve with this mooring array. In
the fluctuating along‐shelf momentum balance, the dominant terms are surface wind stress,
pressure gradient, and bottom stress at the shallower site, but the other estimated terms
are not negligible. Our results support the Grant and Madsen (1986) formulation for
wave‐induced bottom stress. The fluctuating along‐shelf pressure gradient is mainly a
local sea level response to wind forcing, not a remotely generated pressure gradient.
A strong correlation between along‐shelf velocity and along‐shelf wind stress at the
shallower site is captured by a simple steady model of imbalance between wind stress and
pressure gradient balanced by linear bottom drag.

Citation: Fewings, M. R., and S. J. Lentz (2010), Momentum balances on the inner continental shelf at Martha’s Vineyard
Coastal Observatory, J. Geophys. Res., 115, C12023, doi:10.1029/2009JC005578.

1. Momentum Balances on the Continental Shelf

[2] The inner continental shelf, where the water is tens of
meters deep, is a transition region between the surfzone and
themidshelf. The surfzone is where breaking waves dominate
the dynamics. Themidshelf is where the frictional surface and
bottom boundary layers are well separated and thin relative to
the water depth, and an interior geostrophic region exists. In
the inner shelf transition region, the momentum balance may
contain elements of both the surfzone balance and the mid-
shelf balance. The inner shelf has been defined as the region
outside the surfzone where the surface and bottom boundary
layers overlap [Lentz, 1995], where the boundary layers interact
[Li andWeisberg, 1999b], or where the boundary layers occupy
a substantial fraction of the water column and a cross‐shelf
divergence in the Ekman layer transports exists [Weisberg
et al., 2001].

[3] The across‐shelf momentum balance over the inner
shelf can be a complex superposition of three balances. The
first, a geostrophic balance between the Coriolis acceleration
and the across‐shelf pressure gradient, tends to dominate the
across‐shelf momentum balance farther offshore, at midshelf
[Allen and Kundu, 1978; Brown et al., 1985, 1987; Thompson
and Pugh, 1986; Noble and Butman, 1983; Lee et al., 1984,
1989; Lentz et al., 1999; Shearman and Lentz, 2003; Liu and
Weisberg, 2005]. The second, a wave setup balance between
the wave radiation stress divergence and the across‐shelf
pressure gradient, tends to dominate farther onshore, in the
surfzone [Longuet‐Higgins and Stewart, 1964; Bowen et al.,
1968; Lentz and Raubenheimer, 1999; Raubenheimer et al.,
2001]. Both those balances can be important over the inner
shelf [Lentz et al., 1999]. The third, a coastal setup or setdown
balance between the across‐shelf wind stress and the across‐
shelf pressure gradient, has also been shown to be important,
both observationally [Blanton, 1981; Lee et al., 1989; Lentz
et al., 1999; Liu and Weisberg, 2005] and in numerical
modeling studies [Li and Weisberg, 1999a, 1999b; Tilburg,
2003] due to the shallowness of the water, relative to the
surface and bottom boundary layer thicknesses. In the surface
and bottom boundary layers, vertical stress divergences due to
wind and bottom stress are dominant terms in the
momentum balance; over the inner shelf, those boundary
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layers often fill the entire water column. Each of the three
balances is between the across‐shelf pressure gradient and
a different other term. The dynamics of the inner shelf are
complicated because the across‐shelf pressure gradient may
be simultaneously balanced by one, two, or all three of those
other terms [e.g., Lentz et al., 1999].
[4] The along‐shelf momentum balance over the inner

shelf may be simpler than at midshelf, where the Coriolis,
wind stress, bottom stress, acceleration, and pressure gradient
terms can all be important [Allen and Smith, 1981; Lentz and
Winant, 1986; Lee et al., 1984, 1989]. Over the inner shelf,
the balance tends to be between three terms: along‐shelf
wind stress and bottom stress and pressure gradient [Scott
and Csanady, 1976; Pettigrew, 1981; Lentz and Winant,

1986; Masse, 1988; Lee et al., 1989; Lentz, 1994]. In the
surfzone, the wave radiation stress gradient becomes a
dominant term and is balanced by bottom stress [Thornton
and Guza, 1986; Svendsen and Putrevu, 1994; Feddersen
et al., 1998; Lentz et al., 1999]. Few previous studies have
considered wave radiation stress over the inner shelf [Lentz
et al., 1999].
[5] Here, terms in the across‐shelf and along‐shelf depth‐

average momentum budgets are estimated at sites in 12 and
27 m water depth near the Martha’s Vineyard Coastal Obser-
vatory (MVCO) in Massachusetts to determine the dominant
dynamical balances in the water column over the continental
shelf. Under the typical wind and stratification conditions for
this area, estimated surface boundary layer thicknesses indi-
cate the MVCO site is dynamically within the inner shelf
[Fewings et al., 2008]. The regional circulation has been
described by, e.g., Beardsley et al. [1985]. Our previous
studies at MVCO describe the cross‐shelf circulation driven
by surface gravity waves [Lentz et al., 2008] and across‐
shelf wind [Fewings et al., 2008]. Below, section 2 describes
the observations. Section 3 presents the momentum bal-
ance equations and explains how we estimated the terms.
Section 4.1 describes the dominant across‐shelf balances,
in which the pressure gradient, across‐shelf wind, Coriolis,
and wave radiation stress gradient terms are all important.
Section 4.2 describes the dominant along‐shelf balances,
which involve the pressure gradient, along‐shelf wind stress,
bottom stress, and Coriolis terms, though the acceleration
term is not completely negligible either. In section 5 we dis-
cuss the expected form of the across‐shelf sea level slope
during wind forcing, wave forcing, and geostrophic balance;
compare the relative sizes of the across‐ and along‐shelf
pressure gradients; examine the dynamics behind a strong
correlation of along‐shelf wind and along‐shelf flow; and
examine which wind angle gives the strongest response in
along‐shelf flow. In section 6 we summarize the main results
and give some recommendations for future studies.

2. Observations

[6] The data are from four sources. The first data set is the
Martha’s Vineyard Coastal Observatory time series of water
velocity, wind velocity, and water column bottom pressure,
which extends from 2001 to 2007 at the 12 m Node site
(Figure 1). The second data set is the Coupled Boundary
Layers Air‐Sea Transfer in Low Winds (CBLAST‐Low)
measurements from July to October 2003 of water temper-
ature, velocity, salinity, and, bottom pressure. The third data
set is from the Stratification, Wind and Waves on the Inner
Shelf at MVCO (SWWIM I) experiment, which included
measurements of water velocity, temperature, salinity, and
bottom pressure during December 2004 to May 2005. The
second and third data sets include measurements at the Node
and site F on the 27 m isobath, and are described in more
detail byFewings [2007] and Fewings et al. [2008]. The fourth
data set is a time series of bottom pressure measurements on
the 19 m isobath obtained in June–August during CBLAST
2001. The mooring locations are shown in Figure 1. Mea-
surements are available of the along‐shelf pressure gradient
mainly in summer, during June–August 2001 and July–October
2003; and of the across‐shelf pressure gradient during July–
October 2003 and December 2004 to May 2005. For brevity

Figure 1. (top) Location of study area. The Middle Atlantic
Bight extends fromCape Cod south to Cape Hatteras. Isobaths
are shown in increments of 20 m (i.e., the 20, 40, and 60 m
isobaths). (bottom) Study area. Isobaths are labeled in m.
Solid circles are MVCO Node and mooring F from CBLAST
2003 and SWWIM I. Triangles are moorings T1 and T2,
deployed during CBLAST 2003 only. Open circle is MVCO
air‐sea interaction tower (ASIT). Squares on land are MVCO
meteorological masts. Squares (“bp”) near 20 m isobath is
bottom pressure measurements in 2001.
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we focus on times when pressure gradient estimates are
available, although the other terms estimated from the
MVCO time series are available from 2001 to 2007 and
those data are included in analyses that do not involve the
pressure gradient. The time resolution of all the data used
here is 20 min, though the sampling rate of most instruments
was substantially faster (for details, see Fewings [2007]).

3. Calculation of Momentum Budget Terms
From Observations

[7] The depth‐averaged across‐shelf momentum balance
equation, following Lentz et al. [1999] but neglecting non-
linear advection and including the Hasselmann [1970] wave
stress term, is
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and the along‐shelf momentum equation is
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where all variables are averaged over many wave periods,
u = (u, v) is the horizontal velocity vector, z = 0 is the mean
water level over each deployment, z = −h(x) is the bottom,
an overbar indicates depth average, f is the Coriolis parame-
ter, r0 is the density of seawater, p is pressure, ust = (ust, vst)
is the Stokes drift velocity [Stokes, 1847], ts,b are the surface
(wind) and bottom stresses, and ∂Sxx/∂x and similar terms are
the wave radiation stresses [e.g., Longuet‐Higgins and Stewart,
1964]. The derivation of the Hasselmann [1970] wave radi-
ation stress terms ( f vst and f ust) that are due to the interaction
of surface gravity waves with Earth’s rotation is given by,
e.g., Xu and Bowen [1994].
[8] All the momentum budget terms estimated below are

low‐pass filtered with a (33 h)−1 cutoff to remove tidal and
other high‐frequency variations (for details, see Fewings
[2007]). The coordinate system at each mooring is based
on the principal axis directions of the subtidal (i.e., low‐pass
filtered) depth‐average velocity, with x positive offshore and
y positive along‐shelf eastward (Figure 1).
[9] Wind stress was calculated using the Smith [1988]

bulk formula and adjusted as described by Appendix A of
Fewings [2007]. For the acceleration, Coriolis, and other
terms, we used centered differences to calculate derivatives
and a constant value to extrapolate vertically to the surface
and bottom; the results presented here do not change sub-
stantially if a linear extrapolation is used instead. We used the
National Geophysical Data Center high‐resolution bathym-
etry (http://www.ngdc.noaa.gov) interpolated onto a 50 m
grid for h(x).

3.1. Bottom Stress

[10] To estimate bottom stress at each site we used a qua-
dratic drag formula

tb ¼ ��0Cd jub j ub; ð3Þ

where ub is the observed velocity 3m above bottom. The drag
coefficient Cd = 1.45 × 10−3 was estimated at the 12 m site
from comparison of the unfiltered ub with a stress estimate
based on turbulent covariance measurements [Lentz, 2008,
Figure B1; J. Trowbridge, personal communication, 2006].
Direct covariance stress estimates from the Node ADCP also
yield Cd ∼ 1.5 × 10−3 [Kirincich et al., 2010]. We used the
same Cd for the 27 m site.
[11] Wave‐current interactions are thought to enhance bot-

tom stress in water depths O(10 m) [e.g., Grant and Madsen,
1979]. To test the hypothesis that wave‐enhanced bottom
friction would improve closure of the momentum budget at
the 12 m site, we estimated a bottom stress tb,GM using the
Grant and Madsen [1986] formulation, with a roughness
height z0 = 1.2 × 10−4 m derived from the same turbulent
covariance measurements (J. Trowbridge, personal commu-
nication, 2006). We refer to this as the GM bottom stress.

3.2. Pressure Gradients

[12] The pressure gradient terms in equations (1) and (2)
can be written as the sum of (1) the gradient of bottom
pressure pb and (2) a term due to density variations [Brown
et al., 1985]; for the across‐shelf direction
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where we assume h � h, and similarly for the along‐shelf
equation. The mean bottom pressure gradient is not accu-
rately known from the observations, so we remove the mean
measured bottom pressure gradient from each deployment
and consider only time variations about the mean, following
previous studies [e.g., Brown et al., 1985; Lentz et al., 1999].
[13] To estimate the along‐shelf bottom pressure and den-

sity gradients, during CBLAST 2003 we used moorings T1
and T2 on the 15 m isobath (Figure 1). The middepth tem-
perature and near‐bottom conductivity sensors failed on T1
so only the near‐surface density gradient is available. During
CBLAST 2001, we used the sensors labeled “bp” in Figure 1
when available, and a third sensor deployed ∼15 km farther
east on the same isobath (not shown) to fill in the bottom
pressure gradient during times when bottom pressure from
the eastern bp sensor was not available. The along‐shelf
pressure gradient measured between the sensors farther apart
was similar to, but smaller in magnitude than, the gradient
between the bp sensors.
[14] To estimate the across‐shelf bottom pressure gradient

and across‐shelf density gradient during CBLAST 2003 and
SWWIM I, we used the Node and F moorings. Density
information was available throughout the water column at
the Node and F during CBLAST 2003, and at F and near
surface at the Node during SWWIM I.
[15] The density contribution to the pressure gradient

was only 3–6% of the gradient of bottom pressure, in both
the along‐shelf and across‐shelf directions, as measured
by the standard deviations on subtidal time scales of the
terms on the right‐hand side of equation (4) and the equiv-
alent terms for the along‐shelf direction [see also Fewings,
2007, Figure 3‐2]. This is in contrast to midshelf [Lentz
et al., 1999; Shearman and Lentz, 2003] and an inner
shelf site influenced by a river outflow plume [Lentz et al.,
1999] where the baroclinic pressure gradient can be the
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same size as the barotropic pressure gradient. Consequently,
we used the bottom pressure gradient to represent the full
pressure gradient when density measurements were not
available.

3.3. Wave Terms

[16] Typical significant wave heights at MVCO are 0.5–3 m
(Figure 2), and dominant wave periods are 4–10 s. We esti-
mated f ust from the Stokes drift [Longuet‐Higgins, 1953] as

f ustðtÞ ¼ f
gH2

sig

16ch
k̂; ð5Þ

where c is the wave phase speed and k̂ is a unit wave vector.
[17] We estimated Sxx from Longuet‐Higgins and Stewart

[1964] as

Sxx ¼ E
cg
c

1þ cos2 �w
� �� 1

2

� �
; ð6Þ

where E = gr0Hsig
2 /16 is the wave energy; cg is the magni-

tude of the group velocity; and �w is the direction of wave
propagation, measured counterclockwise from the +x direc-
tion, so �w = 180° for waves going directly onshore.
[18] To calculate c and cg, we used the observed dominant

wave period and linear wave theory. We used conservation
of wave energy flux cgE, assuming no dissipation of surface
gravity wave energy, and Snell’s law to estimate Hsig and
�w on the 11 and 13 m isobaths from Hsig and �w observed at
the 12 m isobath. To calculate the across‐shelf gradient of
Sxx, we estimated Sxx on the 11 and 13 m isobaths and used
a finite difference approximation.
[19] We assume Sx

yx is negligible since the MVCO Node
site is always outside the surfzone [Lentz et al., 2008] and
we are assuming no wave dissipation. Sy

xy and Sy
yy cannot be

estimated from these observations.

4. Observed Momentum Balances

4.1. Across‐Shelf Momentum Budget

[20] To measure the size of each term in the fluctuating
momentum budget, we used the standard deviation on sub-
tidal time scales. In the across‐shelf budget, the dominant
terms are the wind stress, pressure gradient, and Coriolis
acceleration (Figure 2 and Table 1). The other terms are an
order of magnitude smaller, except the wave radiation stress
gradient at the 12 m site (addressed below). The same four
terms dominated in an observed momentum budget at 13 m
depth on the North Carolina inner shelf [Lentz et al., 1999].
The across‐shelf wind stress and wave radiation stress terms
are smaller at the 27 m site than at the 12 m site due to the
dependence of those terms on h−1. Below, we focus on the
dominant fluctuating terms.
[21] To determine which terms in the momentum budget

balance each other, we calculated correlation coefficients
between the pressure gradient and the other dominant terms
(Table 2). We averaged each term over the 12 and 27 m sites
because the pressure gradient estimate is most appropriate
for the point midway between those sites. The across‐shelf
pressure gradient is balanced by both wind stress and Coriolis
acceleration: that combination of terms gives the highest cor-

relation (Table 2 and Figures 2e and 3). Adding other terms to
the combinations shown in Table 2 does not improve the
correlation.
[22] In spite of the large size of the estimated wave radia-

tion stress gradient at the 12 m site (Table 1), it is not sig-
nificantly correlated with the estimated across‐shelf pressure
gradient (Figures 2d and 2e). Either (1) the estimated wave
radiation stress gradient is an overestimate or (2) the across‐
shelf pressure gradient is an underestimate of the true gra-
dient at the 12 m site during wave forcing. A simple model
(section 5.1) indicates the pressure gradient due to wave‐
driven set down likely exists over a small across‐shelf scale
and is not resolved by these observations, supporting the
point 2. Compared to the wave forcing, the wind forcing and
Coriolis acceleration have larger cross‐shelf scales and are
resolved by the pressure sensors. We do not include the wave
radiation stress term in the closure analysis below.
[23] To test whether the momentum budget closes, we

calculated the regression slope between the dominant terms,
again averaging over the 12 and 27 m sites (Table 2). The
slope of wind stress plus Coriolis acceleration versus pressure
gradient is equal to 1 within the uncertainty of the measure-
ments. The fluctuating across‐shelf momentum budget does
close with only those three terms (Figures 2e and 3).
[24] Since this is a linear balance, it is convenient to think

of the pressure gradient as the linear combination of three
pressure gradients, each generated in response to a different
term (Coriolis, wind stress, and wave radiation stress gradient).
These observations capture the first two pressure gradients.
Then the across‐shelf momentum balance is the superposition
of two or three separate balances: geostrophic balance (Fig-
ure 4a), coastal setup driven by the cross‐shelf wind stress
(Figure 4b), and possibly wave setdown outside the surfzone
due to the wave radiation stress gradient associated with
shoaling waves (Figure 4c).
[25] Although the bottom stress is not a dominant term (its

magnitude is ∼10–20% of the wind stress), the wind stress
and bottom stress are significantly negatively correlated at
both the 12 and 27 m sites. The strong inverse relation
between ts

x and tb
x at the 12 m site (correlation coefficient

r = −0.7, with or without GM bottom stress) is consistent
with a two‐layer across‐shelf flow structure driven by across‐
shelf wind forcing observed at that site [Fewings et al., 2008].
When the wind is directed offshore, the near‐surface flow is
offshore and there is an onshore return flow near the bottom,
leading to a negative value for tb

x.
[26] In the time‐mean budget, the wind stress is near zero

(Table 1). At the 12 m site, the wave radiation stress term is
largest, followed by Coriolis acceleration. At the 27 m site,
the Coriolis term is largest. Though the mean sea level
gradient cannot be accurately measured, the residual can be
interpreted as due to the mean across‐shelf sea level gradi-
ent. The observed residual (including all terms) combined
with the hydrostatic relation indicates the mean sea level
gradient ∂h/∂x is 0–3 × 10−7 at the 12 m site (depending on
whether times with no pressure gradient measurements are
included) and ∼ −5 × 10−7 at the 27 m site. This is consistent
with sea level decreasing from the 12 m site toward shore due
to a wave setdown balance dominating over geostrophy, and
sea level decreasing from the 27 m site toward deeper water
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Figure 2. (a–e) Dominant terms in subtidal across‐shelf momentum budget during SWWIM I (2004–2005)
and (c) unfiltered significant wave height at the 12 m site.
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due to a geostrophic balance with the mean westward along‐
shelf flow [Lentz, 2008].

4.2. Along‐Shelf Momentum Budget

[27] The largest terms in the fluctuating along‐shelf momen-
tum budget at the 12 m site are pressure gradient, wind stress,
and bottom stress if we use the GM formulation (Figure 5 and
Table 1). The Coriolis and acceleration terms (and bottom
stress if not using GM) are not negligible; they are about half
as large as the dominant terms. At the 27 m site, the pressure
gradient and Coriolis terms are largest but wind stress and
acceleration are not negligible either. The previous statements
are based on times when along‐shelf pressure gradient mea-
surements are available, mainly in summer. If we consider all
times including winters, when pressure gradient measure-
ments are not available, every along‐shelf term in Table 1
except Coriolis is simply twice as large.
[28] During summer, when along‐shelf pressure gradient

measurements are available, the pressure gradient is signif-
icantly correlated with the wind stress at both the 12 m and
27 m sites (Table 3). The wind and bottom stresses are weak
and not significantly correlated in summer. Nevertheless, the
pressure gradient is significantly correlated with the differ-
ence between wind stress and bottom stress at each site,
suggesting the measured along‐shelf pressure gradient is
fairly accurate and does help to close the momentum balance.
[29] Calculating the correlation of pressure gradient with

other terms at each site assumes the along‐shelf pressure
gradient is constant in the across‐shelf direction. To more
accurately compare the wind stress term ts

y/r0h with the
pressure gradient term (∂pb/∂y)/r0 in the MVCO area, we
used for h the water depth at which the pressure gradient
was measured: 19 m in 2001 and 15 m in 2003 (Table 4).
The along‐shelf pressure gradient is significantly correlated
with the along‐shelf wind stress at zero lag, with a slope
near 1 and an intercept not significantly different from zero
(Figure 6). The maximum lagged correlations are not sig-
nificantly different from the correlations at zero lag, indicat-
ing the along‐shelf wind stress and along‐shelf pressure
gradient are essentially in phase in time. This suggests the
fluctuating along‐shelf pressure gradient is largely a response
to local wind forcing, rather than being a remotely generated
pressure gradient.

[30] At the 12 m site, the regression slope of wind stress
against pressure gradient is close to 1 (Table 3). Including
the substantial bottom stress term results in a budget that
closes just as well. Including the acceleration term improves
the regression slope against pressure gradient slightly but not
significantly, suggesting a four‐way balance between accel-
eration, pressure gradient, wind stress, and bottom stress may
be important (though see section 5.3). Including other terms
does not improve the regression against pressure gradient.
The primary along‐shelf balance during times when we have
measurements of the pressure gradient is betweenwind stress,
pressure gradient, and bottom stress, and the budget closes
with those three terms.
[31] When we include times with strong winter forcing

(when no pressure gradient measurements are available), at
the 12 m site the along‐shelf wind stress and bottom stress

Table 1. Statistics of Terms in the Across‐ and Along‐Shelf
Momentum Budgets at the 12 and 27 m Sites, During Times When
Estimates of All Terms are Availablea

Across Along

Term 12 m 27 m Term 12 m 27 m

Wind stress �xs
�0h

5 2 � ys
�0h

2 1

Wave radiation stress gradient − 1
�0h

@Sxx

@x 7 0.2

Pressure gradient − 1
�0

@pb

@x 6 6 − 1
�0

@pb

@y 2 2
Coriolis f v 5 7 −f u 1 2

Bottom stress − �xb
�0h

0.3 0.2 − �yb
�0h

1 0.3

GM bottom stress −
�xb;GM
�0h

0.7 – −
�yb;GM
�0h

2 –

Hasselmann wave stress f vst 0.3 0.1 −f ust 0.5 0.2
Acceleration @u

@t 0.2 0.3 @v
@t 1 1

aUnits are 10−6 m s−2.

Figure 3. Comparison of Coriolis plus wind stress versus
pressure gradient term in the across‐shelf momentum budget.
The Coriolis and wind stress terms have been averaged
between the 12 and 27 m sites. Solid line has slope 1. Thick
dashed line is a best‐fit line, with 95% confidence intervals as
thin dashed lines. Grey symbols show 33 h low‐pass filtered
(“subtidal”) data subsampled every 33 h. See Table 2 for
regression slope and correlation coefficient. If the across‐shelf
momentum budget closed exactly with the terms plotted, the
best‐fit line (dashed) would lie on the solid line.

Table 2. Regression Slope and Correlation Coefficient r of Terms
in the Across‐Shelf Momentum Budget Against (∂pb/∂x)/r0 With
Zero Lag, for Times When All Terms are Availablea

Slope r

f v 1.1 ± 0.1 0.5
�xs
�0h

0.5 ± 0.1 0.7
f v þ � xs

�0h
0.8 ± 0.2 0.7

aAll correlation coefficients reported in this manuscript are significant at
the 95% confidence level.
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are well correlated (r = 0.8), in contrast to the summer case
above. The regression slope of bottom stress against wind
stress over all times is order 1, indicating the primary along‐
shelf balance at the 12 m site during strong winter forcing
is between wind and bottom stress. The slope equals 1.0
when we use the GM bottom stress formulation, closing the
budget with wind and bottom stress alone and supporting
the form hypothesized by Grant and Madsen [1986] for
wave‐enhanced bottom stress. At the 27 m site, the relation
of wind and bottom stress is less strong: r = 0.5 and slope =
0.35. The bottom stress, due to its dependence on 1/h, is less
important for balancing the wind stress at the 27 m site. Still,
the observed relation between bottom stress and wind stress
is stronger at both sites than at the Coastal Mixing and
Optics experiment site on the 70 m isobath south of MVCO,
where the bottom stress is ∼7 times weaker than the wind
stress [Shearman and Lentz, 2003].

[32] The results at the 12 m site are similar to previous
inner‐shelf studies in that along‐shelf wind stress and along‐
shelf pressure gradients are the dominant driving mechan-
isms for along‐shelf flow, with bottom stress an important
part of the response [e.g., Scott and Csanady, 1976; Pettigrew,
1981; Lentz and Winant, 1986;Masse, 1988; Lee et al., 1989;
Lentz, 1994; Lentz et al., 1999; Liu and Weisberg, 2005].
The acceleration and Coriolis terms have also been found
important in previous midshelf studies [e.g., Allen and Smith,
1981; Lee et al., 1984, 1989; Lentz et al., 1999; Liu and
Weisberg, 2005].
[33] At the 27 m site, the budget does not close with wind

stress and pressure gradient alone, and including the Coriolis
(not shown) and/or acceleration terms does not improve
the closure (Table 3). Although the Coriolis term is large
(Table 1), it is not well correlated with any of the other terms.
When the Coriolis term is added to the balances in Table 3, it
does not improve the regression slopes. The large size of f u

Figure 4. Schematics of dominant subtidal momentum balances over the inner continental shelf: across‐
shelf (Figures 4a–4c) and along‐shelf (Figure 4d). Dashed lines indicate undisturbed sea level in each
case. (a) Geostrophic balance between an eastward along‐shelf flow v and the across‐shelf pressure gra-
dient due to lower sea level at the coast compared to offshore. If the along‐shelf flow were westward, the
sea level would be raised at the coast. (b) Across‐shelf wind driven coastal setup. An onshore wind stress
balances the across‐shelf pressure gradient associated with raised sea level at the coast. For an offshore-
ward wind stress, the coastal sea level would instead be setdown. (c) Wave‐driven coastal setdown.
Shoaling of the waves due to decreasing bottom depth causes a divergence in the wave radiation stress
that is balanced by lowered sea level near the coast. The surfzone, where there is coastal setup due to
breaking waves, is not shown. Note the balance in Figure 4c was not observed but is inferred at the
12 m site due to the large calculated wave radiation stress gradient. Probably the pressure sensors were
not deployed close enough together to capture the sea level setdown. (d) The along‐shelf wind stress term
ts
y/r0h balances the along‐shelf pressure gradient term −(∂pb/∂y)/r0. At this site, along‐shelf wind stress is

associated with increasing sea level in the direction of the wind stress, probably due to topography
upstream. The sea level gradient produces a bottom pressure gradient in the along‐shelf direction. The
bottom stress tb

y due to the along‐shelf flow v also contributes to the momentum balance. The along‐shelf
flow v is driven by the time‐varying imbalance between the pressure gradient and wind stress terms.
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Figure 5. Dominant terms in the subtidal along‐shelf momentum budget, CBLAST 2003.
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is not due to uncertainty in the coordinate system: only the
mean value of f u, not the standard deviation, is sensitive to
rotating the coordinate system by ±5°. In previous studies,
inaccuracies in the current meter measurements have been
invoked to explain large values of f u [e.g., Lentz et al., 1999].
The standard deviation of u at the 27 m site is 2 cm s−1 and
the uncertainty in the ADCP velocities is ∼1.5 cm s−1

[Plueddemann et al., 2003]. There is a plausible dynamical
explanation for the lack of correlation between f u and other
terms. There could be cross‐isobath flow at the 27 m site due
to the nearby topographic variations (Figure 1) balanced by a
small‐scale (<10–15 km) unresolved pressure gradient.
Supporting that idea, f u is weakly correlated with the along‐
shelf wind stress. The sign of the correlation is consistent with
along‐shelf wind causing cross‐isobath flow due to the nar-
rowing of the isobaths to the east (i.e., an eastward wind stress
causing offshore flow throughout the water column at the
27 m site). There are two other indications that short spatial
scales characterize the flow at the 27 m site: the along‐shelf
depth‐average flows at the 12 and 27 m sites are not well
correlated (r = 0.27 during SWWIM I and r = 0.58 during
CBLAST 2003), and substantial along‐shelf advective heat
flux divergences are required to close the observed synoptic
heat budget at that site [Fewings, 2007].
[34] In the time‐mean balance, at the 12 m site the impor-

tant terms are wind stress (in winter only), bottom stress,
Coriolis, and Hasselmann wave stress. The Coriolis and
Hasselmann wave stress terms tend to balance at this site due
to a mean offshore flow associated with surface gravity wave
forcing [Lentz et al., 2008]. The sea level gradient required to
close the time‐mean budget at the 12 m site over all times is
∼1.8 × 10−7, with sea level increasing eastward (independent
of whether we use GM bottom stress). That is substantially
larger than the along‐shelf sea level gradient of 3.7 × 10−8

recently inferred for the Middle Atlantic Bight (the area
between Cape Cod and Cape Hatteras) as a whole [Lentz,
2008] but similar to the inner shelf sea level gradients
inferred in that study from wind stress and bottom stress
alone, and similar to the 1.4 × 10−7 found for the inner shelf of
Long Island [Scott and Csanady, 1976] and to studies in New
Jersey [Beardsley et al., 1977] and South Carolina [Lee et al.,
1989]. A small‐scale sea level gradient that is large in mag-

nitude compared to the mean sea level gradient along the
Middle Atlantic Bight may be set up by the complex topog-
raphy in the inshore ∼10 km near MVCO during winter and
spring. In summer the sea level gradient may be smaller, since
the residual at the 12m site is zero in summer if we do not use
GM bottom stress.
[35] At the 27 m site, the time‐mean balance is dominated

by the Coriolis term, and the sum of all the other terms closes
the budget. No mean along‐shelf sea level gradient is required.
The difference in residual between the 12 and 27m sites, which
are only ∼10 km apart, again suggests sea level gradients with
small spatial scales (<10 km) are set up near MVCO due to
the local topography.

5. Discussion

5.1. Horizontal Scales of the Pressure Gradient

[36] Interpretation of the across‐shelf momentum balance
depends on the across‐shelf structure of the pressure field. If

Table 3. Regression Slope and Correlation Coefficient r of Terms
in the Along‐Shelf Momentum Budget at the Node and F Against
the Along‐Shelf Pressure Gradient (∂pb/∂y)/r0 With Zero Lag, for
Times When All Terms are Availablea

Slope r

12 m Water Depth
�ys
�0h

0.9 ± 0.4 0.7
�
y
s ��

y
b

�0h
0.9 ± 0.5 0.7

� @v
@t þ

�
y
s ��

y
b

�0h
1.0 ± 0.6 0.6

27 m Water Depth
�
y
s

�0h
0.3 ± 0.2 0.7

�
y
s ��

y
b

�0h
0.7 ± 0.3 0.4

� @v
@t þ �ys

�0h
0.3 ± 0.3 0.4

� @v
@t þ

�ys �� yb
�0h

0.3 ± 0.3 0.4

aUsing GM bottom stress does not substantially change these results.

Figure 6. Comparison of wind stress and pressure gradient
terms in the along‐shelf momentum budget in 2001 (water
depth 19 m) and 2003 (water depth 15 m) using wind stress
in the Node coordinate system. Solid line has slope 1. For
the combined data, the slope is 0.7 ± 0.3 and correlation
is r = 0.7. See Table 4 for regression slope, intercept, and
correlation coefficient for each year separately.

Table 4. Regression and Correlation of Along‐Shelf Wind Stress
Term tsy/r0hVersus Along‐Shelf Pressure Gradient Term py

b/r0, Using
the Wind Stress in the 12 m Site Coordinate System at Zero Laga

Year Isobath Slope Intercept (10−6 m s−2) Correlation Coefficient r

2001 19 m 1.4 ± 1.1 −1 ± 1 0.8
2003 15 m 1.1 ± 0.6 0.0 ± 0.1 0.7

aFor h in the wind stress term, we use the isobath on which the pressure
sensors were deployed.
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the distance over which dynamically important sea level
variations take place is small compared to the distance
between the pressure sensors used here (10–15 km), our
pressure gradient estimates may be too small. The scale of
across‐shelf pressure gradient variation depends on whether
the pressure gradient is due to geostrophic balance, coastal
setup/setdown driven by the across‐shelf wind, or coastal
setdown driven by the wave radiation stress gradient. For
each of those three cases, we use the hydrostatic relation and
an integral in the across‐shelf direction to calculate the
sea level displacement h relative to its value at (for instance)
the 8 m isobath, similarly to the method used by Liu and
Weisberg [2007].
[37] If the across‐shelf momentum balance is exactly

geostrophic, then

�ðxÞ � � jh¼8 m¼ f

g

Z x

xjh¼8 m

v dx0 : ð7Þ

To estimate v at MVCO, we use the observed time‐mean
along‐shelf flow in the Middle Atlantic Bight from Lentz
[2008]: the flow increases linearly with water depth as

v ¼ �0:065 cm s�1 m�1
� �

hðxÞ � 2:1 cm s�1: ð8Þ

The resulting sea level displacement is negative, and its mag-
nitude increases with water depth (Figure 7a).
[38] If the across‐shelf momentum budget is exactly a coastal

setup/setdown balance between the across‐shelf pressure
gradient and a spatially uniform across‐shelf wind stress, then

�ðxÞ � � jh¼8 m¼ �xs
�0g

Z x

xjh¼8 m

1

h x0ð Þ dx
0 : ð9Þ

For this example, we use ts
x = 0.05 N m−2 and the MVCO

bathymetry h(x). The sea level displacement due to this
moderate offshore wind forcing is positive and increases
away from the coast: there is a coastal setdown (Figure 7b). In
this model, for wind stress forcing of the opposite sign the sea
level displacement would simply be opposite in sign (coastal
setup).
[39] If the across‐shelf momentum budget is exactly a

coastal set down balance due to the across‐shelf wave radi-
ation stress gradient from shoaling waves, the sea level dis-
placement relative to its value at the 8 m isobath is [see also
Longuet‐Higgins and Stewart, 1964]

�ðxÞ � � jh¼8 m¼ � 1

�0g

Z x

x∣h¼8 m

1

h x0ð Þ
@Sx

0x0

@x0
dx0 : ð10Þ

To estimate Sxx we use linear wave theory to find Hsig (x),
assuming no dissipation of wave energy, for a wave propa-
gating directly onshore with Hsig = 1 m at the 12 m isobath
and a typical MVCO wave period of 6 s. The resulting sea
level displacement is positive and increases rapidly from the
8 m isobath past the 12 m isobath before leveling off between
the 12 and 27 m isobaths (Figure 7c).
[40] The sea level displacement due to geostrophic balance

or across‐shelf wind forcing grows approximately linearly
with distance from shore over the entire region, assuming v
has the form in equation (8) (Figures 7a and 7b). In contrast,
the sea level displacement due to wave forcing does not

Figure 7. Across‐shelf structure of sea level displacement h
due to (a) geostrophy, (b) across‐shelf wind, or (c) wave forc-
ing. Thick line is h relative to its value at the 8m isobath, from
section 5.1. Thin line is the effective h profile for an obser-
vational pressure gradient estimate when pb (or h) is measured
at the Node and mooring F only. Dashed line is a least‐
squares fit to h near the Node (between 1.2 and 1.6 km from
shore).
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increase linearly with distance from shore (Figure 7c). As a
result, the sea level gradient estimated from the bottom
pressure difference between the 12 and 27 m sites may be a
good proxy for the sea level gradient at those sites when the
Coriolis term due to along‐shelf flow or the across‐shelf
wind stress is the dominant forcing, but not when wave
forcing is dominant. For example, at the 12 m site, the ratio
of the true gradient to the estimated gradient is 0.8, 1.7, and
6.2 for the geostrophic, wind, and wave balances, respec-
tively, so the pressure gradients discussed in section 4 could
be underestimated by a factor of ∼5–10 during wave forcing.
This may be the reason for the lack of correlation of the
estimated across‐shelf pressure gradient and wave radiation
stress gradient, in spite of the apparently large wave radia-
tion stress gradient.

5.2. Sea Level Gradients

[41] The fluctuating along‐shelf sea level gradients mea-
sured here are similar in size to gradients measured on the
deeper continental shelf southwest of MVCO by Beardsley
et al. [1977]. In that study, the along‐shelf sea level gradients
are 10 times smaller than the across‐shelf gradients. In con-
trast, in this study the fluctuating along‐shelf pressure gra-
dient is only ∼3 times smaller than the across‐shelf gradient
(Table 1), and the inferred mean across‐shelf and along‐shelf
pressure gradients are similar in magnitude near the 12 m site.
As discussed in sections 4.1 and 5.1, the fluctuating across‐
shelf sea level gradient may be an underestimate by a factor of
5–10 near the 12 m site during wave forcing, but that wave‐
forced gradient would be confined to water depths shallower
than studied by Beardsley et al. [1977]. Possibly the across‐
shelf gradient is larger compared to the along‐shelf gradient
during winters, when no along‐shelf gradient measurements
were available.

5.3. Along‐Shelf Flow and Wind Stress

[42] The along‐shelf depth‐average flow v is well corre-
lated with the along‐shelf wind stress ts

y on subtidal time
scales, particularly at the 12m site (r = 0.8, or r = 0.6 for times
when the pressure gradient is available). A similar correlation
exists at midshelf locations in the Middle Atlantic Bight and
on other shallow shelves [Shearman and Lentz, 2003;Mitchum
and Sturges, 1982;Churchill, 1985]. A linear relation between
ts
y and v can be produced by the combined wind stress and

pressure gradient forcing, as follows, if the bottom stress is
linearly related to v.
[43] The dominant along‐shelf momentum balance at the

12 m site is between the wind stress, bottom stress, and pres-
sure gradient (a three‐term balance). If the bottom stress is
related to the along‐shelf velocity by the linear drag law tb lin

y
=

r0rbv, where rb is the bottom drag coefficient, the three‐term
balance can be solved for the predicted along‐shelf flow vp

vp ¼ h

�0rb
� @pb

@y
þ �ys

h

� �
: ð11Þ

Because the pressure gradient and wind stress are linearly
related (Table 4), vp will be linearly related to the wind stress.
Below, we compare vp with the observed along‐shelf flow at
each site.
[44] Alternatively, we can take into account the acceler-

ation term, which is not completely negligible (section 4.2),

using a method from Lentz and Winant [1986]. Because the
wind stress, bottom stress, and pressure gradient are not
exactly in balance, the difference between those terms
could act as forcing for the along‐shelf flow, which would
accelerate until the bottom stress became large enough to
balance the wind stress and pressure gradient. The along‐
shelf momentum equation with acceleration (a four‐term
balance) is

@v

@t
þ rbv

h
¼ � 1

�0

@pb

@y
þ � ys
�0h

; ð12Þ

The left‐hand terms in equation (12) are the “response” to
the right‐hand “forcing” terms. The predicted along‐shelf
velocity vp can be calculated by integrating equation (12)
in time [Lentz and Winant, 1986] to get

vp ¼
Z t

t0

� 1

�0

@pb

@y
þ �ys
�0h

� �
e� t�t0ð Þ=Tf dt 0 þ vjt¼t0 e

� t�t0ð Þ=Tf ;

ð13Þ

where Tf ≡ (h/rb) is the time scale over which bottom friction
becomes important. If Tf is short compared to subtidal time
scales (33 h), the response will be strongly affected by bottom
friction and approximately steady [Lentz et al., 1999]. For
very short Tf, equation (11) based on the three‐term balance
should work as well as equation (13).
[45] At the 12 m site, a linear drag law fits the bottom

stress well. The correlation of tb
y from section 3.1 with v is

0.95, and their regression slope gives a best‐fit linear drag
coefficient rb = 3.0 ± 0.1 × 10−4 m s−1. If we regress v against
tb,GM
y , r = 0.92 and the linear drag coefficient is 5.5 ± 0.2 ×

10−4m s−1. The regressionmethod is explained inAppendixA.
These drag coefficients are similar in magnitude to the value
2.5 × 10−4 m s−1 found for the Middle Atlantic Bight
as a whole [Lentz, 2008]. The frictional time scale is short:
Tf = 11 h (6 h for GM bottom stress).
[46] The steady, three‐term balance (11) works as well as

(13) at the 12 m site. During 2001, the correlation of v with
vp from (11) is r = 0.8 (Figure 8 (top)). The slope is 1.1, or
0.5 if we use GM bottom stress; this is the only case where
using GM bottom stress makes the result worse. For 2003,
when the pressure gradient is included (regardless of GM
bottom stress, or three‐ versus four‐way balance), the cor-
relation of v with vp is not significant at the 95% confidence
level. In 2001 the results are always better (stronger corre-
lation, and slope closer to 1) when pressure gradient is
included, suggesting that although the pressure gradient is
an important forcing term at the 12 m site, our measure-
ments in 2003 are not accurate enough to be useful for a
predictive model. Low‐frequency drifts due to settling of the
pressure sensors into the bottom that could not be perfectly
removed from the pressure measurements may be adding
low‐frequency “noise” to vp in 2003. If we calculate vp
without the pressure gradient, in 2003 the time‐integrated
model is marginally but not significantly better than the
steady balance (Figure 8 (bottom)). The 12 m site, with a
frictional time scale of 6–11 h, is in a regime where the
adjustment time scale is short enough that a steady balance
is a good approximation; acceleration is only marginally
important. A balance between bottom stress, wind stress, and
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pressure gradient (Figure 4d) is a plausible explanation for the
strong relation between v and ts

y observed at the 12 m site.
[47] At the 27 m site, the models in equations (11) and

(12) do not work well. The best‐fit linear drag coefficient,
rb = (1.3 ± 0.1) × 10−4 m s−1, is smaller than at the shallower
site, which combines with the larger water depth to make the
frictional time scale much longer: Tf = 60 h. The vp at the
27 m site (not shown) is not significantly correlated with
the observed v, suggesting the momentum balance at the
27 m site is not well represented by equation (12) due to the
importance of f u and small‐scale unresolved pressure gra-
dients in the balance at that site.

5.4. Most Influential Wind Direction

[48] If the spatial scale of the wind stress field is large, the
wind stress component that has the strongest effect on the
local along‐isobath flow may be parallel to the large‐scale
(∼1000 km) coastline direction rather than the local along‐
isobath direction [Allen, 1980;Beardsley et al., 1985; Shearman
and Lentz, 2003]. At the Coastal Mixing and Optics site on
the 70 m isobath south of MVCO, the wind direction most
correlated with depth‐average along‐isobath flow is 65°
counterclockwise from the local isobaths [Shearman and
Lentz, 2003] and parallel to the coastline orientation on
large (>1000 km) scales [Noble and Butman, 1983; Shearman

Figure 8. The 33 h low‐pass filtered depth‐average along‐shelf flow v at the 12 m site in (top) 2001 and
(bottom) 2003. Thick black line is observed v. Thin line is predicted vp from from a steady three‐way
balance between wind stress, GM bottom stress, and pressure gradient (section 5.3). Thick grey line in
Figure 8 (bottom) is vp from steady balance of wind and bottom stresses only, without pressure gradient.
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and Lentz, 2003]. In the MVCO area, however, the wind
stress component most highly correlated with the along‐shelf
pressure gradient and the along‐shelf depth‐average flow
is within 15° of the local along‐shelf principal axis direction
for both the 12 and 27 m sites, and parallels the coastline
orientation calculated on smaller scales of 100–200 km by
Shearman and Lentz [2003]. Close to shore near MVCO, the
small‐scale (∼100 km) coastline orientation is the wind
direction most relevant for along‐shelf flow dynamics.

6. Summary and Conclusions

[49] The subtidal fluctuating depth‐average across‐shelf
momentum budget over the inner continental shelf at two
sites near MVCO is not simply geostrophic, as would be
expected at midshelf. The observed across‐shelf momentum
budget closes best if the across‐shelf wind stress, pressure
gradient, and Coriolis terms are included (Figures 2e, 3, 4a,
and 4b). At the site on the 12 m isobath, the calculated wave
radiation stress gradient is also large but it is not correlated
with the across‐shelf pressure gradient, in contrast to what is
expected for setdown due to shoaling waves outside the
surfzone [Longuet‐Higgins and Stewart, 1964; Bowen et al.,
1968;Lentz et al., 1999;Raubenheimer et al., 2001] (Figure 4c).
Either the true wave radiation stress gradient is smaller
than our estimate or, in agreement with a simple model
(section 5.1), the wave radiation stress is balanced by a
pressure gradient with a smaller across‐shelf scale than is
resolved by these observations (Figure 7).
[50] In the fluctuating along‐shelf momentum balance, the

dominant terms are wind stress and pressure gradient, plus
bottom stress at the 12 m site and Coriolis acceleration
due to across‐shelf flow at the 27 m site (Figures 5a, 5c, 5d,
and 4d). The budget with those terms closes at the 12 m but
not the 27 m site, where the Coriolis term may be balanced
by unresolved small‐scale pressure gradients. The acceler-
ation is not negligible in size at either site, but does not
significantly improve the closure. The pressure gradient is
largely a local sea level response to wind forcing rather than
a remotely generated pressure gradient. The Grant and
Madsen [1986] model of wave‐enhanced bottom stress sub-
stantially improves the regression slope between surface and
bottom stress at the 12 m site in winter, lending support to that
model of wave‐current interaction.
[51] The time‐mean across‐shelf budget at the 12 m site

is dominated by the wave radiation stress gradient and the
Coriolis term due to along‐shelf flow, suggesting a com-
bined wave setdown and geostrophic balance with a mean
along‐shelf pressure gradient. The across‐shelf budget at
the 27 m site is dominated by Coriolis, suggesting a mean
geostrophic balance between the along‐shelf flow and an
along‐shelf pressure gradient. The residuals in the time‐mean
budgets suggest mean sea level gradients of O(5 × 10−7) in the
across‐shelf direction and O(2 × 10−7) in the along‐shelf
direction (sea level increasing eastward) exist in the MVCO
area.
[52] The wind stress direction most correlated with the

depth‐average subtidal along‐shelf flow at both sites is
within 15° of the local isobath direction, and similar to the
small‐scale (100–200 km) coastline orientation calculated
by Shearman and Lentz [2003] for this area. There is a strong

correlation between the along‐shelf depth‐average flow and
the along‐shelf wind stress at the 12 m site. The along‐shelf
flow predicted by a steady balance between wind stress,
along‐shelf pressure gradient, and a linear bottom drag is
similarly correlated with the wind stress. At the 27 m site that
simple model is not successful at predicting the along‐shelf
flow, consistent with other evidence that the two sites are in
regions with different dynamics.
[53] Dynamically important sea level gradients with hor-

izontal scales too small to resolve with these observations
seem to exist in both the along‐shelf and across‐shelf direc-
tions and could be captured in future studies. The measure-
ments of along‐shelf pressure gradient available for this
study were mainly collected during summer, when the wind
forcing and wave forcing are relatively weak. Measure-
ments of the along‐shelf pressure gradient during strong
winter forcing would better test these balances and help to
determine which secondary terms in the along‐shelf momen-
tum budget are the most important. The wave radiation
stress gradient and the amount of wave dissipation over the
inner shelf are also very uncertain, and could be estimated
more accurately by recording the directional wave spectrum
at several sites in an across‐shelf transect. The nonlinear
advection terms, though not resolved here, are potentially
not negligible and their importance over the inner shelf,
where flow speeds tend to decrease approaching the coast,
should be determined. It will be important in future inner
shelf studies to have measurements with finer spatial reso-
lution of the gradients in pressure, wave characteristics, and
water velocities.

Appendix A: Regression Technique and
Uncertainties in Momentum Budget Terms

[54] To calculate linear regressions while allowing for mea-
surement uncertainty in both the independent and dependent
variables, we used the “weighted total least squares” algorithm
of Krystek and Anton [2007]. We estimate the uncertainty
in the ADCP velocities as du = 0.015 m s−1 [Plueddemann
et al., 2003]. The estimated uncertainties in density and
pressure gradients, wind stress, wave radiation stress gra-
dient, vertical shear, and acceleration and Coriolis terms are
described by Fewings [2007].
[55] The uncertainty in the Hasselmann wave stress terms

of equations (1) and (2) is due to uncertainty in the observed
water velocity spectrum from which the wave parameters
are calculated. Because the Hasselmann wave stress is not a
dominant term in either fluctuating momentum budget, the
uncertainty we assume does not affect our results and we
simply use an uncertainty of 50%.
[56] The fractional uncertainty in the across‐shelf bottom

stress component was estimated as

�� xb
j�xb j¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cd

Cd

� �2

þ �u

� jub jð Þ
� �2

þ �u

� jub jð Þ
� �2

s
; ðA1Þ

where s indicates standard deviation, used to avoid prob-
lems with near‐zero values of ub in the denominator. We
use dCd/Cd ∼ 0.16, which is based on a regression of direct
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covariance measurements of hu′aw′i against measured ua∣ua∣,
where primes indicate turbulent velocity fluctuations, angle
brackets indicate an average over time scales long compared
to the turbulent time scales, and subscript a indicates along‐
stream velocity (J. Trowbridge, personal communication,
2009). For along‐shelf bottom stress, vb is substituted for ub
in the last term of equation (A1). The resulting fractional
uncertainties at the Node (F) are 0.51 (0.43) in the across‐
shelf and 0.28 (0.34) in the along‐shelf direction.
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