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Wind-Driven Along-Coast Pressure Gradients in the Middle
Atlantic Bight

Steven J. Lentz!

'Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

Abstract Along-shelf wind stresses drive substantial along-coast variations in sea level that result in
significant along-coast pressure gradients in the Middle Atlantic Bight (MAB) at time scales from days to years.
Forty years of sea-level data and reanalysis wind stresses are examined to determine the characteristics and
dynamics of pressure gradients along the New England and Central MAB coasts. Along-coast dynamic sea level
(pressure) gradients often exceed 5 cm/100 km at daily time scales, 2 cm/100 km at monthly time scales and
0.2 cm/100 km at yearly time scales. Along-shelf wind stresses account for more than 50% of the along-coast
pressure gradient variance at daily and monthly time scales and more than 25% at yearly time scales. Pressure
gradients along the New England coast are primarily driven by local wind stresses along the New England shelf,
while pressure gradients along the Central MAB shelf are driven by both local wind stresses along the Central
MAB shelf and remote wind stresses along the New England shelf. A steady depth-average model (Csanady,
1978, https://doi.org/10.1175/1520-0485(1978)008<0047:tatw>2.0.c0;2) accurately reproduces the wind-
driven along-coast pressure gradients in both regions. The along-coast pressure gradients typically oppose the
local wind stress and, in the along-shelf momentum balance, are 50%—80% of the along-shelf wind stress over
the inner shelf (water depth 15 m).

Plain Language Summary Along-coast variations in the wind-driven set up or set down of coastal
sea level results in along-coast pressure gradients that are an important part of the dynamics that establish
currents over the continental shelf. Coastal sea level from tide gauges along the East Coast of the United States
from North Carolina to Massachusetts for the 40 year period from 1982 to 2021 are used to estimate the along-
coast pressure gradients and investigate their characteristics. The established along-coast pressure gradients
tend to oppose the local wind stress and consequently reduce the strength of the resulting along-shelf currents.
However, along-coast pressure gradients are also driven by winds to the north and east of the tide gauge because
of a tendency for sea level variations to preferentially spread along the coast from the northeast toward the
southwest. This component of the along-coast pressure gradient forces along-shelf currents caused by remote
wind forcing. A simple, wind-forced, model that includes this remote forcing accurately reproduces the
observed coastal pressure gradients.

1. Introduction

A key element of the wind-driven response of continental shelves is the development of along-shelf pressure
gradients that arise because of along-shelf variations in the wind field and the bathymetry. In coastal regions
dominated by local wind forcing the along-shelf pressure gradient typically opposes the wind stress and
consequently reduces the along-shelf current response (Allen & Smith, 1981; Brown et al., 1987; Fewings &
Lentz, 2010; Gutierrez et al., 2006; Lee et al., 1984, 1989; Lentz, 1994, 2022; Li et al., 2014; Liu & Weis-
berg, 2005; Masse, 1988; McCabe et al., 2015; Noble et al., 1983; Ofsthun et al., 2019; Pettigrew, 1981;
Shearman & Lentz, 2003). Along-shelf wind forcing can also impact remote coastal regions through long coastal-
trapped waves that propagate in only one direction alongshore (with the coast on the right in the Northern
Hemisphere) (e.g., Brink, 1991). The resulting along-shelf pressure gradients driven by remote wind forcing can
be a dominant component of the along-shelf current dynamics in some regions (Allen & Smith, 1981; Hick-
ey, 1984; Hickey & Pola, 1983; Hickey et al., 2003; Kirincich & Barth, 2009; Lentz & Winant, 1986; Noble
et al., 2002). Consequently, the wind-driven sea-level response that generates both local and remote along-shelf
pressure gradients is a critical element of subtidal dynamics on most continental shelves.

The focus of this study is the Middle Atlantic Bight (MAB) continental shelf which is characterized by an abrupt
change in the coastline orientation at Sandy Hook, between the New England and Central MAB shelves
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Figure 1. Map of the Middle Atlantic Bight (MAB) and Georges Bank
showing the locations of tide gauges and the mid-shelf ERAS5 wind stresses.
The red arrows indicate the direction of the along-shelf wind stress in the
four shelf regions. Pressure gradients along the New England and Central

MAB coasts are estimated from the tide gauge sea levels.

(Figure 1). Early studies established the development of pressure gradients
along the New England coast and their impact on the dynamics. Beardsley
and Butman (1974) observed a sea-level difference of 60 cm between Nan-
tucket and Sandy Hook in response to strong eastward winds during a storm in
March 1973. Several subsequent studies showed the consistent development
of pressure gradients along the New England coast that opposed east-west
along-shelf wind stresses (e.g., Beardsley et al., 1977; Chase, 1979; Noble
& Butman, 1979; Wang, 1979). Numerous studies have also shown that at
time scales of days to weeks along-shelf current variability over the MAB is
primarily wind driven, that along-shelf pressure gradients are an important
component of the dynamics and that along-shelf pressure gradients often
oppose the wind stress (e.g., Bennett & Magnell, 1979; Fewings &
Lentz, 2010; Lentz, 2022; Lentz et al., 1999; Masse, 1988; Noble et al., 1983;
Ofsthun et al., 2019; Pettigrew, 1981; Shearman & Lentz, 2003). These
studies have focused on the local dynamics at specific sites in the MAB.
Consequently, there is not a consistent, comprehensive picture of along-shelf
pressure gradient characteristics in the MAB, the associated dynamics and
whether the along-shelf pressure gradients are locally or remotely forced.

The wind-driven response of pressure gradients along the New England and
Central MAB coasts at time scales from days to years is examined here using
40 years of coastal sea-level measurements to estimate along-coast pressure
gradients and ECMWF ERAS reanalysis wind stresses over Georges Bank

and in the MAB (Figure 1). The primary objectives are to determine: (a) the characteristics of the along-coast

pressure gradient response to along-shelf wind stress at time scales of days, months and years; (b) the relative

importance of local vs. remote wind forcing in setting up pressure gradients along the New England and Central

MAB coasts; and (c) the fundamental dynamics and the key parameters influencing the wind-driven response of

along-coast pressure gradients. A steady, linear, depth-average model (Arrested Topographic Wave) proposed by
Csanady (1978) is used to aid in the interpretation of the observations and addressing the primary objectives,

particularly objective 3. A companion paper examines the wind-driven response of sea level along the MAB coast

(Lentz, 2024).

2. Data and Processing

Hourly sea-level measurements from 14 NOAA tide gauges and 3-hourly wind stresses from the European Centre
for Medium-Range Weather Forecasts (ECMWF) global reanalysis ERAS on a 1/4° grid (Hersbach et al., 2023)
are used to characterize the along-coast pressure gradient response to wind stress in the MAB for the 40-year

period from 1982 through 2021. The ERAS wind stresses provide complete spatial and temporal coverage and

are an accurate representation of wind stresses estimated from NDBC buoy measurements (Lentz, 2024).

Based on the notion that the along-coast pressure gradient response is primarily due to along-shelf wind stresses,

the MAB is divided into three regions separated by changes in coastline/isobath orientation: the New England,
Central MAB, and Southern MAB shelves (Figure 1). Additionally, wind stresses over the Southern Flank of
Georges Bank are included to account for some of the remote, poleward forcing. The along-shelf wind stress

directions in each region are: Georges Bank 55°T (clockwise from true north); New England 80°T; Central MAB
30°T; and Southern MAB —5°T (Figure 1 red arrows). Mid-shelf ERAS grid points are used to represent the
along-shelf wind stress, so cross-shelf variations in the along-shelf wind stress are not considered. There is an

implicit assumption that over the shallow crest of Georges Bank strong tidal currents drive large turbulent stresses

that block the cross-isobath wind-driven Ekman transport similar to a coastal wall (e.g., Noble et al., 1985; Wright
etal., 1986). The choice to extend the wind forcing to the Southern Flank of Georges Bank, but not farther north is
based on: (a) the practical need to pick a northward limit to the model; (b) the continuity of the isobaths and shelf
flow over Georges Bank Southern Flank and the New England shelf (e.g., Noble & Butman, 1979; Noble

et al.,

1983); and (c) the presumed inability of the simple ATW model to reproduce the complexity of the wind-

driven barotropic response in the Gulf of Maine (e.g., Greenberg et al., 1997; Pringle, 2006; Wright et al., 1986).
The impact of excluding forcing poleward of the Southern Flank of Georges Bank is briefly discussed in

Section 5.
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Pressure gradients are characterized in terms of dynamic sea level ” = 5™ + P*/p g, which is estimated by
interpolating the ERA5 atmospheric pressures P* to the tide gauge locations (p, is ocean density and g is gravity).
The hourly sea-level time series have the mean removed and are detided prior to computing along-coast pressure
gradients and daily, monthly, and yearly averages (see Lentz, 2024 for more details on the observations). Along-
coast pressure gradients for the New England and Central MAB regions are estimated by a linear regression of
dynamic sea level versus along-coast distance. For the New England shelf there are 7 tide gauges (Nantucket to
Sandy Hook), but essentially only 5 separate sites, since Montauk, New London and Battery, Sandy Hook are at
approximately the same along-shelf locations. For the Central MAB there are 6 tide gauges (Battery to Ches-
apeake Bay). Only stations with data at a given time are included in the linear regression analysis. There is not an
observational estimate of the along-coast pressure gradient in the Southern MAB because there is only one tide
gauge (Duck). The linear regression analyses yield regional scale (order 500 km) estimates of the along-coast
pressure gradient. More spatially refined estimates of the along-shelf pressure gradient using pairs of tide
gauges were too noisy to be useful, presumably because of uncertainties in the measurements and local sea-level
variations associated with individual tide gauge stations.

3. The Arrested Topographic Wave Model

Csanady (1978) showed that for the steady, barotropic, depth-average equations, assuming volume conservation,
a geostrophic cross-shelf momentum balance, and a linear along-shelf momentum balance including a linear drag
law relating the bottom stress to the depth-average current, could be reduced to a diffusion equation for the sea-
level variations

9np Onp r

e 1, 2P 0, where L, = . 1
ay ey O Where b = o ox M

Here x is cross-shelf, y is along-shelf, oh/ox is the cross-shelf bottom slope, fis the Coriolis parameter, and r is a
linear drag coefficient. A key feature of Equation 1 is that the sea level response to the along-shelf wind stress
forcing only spreads in the direction of long coastal-trapped wave propagation (the negative y direction, for the
MARB this is equatorward). The “diffusion” coefficient, L,, is a length scale relating the cross-shelf and along-shelf
scales of the response. Consistent with vorticity constraints, the offshore diffusion (L,) of the response is enhanced
by the bottom drag, , and inhibited by the Coriolis, f, and cross-shelf bottom slope, dh/ox. For an along-shelf
length scale L, the cross-shelf length scale of the response is Lyry = \/Z—I; The corresponding water depth

oh L, roh/ox
Dprw = LATwa =4/ % @)

Csanady (1978) provides an analytic solution to Equation 1 for a semi-infinite (offshore) shelf with a constant

scale is

bottom slope, forced by a constant along-shelf wind stress z* over the region from —L, <y < 0 and zero along-
shelf wind stress for y < —L,. Sea level at the coast is

2 ™ fL 2 ™ fL
W (= 0) = 2 ATW 12 () <§<] = ——— ™ f ATW{yl/z —G - 1)1/2} §>1 (3a)
Tpg T \Eps 1
and the along-coast pressure gradient at the coast is,
a7’]P(£ =0) _ 1 ™ ~—1/2 1 ™

15520 b -o -0 <1 o)

dy B \/;/)ngDATW - \/i—fﬂogDATW

(Figure 2 dashed lines). The along-coast pressure gradient only depends on the wind stress, the depth scale D oy,
and the normalized along-shelf distance § = y/L,. The along-coast pressure gradient is proportional to the wind
stress and inversely dependent on the depth scale D rvw. In the wind-forced region, the along-coast pressure
gradient is positive and hence opposes the wind stress (Figure 2). In the unforced region, the pressure gradient
has the opposite sign of the wind stress and drives an along-shelf current in the same direction as the remote wind
forcing. For this analytic solution, there are singularities in the along-coast pressure gradient at the discontinuities
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Figure 2. (a) Sea-level and (b) along-shelf pressure gradient response to a
constant wind stress over a region of length L, from ATW model. The
analytic solution for an infinitely wide shelf with 4, = 0 (Equation 3;
Csanady, 1978) and the numerical solution for a 125 km wide shelf with
h. = 15 m. In both cases, f = 0.95 x 10™* 57", dh/ox = 5 x 107*, and

r=5x10"ms™ .

in the wind stress (y/L, = —1 and 0, Figure 2) where the assumption that the
along-shelf scale is large compared to the cross-shelf scale is not valid.

To incorporate the observed along-shelf wind stress forcing and more realistic
bathymetry, Equation 1 is solved numerically using centered differences in
the cross-shelf direction and forward differencing in the along-shelf direction.
The approach and parameters are the same as described in Lentz (2024), so
only a brief summary is given here. The model is forced by the daily averaged,
mid-shelf, ERA along-shelf wind stresses using the along-shelf orientations
noted in Section 2 (Figure 1). The model bathymetry is uniform along-shelf,
with a 15 m deep coastal wall, a 125 km wide shelf with a constant bottom
slope of dh/ox = 0.0005, and a 50 km wide continental slope, dh/ox = 0.05,
based on the MAB bathymetry. Previous studies have used the ATW model
with a coastal wall (Pettigrew, 1981) and a finite width shelf (Noble
etal., 1983). The 15 m deep coastal wall causes a small reduction in the along-
shelf pressure gradient at the coast (Figure 2b). The finite shelf width has little
impact on the along-coast pressure gradient. The Coriolis parameter varies
with latitude. The drag coefficient for Georges Bank and the eastern half of
the Southern New England shelf, r = 9 x 10™* m/s, is three times larger
than in the rest of the MAB, r = 3 x 10™* m/s, motivated by the stronger
tidal currents over Georges Bank and the eastern half of the Southern New
England shelf. For these parameters, the depth scale (Equation 2), D,, is
37 m over Georges Bank and the New England shelf, 27 m over the
Central MAB shelf and 17.5 m over the Southern MAB shelf.

4. Results
4.1. Along-Coast Pressure Gradient and Wind Stress Characteristics

Dynamic sea level (pressure) gradient variations along the New England and
Central MAB coasts exhibit variability at time scales from days to years, with
standard deviations of 2.5 X 1077 (2.5 cm per 100 km) at daily time scales,
1 x 1077 at monthly time scales and 0.4 x 107" at yearly time scales (Table 1).
At time scales of days both along-coast wind stress and pressure gradient
variability are larger in winter than in summer (e.g., Figure 3). During strong

storms, dynamic sea-level differences along the New England coast (Nantucket to Sandy Hook), or the Central
MAB coast (Sandy Hook to Chesapeake Bay), can exceed 50 cm. On the New England shelf, the along-coast

pressure gradient is highly correlated with the local along-shelf component of the wind stress (Table 1,

Figures 3a and 3b) and the regression coefficient is order 1 if the wind stress is scaled as in Equation 3b (Table 1).

On the Central MAB shelf, the along-coast pressure gradient is less strongly correlated with the local along-shelf

wind stress (Table 1, Figures 3c and 3d) with a scaled regression coefficient of order 1.

Table 1

Standard Deviations of the Observed Along-Coast Dynamic Sea Level Gradients, Correlations With the Along-Shelf Wind
Stresses, the ATW Model Pressure Gradients and the Multiple Regression Analysis Regression Slopes for Daily, Monthly,
and Yearly Averages for the New England (NE) and Central Middle Atlantic Bight (CMAB) Coasts

Correlation Regression slope
on"1ay st. dev. (x1077) ﬁ pg,gjrw ATW model Multiple regression ﬁ /ﬁ ATW model
Daily NE 2.56 0.85 0.88 0.87 1.0 £0.01 0.87+=0.01
Monthly NE 1.12 0.89 0.90 0.90 1.3 £0.06 1.09 = 0.05
Yearly NE 0.36 0.52 0.54 0.59 122 £ 0.66 1.09 £ 0.56
Daily CMAB 2.47 0.40 0.75 0.78 0.44 £ 0.17 0.88 + 0.01
Monthly CMAB 0.80 0.62 0.81 0.80 0.82 £ 0.09 1.00 = 0.07
Yearly CMAB 0.29 0.51 0.62 0.60 0.79 £ 044 1.16 = 0.49
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0.5 Along-coast wind stresses over the New England and Central MAB shelves
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model along-shelf pressure gradients (b, d) for the New England (a, b) and
Central Middle Atlantic Bight (c, d) shelves in 2002.

are moderately, positively correlated (0.50) at daily time scales, with clear
differences during many storm events due primarily to the difference in
orientation of the two coastlines. Along-coast pressure gradients in the two
regions are weakly correlated (—0.35). The along-coast pressure gradients
sometimes oppose each other and sometimes are in the same direction. For
example, on 14 November 2003 (Figure 4a), when there was a strong east-
ward wind stress along the New England shelf and a weak wind stress along
the Central MAB shelf the pressure gradients along the coast are in opposite
directions. The sea level response is quantitatively similar to the boxcar wind
forcing seen in Figure 2a (black line). In contrast, on 12 November 2009,
there was a strong westward wind stress on the New England shelf and a
strong southwestward wind stress on the Central MAB shelf resulting in an
along-shelf pressure gradient in the same direction that spanned almost the
entire MAB coast (Figure 4b). The weak negative correlation between along-
coast pressure gradients in the two regions suggests the former example oc-
curs a little more often than the latter.

At monthly time scales, the same relationships between the local along-shelf
wind stress and along-coast pressure gradient hold as at daily time scales
(Figure 5). Notably the local along-shelf wind stress and along-coast pressure
gradients are highly correlated on the New England shelf and less correlated
on the Central MAB shelf (Table 1). Relationships between the along-shelf
wind stresses and along-coast pressure gradients in the two regions are also
similar at monthly and daily time scales. At monthly time scales there is a
substantial annual cycle on the New England shelf in the along-shelf wind
stress and along-coast pressure gradient (Figures 5a, 5b, and 6a). The annual
cycle of the pressure gradient along the New England coast is positive (sea
level increasing eastward) in winter, negative in late spring and early fall,
and close to zero in July (Figure 6a). The annual cycle of the pressure
gradient along the Central MAB coast is positive (sea level increasing

northward) in spring—summer with a maximum in July and negative in fall—winter. The phasing of the annual

cycles of the pressure gradients are roughly consistent with the annual cycles of the along-shelf wind stress in

each region (Figure 6 dashed lines), though the amplitude of the scaled along-shelf wind stress on the Central

MARB shelf is about half the along-coast pressure gradient.

a) 14 Nov. 2003
04 Y =1.1 NIm?,
S E
~-0.6
= 0.8 [|—e—tide gauges
—— ATW model
A ‘ ‘ ‘ ‘
-1000 -800 -600 -400 -200 0
along-coast distance (km)
nl b) 12 Nov. 2009
E
&?0.5
sy __ 2 sy . 2
o TNE= 0.§ N/m <, ToMAB™ 1.0 N/m ‘
-1000 -800 -600 -400 -200 0

Figure 4. Examples of the along-coast variations in dynamic sea level in the

along-coast distance (km)

Middle Atlantic Bight (MAB) during strong along-coast wind stresses on
(a) 14 November 2003 and (b) 12 November 2009 from the tide gauges and
the ATW model. Along-coast distance is relative to the eastern edge of

the MAB.

At yearly time scales, correlations between the along-shelf wind stress and
along-coast pressure gradient are lower (~0.5) than at daily or monthly time
scales (Table 1). Regression coefficients are still order 1 for the scaling given
by Equation 3b. The lower correlations are almost certainly due in part to the
smaller along-coast pressure gradient signal at yearly time scales relative to
uncertainties in both the sea-level measurements and the gradient estimates
(Section 5).

4.2. Local Versus Remote Forcing—Arrested Topographic Wave Model

Estimates of the along-coast pressure gradient from the Arrested Topographic
Wave model, which includes both local and remote wind forcing, are highly
correlated with the observed pressure gradients along both the New England
and Central MAB coasts at daily and monthly time scales (Table 1, Figures 3—
6 compare blue and red lines). At yearly time scales correlations are signif-
icant but smaller, presumably for the reasons noted in the previous section.
For the New England shelf, the correlations are slightly higher for the ATW
model than for the local along-shelf wind stress at daily, monthly, and yearly
time scales (Table 1). For the Central MAB shelf, correlations are substan-
tially larger for the ATW model than for the local along-shelf wind stress at
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027 ‘ ] daily, monthly, and yearly time scales. Regression coefficients are close to 1
a) Ney England g . o
0.1 for monthly and yearly time scales and slightly less than 1 for daily time
& | scales. The regression coefficients at daily time scales are less than one
0 because the ATW model tends to overestimate the along-coast pressure
) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ gradient during the strongest wind stress events (Figure 7). The slope of the
1985 1990 1995 2000 2005 2010 2015 2020 relationship is close to 1 when the observed |d5"/dyl < 5 x 107". At stronger
4 b} New Englahd wind stresses the wind-driven along-shelf currents are stronger than the tidal
h ew englan
=t 5 9 currents and consequently a quadratic drag law is more appropriate than the
RS linear drag law used in the ATW model.
>0
S 5 The ATW model reproduces the along-coast pressure gradient along both the
D'Cg | | " [ opserved | | | New England and Central MAB coasts as well as a multiple regression
1985 1990 1995/ —— ATW model 2010 2015 2020 analysis of the form
0.1 ‘ C) Ceﬁtral MAB P sy sy sy
g _ 1 15 1 .1 7emas
=a +d 4)
%l\ 0 dy \/; p8DATW \/; P8DATw \/i_T p8DATW
-0.1 | | | | | | | o where, for example, 73, is a representative along-coast wind stress for the
1985 1990 1995 2000 2005 2010 2015 2020 southern flank of Georges Bank (Table 1). This indicates that the ATW is
e 5 : : : accurately reproducing the along-shelf pressure gradient response to the local
= d) Qantral MAB ‘ 1 and remote, poleward along-shelf wind stresses.
x| ' 0 rlid 1 1\
= 0§ 'y ' 1‘ The substantially higher correlations between the observed and ATW model
~ 1y along-coast pressure gradients relative to only the local wind stress for the
s -2 Central MAB suggests remote forcing is important along this section of coast.

1985 1990 1995

Figure 5. Monthly along-shelf win

2000 2005 2010 20157 2020

d stresses (a, ¢) and observed and ATW

model along-shelf pressure gradients (b), (d) for the New England (a, b) and
Central Middle Atlantic Bight (c, d) shelves.

The contributions of the local and remote (poleward) along-shelf wind
stresses to the along-coast pressure gradient in each region is determined by
forcing the ATW model with wind stresses only along Georges Bank, only
along the New England shelf, and only along the Central MAB shelf.

The pressure gradient along the New England coast from the ATW model is forced almost entirely by the local
wind stress (97%—98% of forcing variance for daily, monthly, or yearly time scales), with a small (2%-3%)

contribution from the Georges Bank wind stress (Figure 8a compare red and blue lines). The Georges Bank wind
stress slightly reduces the response to the New England wind stress.

As anticipated, the pressure gradient along the Central MAB coast has significant contributions from both the
local, Central MAB along-shelf wind stress (81% daily, 72% monthly, 85% yearly) and the remote, New
England, along-shelf wind stress (18% daily, 27% monthly, 14% yearly) (Figure 8b). The Georges Bank wind

N
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- il
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Figure 6. Annual cycles of the monthly observed and ATW model along-
coast pressure gradients for the (a) New England and (b) Central Middle

Atlantic Bight shelves. Annual cycl
are also shown (dashed lines).

es of the scaled along-shelf wind stress

stress contributes less than 1% of the forcing variance to the Central MAB
along-coast pressure gradient. The larger percentage from the New England
wind stress at monthly time scales relative to daily or yearly time scales is
due to the notable contribution to the annual cycle of the Central MAB
along-coast pressure gradient (Figure 8b blue line). Remote forcing is more
important to the Central MAB along-coast pressure gradient because the
wind stress along the New England coast is stronger than along the Central
MAB coast (the standard deviation is 1.7 times larger). In contrast, wind
stresses along the Southern Flank of Georges Bank are slightly weaker
(87%) than wind stresses along the New England coast. The relative con-
tributions of local versus remote forcing are essentially the same at daily
time scales in both regions. In general, remote forcing has a stronger
impact on coastal sea level (Lentz, 2024) than it does on along-coast
pressure gradients in the MAB.

In the Southern MAB, where there are not enough tide gauges to estimate the
along-shelf pressure gradient, the ATW model suggests that about 87% of the
along-shelf pressure gradient response is due to the local along-shelf wind
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stress, with 10% from the Central MAB along-shelf wind stress and 3% from
e 20 the New England along-shelf wind stress.
o
< 10r
> 4.3. Dynamical Significance of the Along-Shelf Pressure Gradient
o
50 The observed along-coast pressure gradients are a significant component of
3 1ol the wind-driven dynamics over the inner shelf. The steady, barotropic, linear,
E depth-average along-shelf momentum balance used in the ATW model is
= .
2 207 -7 7 a,,]P =y Tby
f Fhitgy = —gh =5+ = — — )
-30 0 Py Po

-10 0 10
observed 9, 10y (107)

20

Figure 7. Scatter plot of daily observed versus ATW model along-coast
pressure gradients for the New England shelf. Red dashed line has a slope of

1. Relationship is similar for Central Middle Atlantic Bight.

Here u,, is the depth-average cross-shelf current, A(x) is the water depth, and
7 and 7 are the along-shelf components of the surface wind stress and
bottom stress. The size of the along-shelf pressure gradient term relative to the
wind stress term depends on the water depth and the cross-shelf variations in
the pressure gradient and wind stress terms. The ATW model suggests the
wind-driven along-shelf pressure gradient is relatively constant over the inner

shelf, defined in this case as h(x) < Drw- The standard deviation of the observed along-coast pressure gradient
term (at the coastal wall, . = 15 m) is 27% and 35% of the mid-shelf wind stress term along the New England and
Central MAB coasts for daily averages, 34% and 42% for monthly averages and 54% and 49% for yearly averages.
However, along-shelf wind stresses from buoys and towers closer to the coast are weaker than mid-shelf ERAS

wind stresses by about 60%. Consequently, the coastal pressure gradient term (7, = 15 m) is generally 50%—-80%

of the local along-shelf wind stress term over the inner shelf. This tendency for the along-coast pressure gradient
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,\g%c-’_rsy New England
— Y Georges Bank
— 7 Central MAB

Aph

4 WA AN [N Ji A M A Ak Ak A Ak
- i A A Vi e e ' YTy WA I PN VUi YRR wWe
I I I I I

o°

o o

\
o of

) 0 )
AQ®7 AR A7 o

(L

o\° oS

Figure 8. Relative contributions from monthly local and remote wind forcing
to the ATW model estimates of the pressure gradient along the (a) New

England and (b) Central Middle Atlantic Bight coasts.

term to be a substantial fraction of the along-shelf wind stress term is
consistent with previous studies of the along-shelf momentum balance at
several MAB inner shelf sites at daily (Fewings & Lentz, 2010; Lentz
et al., 1999; Masse, 1988; Ofsthun et al., 2019; Pettigrew, 1981) and monthly
(Lentz, 2022) time scales.

5. Discussion

The magnitudes of the pressure gradient along the New England coast at daily
and monthly time scales and the strong correlation with the along-shelf wind
stress are consistent with the early studies based on more limited data sets
(Beardsley & Butman, 1974; Beardsley et al., 1977; Chase, 1979; Noble &
Butman, 1979; Wang, 1979). Bennett and Magnell (1979) argued that along-
shelf pressure gradients on the New England shelf were set up by the water
piling up in the corner of the New York Bight and setting up an opposing
pressure gradient (see also Wang, 1979). The ATW model as implemented
assumes a straight coastline and isobaths with abrupt changes in the wind
stress at Great South Channel (east of Nantucket), the New York Bight
(Sandy Hook), and Chesapeake Bay. While the abrupt change in coastline
orientation undoubtedly has some impact on the pressure field, the success of
the ATW model indicates that the primary cause of the wind-driven along-
coast pressure gradients is along-shelf variations in the along-shelf compo-
nent of the wind stress, not topographic constraints on the flow.

The relationship between the along-shelf wind stress and along-coast pressure
gradient is also similar to results of a previous analysis for the region pole-
ward of the MAB, the Gulf of Maine and Scotian shelf (Li et al., 2014). The
ATW model provides a dynamically based depth scale, D v (Equation 2),
relating the along-shelf wind stress and the pressure gradient that should be
applicable to other regions (e.g., Li et al., 2014). D 1w is the water depth
scale corresponding to the offshore spread of the wind-forced response and
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depends on four parameters: the linear drag coefficient, the bottom slope, Coriolis, and an along-shelf scale for the
wind stress.

The local and remote along-shelf wind stresses included in this study account for more than half of the along-coast
pressure gradient variance in the MAB at time scales from days to months and more than 25% of the variance at
yearly time scales. This is probably a conservative estimate given uncertainties in the sea-level observations, the
reanalysis wind stresses, and the along-coast pressure gradient estimates. For example, differences between
adjacent tide gauges that are relatively close together (e.g., Sandy Hook and Battery or Montauk and New London
Figure 1) have standard deviations of ~2 cm at daily, ~1.5 cm at monthly and ~1 cm at yearly time scales. These
standard deviations are about 15% of the sea-level differences spanning the length of the New England (Nantucket
to Sandy Hook) and Central MAB (Sandy Hook to Chesapeake Bay) coasts at daily and monthly time scales, but
about 40% at yearly time scales. This undoubtedly contributes to the lower correlations between the observed and
ATW model along-shelf pressure gradient at yearly time scales relative to daily and monthly time scales
(Table 1).

The direct dynamical link between the regional along-shelf wind stress and the along-coast sea level gradient
supports previous work suggesting that intermittent linkages between the North Atlantic Oscillation index and
coastal sea level are due to shifts in the relationship between the NAO and local wind stress in the MAB region
(e.g., Andres et al., 2013; Kenigson et al., 2018). For the 40 years time period examined here, both the along-shelf
wind stresses and the pressure gradients along the New England and Central MAB coasts are uncorrelated with
the NAO at monthly and yearly time scales.

It is surprising that the ATW model implementation represents the observed along-coast pressure gradients so
well (Table 1, Figures 2-6) given the simplified dynamics and limitations in the implementation of the model. The
model bathymetry with no along-shelf variation, a coastal wall, and a constant shelf bottom slope clearly neglects
a number of bathymetric features that may be important, including substantial changes in the shelf width, the lack
of a coast at the crest of Georges Bank, the sharp change in coastline orientation in the New York Bight, and
features like Great South Channel between the New England shelf and Georges Bank (Figure 1). The use of a
linear drag law is not accurate during strong forcing events at daily time scales (Figure 7) and surface gravity wave
enhancements of the bottom stress are not considered (e.g., Lentz, 2022; Ofsthun et al., 2019). The model also
does not include density variations, notably stratification which is substantial during the summer in the MAB and
undoubtedly influences the dynamics.

At daily time scales, the steady-state assumption is not accurate, particularly over the mid and outer shelf, where
the acceleration term in the along-shelf momentum balance can be significant (e.g., Shearman & Lentz, 2003).
The ATW model does not include coastal trapped waves that propagate rapidly (order 7 m/s) equatorward along
the MAB shelf and hence contribute to the response from remote, as well as local, wind forcing and are a sig-
nificant contributor to a long-coast pressure gradients (e.g., Brunner et al., 2019; Noble et al., 1983; Ou
et al., 1981; Schulz et al., 2012; Wang, 1979).

A major shortcoming of the implementation of the ATW model is the neglect of wind stress (and buoyancy)
forcing in the Gulf of Maine and farther poleward. As noted in Section 2 the choice to only extend the model
poleward over the Southern Flank of Georges Bank was to maintain the simplicity of the model and avoid the
complex geometry and wind-driven response of the Gulf of Maine. Nevertheless, along-shelf wind stresses in the
Gulf of Maine and over the Scotian shelf generate along-coast pressure gradients in those regions (Li et al., 2014)
and probably contribute to the along-shelf pressure gradients in the MAB based on previous studies of sea level
(e.g., Noble & Butman, 1979; Wang et al., 2022).

Offshore forcing may also contribute to sea level variability, and possibly along-coast pressure gradients,
particularly from farther north in the Subpolar Gyre and at longer time scales (e.g., Frederiskse et al., 2017; Wise
et al., 2018). There is substantial evidence for a “mean” along-shelf pressure gradient that drives the mean along-
shelf flow in the MAB (e.g., Lentz, 2008; Scott & Csanady, 1976), that is not accounted for by the ATW model
implementation in this study. Recent numerical modeling studies indicate the “mean” pressure gradients are
driven by remote wind stress and buoyancy forcing over the eastern Canadian shelf and even farther poleward
over the Greenland shelf (Chen & Yang, 2024; Pringle, 2018; Yang & Chen, 2021).

Other processes will also drive along-shelf pressure gradients at shorter scales, not resolved by the regional along-
shelf pressure gradient estimates. Discharge from rivers and estuaries form buoyant plumes that propagate

LENTZ

8 of 11

QSUDOIT suowwo)) dAnear) d[qeatjdde oyp Aq PauIdAOS oI SI[ONIE Y 2SN JO SI[NI 10] ATRIqIT UI[UQ) AJ[IAN UO (SUONIPUOD-PUE-SULId}/W0d Ko[im" KIeIqrjautjuo//:sdny) suonipuoy) pue swld g, 3y 39S *[$207/01/91] uo Areiqry surjuQ LofiA ‘Areiqr 1oy [N A9 1LZ120D0H20T/6T01 01/10p/wod Kapim Areiqiauriuosqndney/:sdny woiy papeojumod ‘6 “+70T ‘1626691



Fa\ AV

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2024JC021271

Acknowledgments

The author thanks Ken Brink and two
anonymous reviewers for helpful
suggestions on an early draft of this
manuscript. The analysis presented here
was partially funded by the National
Science Foundation under grants OCE
#2219670 and OCE #2322676 (LTER
Phase II).

equatorward along the MAB coast. Notable examples are the Hudson River, Delaware Bay and Chesapeake Bay
(e.g., Chant et al., 2008; Miinchow & Garvine, 1993; Rennie et al., 1999). The associated along-shelf pressure
gradients can be substantial (e.g., Lentz et al., 1999). The Hudson and Delaware Bay plumes may contribute to the
lower correlations between the observed and ATW model wind-forced pressure gradient along the Central MAB
coast relative to the New England coast (Table 1). Surface gravity waves and cross-shelf wind stresses also drive
coastal setup/setdown, primarily in the surf zone and inner shelf respectively (e.g., Lentz & Fewings, 2012). The
setup and associated along-shelf pressure gradients are sensitive to the coastal geometry at individual tide gauges
(Figure 1) and likely contribute to shorter scale “noise” in the regional scale along-shelf pressure gradient
estimates.

6. Summary

Along-shelf wind stresses drive substantial along-coast variations in sea level and dynamically significant
pressure gradients in the MAB at time scales from days to years. Sea-level differences along the New England
(Nantucket to Sandy Hook, Figure 1) and Central MAB coasts (Sandy Hook to Chesapeake Bay) often exceed
20 cm at daily time scales (e.g., Figure 3) and occasionally 50 cm during strong storms (e.g., Figure 4). Sea-level
differences often exceeded 5 cm and occasionally 10 cm at monthly time scales (Figure 5) and are 1-2 cm at
yearly time scales. The associated wind-driven along-coast pressure gradients are a significant component of the
dynamics over the inner-shelf (water depths of 5-30 m), typically 50%—80% of the wind stress in 15 m of water
(inner-shelf wind stress magnitudes are about half mid-shelf wind stresses in the MAB).

The Arrested Topographic Wave model (Csanady, 1978) accurately reproduces the observed along-coast pressure
gradients in the MAB (Table 1, Figures 3-7) and provides insight into the dynamics and the parameter depen-
dence. The ATW model shows that the along-coast pressure gradient forced by the local along-shelf wind stress
scales as onp/dy ~ >/ \/ wpgD a1w (Equation 3b; Table 1), where D 51w (Equation 2) depends on the linear drag
coefficient, the bottom slope, the Coriolis frequency, and a characteristic along-shelf length scale for the wind
stress. The ATW model also provides insight into the relative importance of local and remote along-shelf wind
forcing. Pressure gradients along the New England coast are primarily driven by the local wind stress along the
New England shelf (Figure 8a). In contrast, pressure gradients along the Central MAB coast are driven by both
local along-shelf wind stresses and remote wind stresses along the New England shelf (Figure 8b). The success of
the ATW model in accurately reproducing the observed along-coast pressure gradients in the MAB, suggests it is
a useful model for broad shallow shelves that have a more barotropic response. It also raises the question of how
useful the ATW model might be for narrower, steeper shelves where stratification may be more dynamically
important, such as the west coast of the United States.

Data Availability Statement

The hourly tide gauge sea-level data are from the Center for Operational Oceanographic Products and Services
(CO-OPS) (2018). CO-OPS Water Level Data from the Coastal Tide Gauge and Great Lake Water Level Network
of the United States and US Territories. NOAA National Centers for Environmental Information. https://doi.org/
10.25921/dt9g-2p60 [accessed 2 May 2022 via https://tidesandcurrents.noaa.gov/stations.html?type=Historic
+Water+Levels]. The ERAS wind stresses and atmospheric pressures are from the European Centre For Medium-
Range Weather Forecasts (2019), updated monthly. ERA5 Reanalysis (0.25 Degree Latitude-Longitude Grid).
Research Data Archive at the National Center for Atmospheric Research, Computational and Information Sys-
tems Laboratory. https://doi.org/10.5065/BH6N-5N20. Accessed 14 December 2022.
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