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Abstract Hudson Shelf Valley is a 20-30 m deep, 5-10 km wide v-shaped submarine valley that extends
across the Middle Atlantic Bight continental shelf. The valley provides a conduit for cross-shelf exchange via
along-valley currents of 0.5 m s~ ' or more. Current profile, pressure, and density observations collected during
the winter of 1999-2000 are used to examine the vertical structure and dynamics of the flow. Near-bottom
along-valley currents having times scales of a few days are driven by cross-shelf pressure gradients setup by
wind stresses, with eastward (westward) winds driving onshore (offshore) flow within the valley. The along-
valley momentum balance in the bottom boundary layer is predominantly between the pressure gradient
and bottom stress because the valley bathymetry limits current veering. Above the bottom boundary layer,
the flow veers toward an along-shelf (cross-valley) orientation and a geostrophic balance with some contribu-
tion from the wind stress (surface Ekman layer). The vertical structure and strength of the along-valley current
depends on the magnitude and direction of the wind stress. During offshore flows driven by westward winds,
the near-bottom stratification within the valley increases resulting in a thinner bottom boundary layer and
weaker offshore currents. Conversely, during onshore flows driven by eastward winds the near-bottom stratifi-
cation decreases resulting in a thicker bottom boundary layer and stronger onshore currents. Consequently,
for wind stress magnitudes exceeding 0.1 N m™~2, onshore along-valley transport associated with eastward
wind stress exceeds the offshore transport associated with westward wind stress of the same magnitude.

1. Introduction

Hudson Shelf Valley is a 20-30 m deep submarine valley that extends across the continental shelf of the
Middle Atlantic Bight from near the mouth of the Hudson River to the outer shelf (Figures 1 and 2). It is the
only submerged river valley on the continental shelf of the Middle Atlantic Bight that has not been filled
with sediment. Cross-shelf (along-valley) flows are much stronger within Hudson Shelf Valley than cross-
shelf flows on the adjacent shelf [Nelsen et al., 1978; Mayer et al., 1982; Manning et al., 1994; Harris et al.,
2003]. Consequently, Hudson Shelf Valley, like many submarine valleys and canyons, may provide an impor-
tant conduit for cross-shelf exchange [Allen and de Madron, 2009]. This has led to studies focused on Hud-
son Shelf Valley’s influence on the New York Bight shelf circulation [Han et al., 1980; Gong et al., 2010],
dispersal of freshwater from Hudson River [Chant et al., 2008; Zhang et al., 2009], sediment transport [Free-
land et al., 1981; Manning et al., 1994; Harris et al., 2003], and pollutant transport from the New York City off-
shore dump site located near the head of the valley [Manning et al., 1994].

Previous studies of Hudson Shelf Valley have observed near-bottom along-valley flows of 0.4 m s~ ' or more
associated with strong east-west winds [Lavelle et al., 1975; Nelsen et al., 1978; Mayer et al., 1982; Manning

et al., 1994; Harris et al., 2003]. Eastward winds drive near-bottom onshore flows in the valley, while west-
ward winds drive offshore flows. Lavelle et al. [1975] hypothesized that eastward (westward) winds resulted
in a wind-driven setdown (setup) near the coast, and the resulting cross-shelf pressure gradient forced the
onshore (offshore) near-bottom flow in the valley. Early numerical modeling studies support this description
of the dynamics [Hsueh, 1980; Hsueh et al., 1984]. While previous studies have related flow in Hudson Shelf
valley to coastal sea level variations [e.g., Harris et al., 2003], the along-valley pressure gradient has not been
estimated to directly test the hypothesized dynamics.

Mean flows over time scales of months in Hudson Shelf Valley tend to be onshore [Nelsen et al., 1978; Mayer
et al., 1982; Manning et al., 1994; Harris et al., 2003] (Figures 1 and 2), qualitatively consistent with the mean
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eastward winds [Lentz, 2008a] or the

42°N tendency for an asymmetry that
| favors onshore flow in canyons
41°N [Klinck, 1996]. However, the “mean”
flows cited in previous studies have
40°N | generally spanned months and it is
not known whether there is a con-
29N | £ sistent seasonal cycle in the Hudson
=4 Shelf Valley currents because there
| g B have not been time series spanning
38°Nf| X = several years. The vertical structure
| of the flow within the valley and
37N b how it depends on stratification and
other factors has not been
36°N | described because most previous
studies have collected current
— measurements either near the bot-
72°W 70°W tom [Manning et al., 1994] or at only
a few heights above the bottom
Figure 1. Middle Atlantic Bight bathymetry and the mean depth-averaged shelf cur- [Mayer et al., 1982] without simulta-

rents from long-term moorings [from Lentz, 2008a]. Note the onshore mean currents

in excess of 5 cm s~ in Hudson Shelf Valley. neous density observations.

While observations of strong flows
in submarine canyons and valleys resulting in substantial cross-shelf or cross-slope transport extend back at
least to the late 1960’s when reliable current meters were first developed [Shepard et al., 1969], a consistent
qualitative picture of the dynamics has only begun to emerge in the last two decades (see Allen and de
Madron [2009] for a more complete review). Early theoretical studies showed how the cross-shelf pressure
gradient associated with geostrophic along-shelf flows could drive substantial cross-shelf (along-canyon)
flows in a narrow slot canyon since there can be no along-shelf flow within the canyon and hence no Corio-
lis force to balance the cross-shelf pressure gradient [Freeland and Denman, 1982; Klinck, 1989]. Subsequent
numerical modeling studies in
more realistic geometries
revealed an asymmetry in the
canyon response to upwelling
and downwelling-favorable
along-slope flows [Klinck, 1996;
She and Klinck, 2000; Kampf,
2006], presumably associated
with the response of coastal-
trapped waves (Rossby or Kelvin
waves) to the topographic per-
turbation [e.g., Johnson, 1978; Kill-
worth 1978; Allen and de Madron,
2009; Kampf, 2012]. An asymme-
try was also observed in a model
study of Hudson Shelf Valley
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Figure 2. Hudson Shelf Valley bathymetry map showing locations of USGS (circles) and .
NMFS (diamonds) current measurement sites, and Ambrose tower and NDBC buoy 44025 canyon flows than downwelllng-
meteorological measurement sites. Mean current vectors 5 mab from the winter 1999- favorable along-slope flows of
2000 USGS deployment are also shown. An along-valley x and cross-valley y coordinate the same magnitude. For upweII-
system is used with the along-valley orientation defined at each site based on the major

axis of the low-frequency currents 5 mab. ing conditions, the along-slope
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flow is deflected up the canyon and concentrated farther up the slope on the downstream side of the can-
yon [Klinck, 1996; Allen, 1996]. Downwelling conditions result in a more symmetric response, with the flow
deflected slightly onshore and then offshore as it passes over the canyon. In laboratory studies of zero-
mean oscillatory flows over canyons, this asymmetry in the response to upwelling versus downwelling con-
ditions can result in a net upwelling [Boyer et al., 2004; Boyer et al., 2006]. Though in a numerical modeling
study, Kampf [2009] suggests that purely oscillatory flow does not produce a significant net onshore trans-
port of dense water. Numerical modeling studies also indicate that stratification can limit the vertical extent
of the topographic influence of the canyon [Allen and Hickey, 2010; Klinck, 1996]. Stronger stratification can
also result in an along-canyon density gradient that tends to balance the sea surface slope [She and Klinck,
2000] and reduce the along-canyon transport during upwelling [Kampf, 2007; Mirshak and Allen, 2005]. Most
of the numerical modeling and laboratory studies cited above have focused on geometries consistent with
canyons in deep water over continental slopes, as have many of the observational studies of canyons [e.g.,
Allen and de Madron, 2009, though see Hickey, 1997]. The relevance of the previous work focusing on can-
yons that incise continental slopes to shallower, narrow submarine valleys that incise continental shelves,
like the Hudson Shelf Valley, is unclear. For example, numerical modeling studies of Hudson Shelf Valley
[Hsueh, 1980; Hsueh et al., 1984] suggest bottom stress is an important component of the dynamics, in con-
trast to numerical modeling studies of deeper continental slope canyons where frictional effects are
thought to be of minor importance [e.g., Kampf, 2006, 2007].

Observations from a field program to study sediment transport in Hudson Shelf Valley [Butman et al., 2003a;
Harris et al., 2003] are used to characterize the vertical structure of the along-valley flow, estimate the
along-valley (cross-shelf) transport, and investigate the dynamics of the flow in Hudson Shelf Valley. This
data set has several advantages over previous studies, notably more complete vertical coverage of current
profiles and observations that allow estimation of terms in the along-valley momentum balance. Bottom
pressure and density time series from several sites along the valley (sites A, B, C, and F in Figures 2 and 3)
provide estimates of the along-valley pressure gradient, the along-valley density gradient, and the stratifica-
tion. High-frequency, near-bottom current measurements provide estimates of bottom stress [Harris et al.,
2003]. Current observations from two previous studies, the 1974-1978 Marine Ecosystem Analysis project
(MESA) in the New York Bight [Mayer et al., 1982; Mayer, 1982] and a study of sediment transport at the
New York Bight 12 mile dumpsite near the head of the valley [Manning et al., 1994], are also examined to
provide a more complete description of the circulation, including seasonal variability, and the relationship
between the wind stress and the along-valley flow.

2. Site, Observations, and Processing

2.1. Hudson Shelf Valley

Hudson Shelf Valley is the submerged ancestral Hudson River Valley that extends from near the mouth of
the present Hudson River to the outer continental shelf [Butman et al., 2003b; Thieler et al., 2007]. The valley
is oriented roughly northwest-southeast (120°N) over the mid and outer shelf, curving to a north-south
(0°N) orientation near the head of the valley in the apex of the New York Bight (Figure 2). The valley is about
5 km wide from the head to midshelf, and then broadens to a submerged delta near the outer edge of the
continental shelf. Consequently, the valley is not evident near the shelfbreak and not clearly connected
with Hudson Canyon that incises the continental slope [Keller et al., 1973].

The floor of the valley is steeper at its landward side and flattens offshore, with six enclosed depressions, 5-
10 km long and 5-15 m deep along the valley axis (Figure 3). The valley floor deepens from about 30 m at
the head to 70 m at site C, an along-valley distance of about 50 km. From site C to the shelfbreak (about
100 km), the depth of the valley floor fluctuates between 70 and 90 m. There are relic sand waves with
amplitudes of about 1-5 m between sites M16 and M18 (Figure 3) [Butman et al., 2003b; Thieler et al., 20071.
The valley is 20-30 m deeper than the surrounding shelf (dashed line, Figure 3) between sites B and F.

2.2. Field Programs

2.2.1. United States Geological Survey (USGS) Studies

The focus of this study is an array of instrumented tripods and moorings deployed at six sites in and around
Hudson Shelf Valley from early December 1999 through mid-April 2000 (Figure 2). Sites A, B, C, and F were
located along the axis of the valley in water depths of 38, 55.5, 69.5, and 74 m, respectively (Figure 3). Sites
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Figure 3. Section along the axis of Hudson Shelf Valley showing the bathymetry
from USGS survey [Butman et al., 2003b] and the instrument locations for the moor-
ing sites in the valley. Current meters are VACMs (green squares), Anderaas (red

squares), or RDI ADCPs (blue or red dots). The dashed line is an

estimate of the depth

of the valley rim based on cross-valley sections (at open circles) from USGS bathyme-

try survey. Site locations are shown in Figures 2 and 4.

C and F were on topographic highs
between depressions. Sites D and E
were on either side of the valley on
the 25 m isobath. Bottom-mounted,
upward-looking RD Instruments

300 kHz Workhorse Acoustic Doppler
Current Profilers (ADCP) were
deployed at all six sites. The ADCPs
measured current profiles with 1 m
vertical resolution from about 5 mab
(meters above the bottom) to within
3.5-8 m of the surface depending on
the water depth (Figure 3). Current
measurements 0.4 mab (sites A, B, C,
D, E) and 1 mab (sites A, B, D) were
obtained using Benthic Acoustic
Stress Sensors or Modular Acoustic
Velocity Sensors mounted on bot-
tom tripods. The ADCPs and near-
bottom current meters collected

5 min burst averages of 1 Hz samples
every 15 min.

Bottom pressure measurements

were obtained at all six sites using Paroscientific Digiquartz pressure sensors recording 5 min averages. The
pressure time series at site A is only 2 months long. Temperature and conductivity were sampled every 5
min using SeaBird sensors deployed at 1 m depth (except at F) and near the bottom at each site, at 30.5
and 45.5 m depth at site B, and at 29.5 and 59.5 m depth at site C (Figure 3). A more complete description
of the field program is given in Butman et al. [2003a] and Harris et al. [2003].

In a subsequent spring field program, carried out in collaboration with Rutgers University, upward-looking
300 kHz ADCPs were deployed along the axis of Hudson Shelf Valley from early April to mid-June 2006 at
sites A and G (Figures 2 and 3). Site G was located 13 km onshore of site C in 62 m of water. The vertical
and temporal sampling was the same as for the winter 1999-2000 ADCPs.

40°N

10 cm/s

o
39°N 73%W

72°W

Figure 4. Map showing locations of MESA sites and subtidal principal axes ellipses
for near-bottom (1-5 mab) currents. Current ellipse at M18 is from current meter 14

mab.

2.2.2. Marine Ecosystem Analysis
Project (MESA)

Current observations collected
between 1974 and 1978 from 29
sites in the New York Bight (Figure 4)
as part of the Marine Ecosystem
Analysis project [Mayer et al., 1982;
Mayer, 1982] were obtained from the
National Ocean Data Center archive.
Moorings at each site supported 2-8
Aanderaa current meters typically
sampling currents and temperatures
at 20 or 30 min intervals for single or
multiple deployments of 1-3
months. Of particular interest for this
study are observations from five sites
within Hudson Shelf Valley: M13
(total record lengths 49-123 days),
M14 (154-361 days), M16 (105-370
days), M18 (46-113 days), and M19
(43-65 days).
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2.2.3. National Marine Fisheries Service (NMFS) Study

As part of a National Marine Fisheries Service study of the New York City sewage dumpsite 12 miles east of
Sandy Hook, New Jersey, near-bottom current observations were obtained from seven sites near the head
of Hudson Shelf Valley during the summer of 1987 and from May 1988 to June 1989 [Manning et al., 1994].
Single Vector-Averaging Current Meters (VACMs) were deployed 1-4 mab at each site for 2 months to a
year (Figure 2). Two of the sites were in Hudson Shelf Valley (Figure 3).

2.2.4. Ancillary Data

Wind stress was estimated from wind velocity from National Data Buoy Center (NDBC) buoy 44025

(Figure 2) using a bulk formula assuming neutral conditions [Fairall et al., 2003]. The oceanographic conven-
tion is used for wind direction, i.e., an eastward wind blows toward the east. Gaps in the wind stress time
series from 44025 were filled with wind-stress estimates from Ambrose tower. Correlations between the two
wind stress time series were 0.90 for the east-west component and 0.85 for the north-south component.

A total of 314 CTD (conductivity-temperature-depth) profiles within 2 km of the axis of Hudson Shelf Valley
were extracted from the National Ocean Data Center historical hydrographic database to characterize the

annual variation in stratification in the valley. Approximately one third of the profiles were near the head of
the valley (latitude > 40°15’N), with the remaining two thirds evenly distributed along the rest of the valley.

2.3. Data Processing

All time series were block-averaged to hourly values. The current velocity time series contain substantial
variability at both tidal and subtidal frequencies. The focus here is on the subtidal variability, so a low-
pass filter having a 33 h half-power point was applied to the time series. Pressure time series were
detided using t-tide [Pawlowicz et al., 2002] before low-pass filtering. Terms in the along-valley momen-
tum balance are estimated from the unfiltered hourly values and then low-pass filtered (see Appendix
A). For most of the analysis, an along-valley coordinate system was adopted with x being the along-
valley direction (positive offshore), and y the cross-valley (positive toward the north and east; Figure 2).
At each of the shelf valley sites, the along-valley orientation was defined as the direction of the principal
axis of the subtidal flow 5 mab. All references in this paper to along-valley flow at individual stations are
rotated into this local coordinate system. The along-valley pressure gradient at site C was estimated as
the pressure at site F minus the pressure at site B. (The depths of the bottom pressure sensors relative
to the geoid are not known accurately enough to determine the mean pressure gradient so the mean
pressure gradient when near-bottom current speeds were less than 5 cm s~ ' was set to zero.) Estimation
of the pressure gradient and other terms in the along-valley momentum balance are described in the
Appendix A.

The ADCP current measurements are thought to have an accuracy of a few cm s~ [Plueddemann et al.,
2003; Pettigrew et al., 1986]. The MESA current measurements using Aanderaa current meters are less accu-
rate, especially in the presence of surface gravity wave velocities [Beardsley et al., 1981].

The decorrelation time scale is approximately 36 h for the subtidal along-valley flow and 24 h for the cross-
valley flow based on the first zero-crossing of the autocorrelation function from the USGS and MESA current
time series. Thus, there are about 20 independent samples per month.

3. Overview of the Near-Bottom Flow in Hudson Shelf Valley

3.1. Subtidal Variability

Subtidal current variability within Hudson Shelf Valley is dominated by strong along-valley flow events hav-
ing time scales of days (Figure 5b). Near-bottom subtidal current variability is strongly polarized along the
valley axis (compare black and red lines in Figure 5b), with major axis amplitudes of about 0.15 m s~ ' and
minor axis amplitudes of ~0.03 m s~ (Figure 4). Near-bottom subtidal along-valley (cross-shelf) flows are
about a factor of five larger than subtidal cross-shelf flows on the adjacent shelf (Figure 4). Subtidal along-
valley currents are significantly correlated along the valley; the correlation between near-bottom currents at
the USGS valley sites that are farthest apart, sites A and F (separation 80 km) is 0.8. (All reported correlations
are significantly different from zero at the 95% confidence level unless noted otherwise.)

The near-bottom subtidal, along-valley flow is significantly correlated with the wind stress at all sites
within Hudson Shelf Valley in all three studies (Figure 6a, also compare black lines in Figure 5a and
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Figure 5b). Maximum correlation is

= with the approximately east-west

2 component of the wind stress (ori-

= entation 90°T-120°T; degrees

0. clockwise relative to true north),

£ i so eastward (offshore) wind

° stresses force onshore flow in the
valley and westward wind stresses
force offshore flow, as noted in

= previous studies [Lavelle et al.,

= 1975; Nelsen et al., 1978; Mayer

=0 et al, 1982; Manning et al,, 1994;

=:° Harris et al., 2003]. Consequently,
maximum correlations and regres-

sions slopes are reported as nega-
tive since wind and currents tend
to be roughly in opposite direc-
tions. Maximum (negative) correla-
%0.2 Yl R SR R e (| - : . tions generally range from —0.7
to —0.85 with the wind stress
leading the along-valley flow by
about 10 h. The regression slope
range is —0.7 to —1.7 m s~ '/N
m~2 (Figure 6b), with the sugges-
tion of lower values inshore and

4 1424 3 1323 2 1222 4 14 24 3 13
Dec Jan Feb Mar  Apr

Figure 5. Time series of the (a) low-passed wind stress (N m~?) and along-valley pres-
sure gradient (10™% m s, red), (b) low-passed near-bottom along-valley and cross- offshore where the valley broad-
valley (red) currents (m s~ ") at site C, and () density difference (kg m™~>) between 0.5 ens and the flow is less confined
and 40 mab at site C. Wind stress orientation is positive toward 110°T and leads cur- by the bathymetry (Figure 2)
rents by 10 h. Pressure gradient is estimated as difference between sites B and F. The y Yy y {rigu :
28 events when the subtidal along-valley current at 5 mab exceeded 0.15m s~ ' are Intercepts are typically around
noted by triangles in Figure 5b. Dashed lines in Figure 5c indicatesAp=0.05kg m —3 —002ms ! (Figure 60), though
and Ap=0.2kg m ~3 used to define unstratified and stratified profiles. I .

often not significantly different

from zero, suggesting the possibil-
ity of a weak onshore flow in the valley in the absence of wind forcing. Based on the consistency of the
empirical relationship between wind stress and near-bottom along-valley current (Figure 6), we define
™ (maximum correlation with near-bottom along-valley current) as the wind stress having an orienta-
tion of 110°T and leading the near-bottom current by 10 h. The wind stress orientation that results in
maximum correlation is not along-shelf, though it is hard to define along-shelf in this region since the
coastline orientation changes by almost 90° near the head of the valley. The wind stress orientation
that is most highly correlated with the along-shelf currents either west or south of Hudson Shelf Valley
is approximate 50°T (from MESA data). This is similar to the wind stress orientation that is most highly
correlated with the along-shelf current on the New England shelf and generally reflects an average
along-shelf orientation of the central portion of Middle Atlantic Bight stretching from Cape Cod to Ches-
apeake Bay [Noble et al., 1983; Beardsley et al., 1985] (see Shearman and Lentz [2003] for discussion of
this).

Time series of the along-valley pressure gradient (Figure 5a, red line) during the USGS winter deployment
support the basic idea proposed by Lavelle et al. [1975] that the wind stress sets up a cross-shelf pressure
gradient that forces the along-valley flow. The along-valley (cross-shelf) pressure gradient is significantly
correlated with the wind stress (Figure 5a). The maximum correlation is 0.83 with the pressure gradient lag-
ging the wind stress by 3 h and a wind stress orientation of 110°T. The near-bottom along-valley flow is, in
turn, correlated with the along-valley pressure gradient (correlations —0.80 to —0.66, open squares in Fig-
ure 6a) with the near-bottom current lagging the pressure gradient by about 6-11 h. The correlations
between the near-bottom currents and the along-valley pressure gradient are similar to the correlations
between the near-bottom currents and the wind stress (compare squares with other symbols in Figure 6a).
The dynamics of the along-valley flow are examined in section 4.3.
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06 : ‘ : ‘ ; 3.2. Seasonal Variation
C ) m) Combining monthly means of the
S ¢ £ . A near-bottom along-valley flow from
= 08 ? r 1 the USGS, MESA, and NMFS studies
= ¢ reveals a clear seasonal variation
o + NMFS .
+ MESA (Figure 7a). Monthly me.an along-
-10 2‘0 4‘0 6‘0 o USGS winter [120 valley currents are con5|st7e1n.tly .
- USGS spring onshore at 0.05-0.15m s™ ' in eril-
. ter (December to February; e.g., Fig-
“JE 4 b) ‘ ‘ ‘ ‘ ‘ ure 2) and near zero in late spring
g { i and summer (May through Septem-
< -1p ¢ b $ . ber). Monthly mean near-bottom
g 1 l cross-valley flows (not shown) are
E Pl | typically between £0.02 m s~ ' and
X" = ‘ ‘ ‘ ‘ ‘ do not differ significantly from zero.
0 20 40 60 80 100 120 This seasonal variation is in contrast
to the surrounding Middle Atlantic
~ 0.02¢) ‘ ‘ l ‘ ‘ ‘ | Bight shelf, where the monthly
g 0 I b—1 - mean flows are along-shelf toward
= 0.02; t f { { t 1 the southwest at 0.05-0.15m s
® -0.04 (Figure 1) with less seasonal varia-
§ -0.06+ p 1 tion [Beardsley and Boicourt, 1981;
= 0.08 ‘ ‘ ‘ ‘ ‘ Lentz, 2008a, 2008b].
0 20 40 60 80 100 120
along-valley distance (km) The monthly mean along-valley cur-
rents from all three studies are sig-
Figure 6. Results of a linear regression analysis of the form u,=atr™ +b, where ™ is niﬁcantly correlated (0.71) with the

subtidal wind stress (orientation 110°T, leads currents by 10 h) and u,, is along-valley
flow 5 mab as a function of along-valley distance for NMFS, MESA, and USGS studies: . .
(a) correlation, (b) regression slope g, and (c) intercept b. Error bars in Figures 6b and essentially the same regression

6c are 95% confidence intervals. Open squares in Figure 6a are maximum correlations slope (—0.82+037m 571/N mfz)
between along-valley pressure gradient and up, with pressure gradient leading cur-
rent by about 8 h.

monthly mean wind stress with

and maximum correlation at the
same wind stress orientation
(110°T) found for the subtidal vari-
ability. This indicates that variations in the monthly mean wind stress account for about half the variance in
the monthly means of the along-valley flow seen in Figure 7a. An average annual cycle of the along-valley
flow was estimated from historical wind stresses at NDBC 44025 and Ambrose between 1985 and 2012
(black dashed line, Figure 7a) using a regression slope of —1 m sT//Nm™2 an intercept of —0.02 m s,
and a wind stress orientation of 110°T (Figure 6). The observed annual variation in the along-valley monthly
mean currents is similar to the estimate of the annual cycle based on the wind stress, suggesting the limited
current observations provide a reasonable description of the average annual cycle (compare dashed line
and symbols in Figure 7a). In summer, the wind-stress estimate suggests a stronger (—0.02 m s~ ') onshore
monthly mean flow than the limited current observations. The intercept may vary seasonally and be closer
to zero in summer since monthly mean wind stresses during the summer 1988-1989 NMFS observations
are similar to the 27 year summer mean wind stresses but the monthly mean along-valley currents during
the NMFS study are near zero. The December 1999 to January 2000 period of the USGS observations had
stronger southwestward winds than any year in the 1985-2002 period [Harris et al., 2003], possibly account-
ing for the large up-canyon flows in December and January in the USGS data (Figure 7a).

4. Subtidal Along-Valley Flow Characteristics and Dynamics

4.1. Vertical Structure Flow

The vertical structure of the flow in and above Hudson Shelf Valley depends on both the stratification and
the direction of the along-valley flow. Stratification in the vicinity of Hudson Shelf Valley has a large annual
variation consistent with the rest of the Middle Atlantic Bight [Beardsley et al., 1985; Lentz et al., 2003]. In
winter, the water column both within and above the valley is typically unstratified or weakly stratified
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- stratification occurs in late summer
~+ MESA
and fall, presumably as the sea-
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8 — —— — — downward by storms [e.g., Lentz
b - 2m et al., 2003].
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30m To examine the dependence of the

“on vertical structure of the flow on
water-density stratification and
flow direction, we focus on site C

: from the USGS December 1999 to
o 1 April 2000 deployment because

’ there are density time series at four
heights spanning most of the water
column (Figure 3). Site Cis alsoin a
nearly linear section of the valley
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Figure 7. (a) Monthly means of observed near-bottom along-valley currents from (Figure 2) that is deep relative to
MESA, NMFS, and USGS studies (points for NMFS and MESA offset from center of the adjacent shelf (Figure 3).
month to avoid overlap) and monthly means of near-bottom currents estimated using
1985-2012 wind stresses from NDBC 44025 and Ambrose (dashed line) and (b) near-
bottom water density minus the density at depths of 2, 15, and 30 m below the surface there are also density time series
from individual profiles obtained within 2 km of the valley axis (from the National from four heights. To characterize
Ocean Data Center historical hydrographic database). The empirical wind stress model
is up=at™+b, witha=—1ms '/Nm~2 b=-0.02m s ' and error bars indicate
standard deviations of 20 monthly means. Only months with 20 or more days of near- we identify 28 current events when

bottom current observations are shown in Figure 7a. the near-bottom (5 mab) anng-

valley current speed (Jup|) exceeds
0.15m s ' at site C (Figure 5b, red triangles). There are 8 events with offshore near-bottom flows and 20
events with onshore near-bottom flows. The profiles are further divided into times when the water column
was weakly stratified(Ap < 0.05 kgm~3, the estimated accuracy of the density measurements) and times
when there is moderate stratification (Ap > 0.2 kg m~3, Figure 5¢, dashed lines). (Here Ap is the density dif-
ference between 0.5 and 40 mab.) Subsequently we refer to these events as unstratified and moderately
stratified. Periods of stronger stratification (Ap > 0.5 kgm™3) occur from May to October (Figure 7b), but
the maximum Ap during the winter USGS deployment is about 0.4 kg m > (Figure 5¢). All the unstratified
(six profiles) and moderately stratified (three onshore and three offshore) along-valley current profiles (|up|
> 0.15m s ') and the associated veering of the currents relative to the near-bottom flow are shown in Fig-
ure 8. Current profiles when there is intermediate stratification (0.2kgm™3 > Ap > 0.05kgm™3) typically
resemble the moderately stratified profiles.

Results are similar for site B, where

the vertical structure of the flow,

Unstratified, onshore along-valley flow (u, < —0.15m s ™', Ap < 0.05kg m~3) is nearly vertically uniform
throughout most of the water column, with only a small (typically less than 5°) veering with height above
the bottom (Figure 8a). Thus, when the water column is unstratified, the topographic steering of the flow
by the valley extends throughout the entire water column. Unstratified, offshore flow events (up, > 0.15
m s~ Ap < 0.05kg m~3) did not occur during the winter USGS deployment.

When stratification is moderate (Ap > 0.2kgm™3,u, < —0.15m s~ '; Figure 8b), the three onshore along-
valley current profiles have a well-defined maximum in the lower half of the water column, with large verti-
cal shear above the maximum, and weaker flow in the upper water column. There is also substantial veering
relative to unstratified onshore flow. Relative to the near-bottom onshore along-valley flow, the current
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Figure 8. Profiles of (left column) low-passed, along-valley currents and (right column) current orientation relative to the orientation of
near-bottom flow A0 at site C when |up| > 0.15m s~ for all (a) unstratified (Ap < 0.05kg m~3) onshore flow events, (b) moderately strati-
fied (Ap > 0.2kg m ~3) onshore flow events, and (c) moderately stratified offshore flow events. There were no unstratified, offshore flow
events with u, > 0.15m s~ . Positive A0 is counterclockwise veering. Black triangles identify the height and magnitude of the maximum
current (hax and Upmay, respectively) for each profile. Valley rim is about 20 mab at site C (see Figure 3).

veers 20°-30° clockwise toward an eastward, along-shelf orientation 20-40 mab. Higher up in the water col-
umn there is counterclockwise veering possibly associated with the surface Ekman layer. For moderately
stratified, onshore flow, the height of the maximum current, the maximum current shear, and where the
veering changes from clockwise to counterclockwise vary from one profile to the next.

Moderately stratified, offshore flow (up > 0.15m s ', Ap > 0.2 kg m~3) is maximum approximately 5 mab
and then decreases with height above the bottom (Figure 8c). The veering is consistently clockwise with
height above the bottom throughout the water column, turning from offshore along-valley near the bottom
toward southward along-shelf at middepth. The clockwise veering is typically 20°-30° within the valley
(~20 mab) and more variable above the valley rim.

The height of the maximum along-valley current typically decreases with increasing stratification, with one
exception (Figure 9). Near-bottom (<20 mab) veering within the valley increases with slight increases in the
near-bottom stratification for both onshore and offshore flows (Figure 10). However, onshore flows are con-
sistently associated with relatively weak near-bottom stratification within the valley, while offshore flows
are often associated with stronger near-bottom stratification within the valley (Figure 11). Consequently,
near-bottom veering is typically larger for offshore flows (Figure 10, red) than for onshore flows (Figure 10,
blue).
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40 i i Maximum along-valley onshore cur-
® onshore flow | rents reached —0.6 m s~ ' and are cor-
e . 2 B EeE G related with the associated eastward
30- . o e wind stresses (Figures 12a, 5a, and 5b).
ol ‘ Maximum offshore currents are about
£ 251 %e ‘ 0.2 m s~ ', typically weaker than maxi-
“'% 201[ 0. 1 mum onshore currents, and do not
£ - ‘ increase with increasing westward
157 © @ w wind stresses; though offshore flow
10+ e °° e 1 events only occur following westward
Al oo Ba a o " & ‘ or .near-zero wind .stresses. The
| height of the maximum along-valley
0 . ‘ . i current (hmax ) is less than 10 m for
0 0.1 02 ¥ 03 04 moderate westward wind stresses (t°"
Ap (kg m™)

< —0.1N m~2) and is generally

Figure 9. Height of maximum low-passed along-valley current h,,, as a function greater than 10 m for moderate east-
of near-bottom density difference Ap=p(0.5mab )—p(40 mab ) at site C for the ward wind stresses (" > 0.1N m~2)

28 events when |up| > 0.15m s~ ' (Figure 5). Blue circles are onshore along- (Figure 12b). The dependence of
valley flow events and red circles are offshore along-valley flow events. An esti- . .
mate of bulk stratification from 0.5 to 68.5 mab was not used because hjy,q, did hmax on both the wind stress (Flgure

not exceed 40 m and there was often a thin layer of low-salinity water near the 12b) and stratification (Figure 9) sug-

surface associated with the Hudson River discharge (Figure 7b). gests that using observations from a

single height (for example, 5 mab as
in section 3) may be misleading in characterizing the overall flow structure and the along-valley
transport.

4.2. Along-Valley Transport
There is a difference in the response to eastward and westward wind stresses of both the height (Figure
12b) and speed (Figure 12a) of the maximum currents and the vertical structure of the along-valley flows
(compare Figure 8b and Figure 8c). This suggests there may be a corresponding difference in the along-
valley transport response to eastward and westward wind stresses. To determine if this is the case, time
series of along-valley transport U were estimated for the winter and spring USGS ADCP deployments within
the valley by integrating the along-valley flow from the bottom up to the first zero-crossing in the subtidal
current profile or the surface if the along-valley current was unidirectional. Along-valley transports were
also estimated for three MESA sites (M13, M14, and M16) for which there were current observations at three
or more depths. In all cases, the valley is assumed to be 5 km wide and the along-valley current is assumed
to be uniform across the width of the val-
5 ‘ - ley. Uncertainties in the transport esti-

0 e mates from the MESA study are larger than
5 o ® onshore flow for the USGS study because of the sparser
i e® ° e offshore flow vertical coverage and the less accurate cur-
-10¢ » 1 rent meters. Nevertheless, the two data
_ 15; & 1 sets yield a similar dependence of along-
e 20 ° valley transport on wind stress (Figure 13).
®
25 ® Correlations between the transport time
30l ' | series from different USGS sites within
) E the valley exceed 0. or all site pairs
o h lley d 0.85 for all
-35) . L] 1 during both the winter and spring
-40 5 5 65 0-1 s deployments. The corresponding regres-

sion coefficients are 1.0 to the accuracy
of the estimates, except at site A, where
the transport is about half the size of

apy (kg m)

Figure 10. Veering of near-bottom flow A0, between 4.5 mab (near the bot- .
tom) and 21.5 mab (near height of valley rim) as a function of the density dif- the transport estimates at the other
ference Ap, between 0.5 and 10 mab at site C. Positive veering is sites (B, C, F, and G). This suggests that

counterclockwise. roughly half of the convergence in the
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Figure 11. Daily values of the density difference Ap,=p(0.5mab )—p(10
mab ) within the valley versus daily values of the low-passed near-bottom
along-valley current u, at 5 mab at site C for December 1999 to April 2000.

Positive currents are offshore.

along-valley transport occurs between
sites A and B, with the remaining half
between site A and the coast. This
implies that the upwelling/downwelling
associated with the transport conver-
gence is concentrated where the seafloor
rises rapidly from site B to the head of
the valley (Figure 3).

Daily values of the subtidal along-valley
transport exhibit a linear dependence on
wind stress in the range —0.1N m~2 < ¢*™
< 0.3 N m~2 (Figure 13). In this wind stress
range, the correlations are about 0.8 near
the head of the valley at sites A and B (0.6
at M13) and decrease slightly with distance
offshore to about 0.7 at sites F and M16.
The regression slope is about 0.4 X 10® m?
s~ /N m 2 Thus for wind stress magni-
tudes of less than 0.1 N m ™2 the transport

response to eastward and westward winds is symmetric. While there are relatively few westward wind
stresses between —0.1 and —0.5 N m ™2, the associated transports are consistently at or below the 0.4 X
10° m® s~ /N m ™2 regression slope (dashed line, Figure 13). This is in contrast to transports associated with
eastward wind stresses between 0.1 and 0.5 N m 2 that are evenly distributed above and below the regres-

sion slope. This suggests there is an
asymmetry in the transport

response to eastward and west-
ward wind stresses with magni-

tudes exceeding 0.1 N m ™2 (Note

that the USGS transport estimates
are typically smaller than the MESA
estimates for westward wind stress
between —0.1 and —0.5 N m ™2 We
suspect this is because the sparse

] vertical coverage of the MESA cur-
rent measurements relative to the

USGS ADCPs (Figure 3) does not
accurately resolve the vertical struc-
ture of the thin near-bottom
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Figure 12. (a) Maximum low-passed along-valley current (umax )and (b) height of max-
imum current hyax (Figure 8) as a function of low-passed wind stress t°" (orientation
110°T, leading umax by 10 h) for 28 current events (|up| > 0.15ms™") during the win-
ter (blue, December 1999 to April 2000; Figure 5b) and 16 current events during the

spring (red, April to June 2006) USGS deployments.

enhanced flow during westward
winds (Figure 8c)). The response of
along-valley transport to the along-
valley pressure gradient during the
1 winter USGS deployment is similar
to the wind stress response. The
along-valley transport in response
to the Groundhog Day Gale 2 Feb-
ruary 1976 when wind stress
exceeded 1 N m ™2 was about
—0.17 X 10°m? s~ at sites M14
and M16, about the same as the
transport for a wind stress of 0.3 N
m~ 2 While the Groundhog Day
Gale is only a single event, this sug-
gests that the along-valley
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0.15 ‘ transport response may be limited
i 'Sgg’g during extreme events. While larger
0.1+ 1 transports tend to occur in winter,
when there are stronger wind
0.05} 1 stresses, there is not an obvious dif-
_ ference in the relationship between
w0 2 wind stress and transport between
é summer and winter (not shown).
< 005" 1
= 4.3. The Along-Valley Momen-
@il | tum Balance
To determine the dynamics of the
e | flow in Hudson Shelf Valley, we ini-
- tially focus on the depth-average
s ; along-valley momentum equation
-0.5 1 to determine the dominant balance

of terms and to evaluate whether

Figure 13. Daily values of the low-pass filtered along-valley transport U (sites C, G, and the estimates are accurate enOUgh

M14) as a function of the wind stress t°” (orientation 110° and leading transport by 10 to roughly close the momentum
h; Gaps in the M14 transport time series were filled with data from sites M13 and balance. The vertically integrated
M16). Red squares are bin averages with standard error bars (standard deviation
divided by the square root of the number of daily samples in the bin average). The
transport is a roughly linear function of wind stress (dashed line with regression slope along the valley from site B (x=x3)
of 0.4 X 10°m*s™'/N m~?) between the vertical dotted lines —0.1Nm~2 < 7™ < 0.3 to site F (x=x¢) may be written as
Nm~2. The event when ™ > 1N m ~2 was the Groundhog Day Gale 2 February 1976.

momentum balance integrated

(see Appendix A)
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where,

1 . 1 X
Ozfj udz and Dzij Ddx,
DJ-p XE—Xg) Jxg

z =0 at the mean surface and is positive upward, D is the water depth, and P'B(x) is the deviation of the
bottom pressure from a linear pressure difference between sites B and F. All of the terms in (1) can be esti-
mated from the observations (see Appendix A) except the cross-valley gradient in the momentum flux
(third term on the left-hand side of equation (1)) and the form drag associated with correlations between
variations in the along-valley bottom pressure gradient and water depth (second term on the right-hand
side of equation (1)). To be consistent with subsequent analysis, the evaluation focuses on the 28 current
events noted in Figure 5b. The following analysis focuses on along-valley momentum balance at subtidal
time scales—the subtidal cross-valley momentum balance which is geostrophic and the momentum bal-
ance at tidal time scales are briefly discussed in Appendix A.

The along-valley pressure difference has the largest standard deviation (Table 1). The standard deviation of
the Coriolis term is about 40% of the pressure difference, the wind stress is about 20%, and the buoyancy
force is 15%. The standard deviations of the remaining terms are 10% or less of the pressure difference
term. The correlation between the pressure difference and the sum of the other terms is 0.94. The regres-
sion slope is 0.60 = 0.09 suggesting either the terms that were not estimated are important, or the pressure
gradient estimate is too large, or estimates of the other terms are too small (see section 5.2). Results are sim-
ilar if the entire subtidal time series is considered, rather than the 28 events in Figure 5b; the correlation
between the pressure difference and the sum of the other terms is 0.88 and regression slope is 0.56 = 0.07.

To examine what controls the vertical structure of the flow (Figure 8), examples of the vertical structure of
the along-valley pressure gradient and the Coriolis term are shown in Figure 14 for unstratified onshore
flow, stratified onshore flow and stratified offshore flow. The pressure gradient is approximately barotropic,
that is, nearly uniform with depth. In the middle of the water column, there is a clear tendency for the
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Table 1. Standard Deviation of Terms in the Subtidal Along-Valley Momentum Balance (2) in Different Regions of the Water Column for
the 28 Current Events With Along-Valley Velocities in Excess of 0.15 m s~ ' at USGS Site C (Figure 5)°

Term Depth-Average Upper Layer Lower Layer
au /ot 1.0 0.6 0.4
AU? 06 13 13

fv 4.2 4.7 20
APy, 10.7 10.7 10.7
Apgz 15 13 0.3
/D 23 33

/D 1.1 5.7

2Units are 10° m s~ 2. See Appendix A for how each term is calculated. Lower layer is defined as the water column below the along-
valley velocity maximum; upper layer, which includes the surface Ekman layer, is the water column above the velocity maximum (see
Figure 8, triangles).

70 70 Coriolis term to be approximately
a) c) half the pressure gradient (similar
60+ . 60 1 to the depth-average momentum
€ \ i balance), Potential reasons for the
—~ 50t - ™N 50 . difference in magnitude between
g the pressure gradient and Coriolis
E 40 4 40 1 term are discussed in section 5.2.
o This relationship holds at middepth
2 30/ | 30! i for all but one ?f the 28 events (Fig-
@© t ure 16b, blue circles). The excep-
_-E; 20! | 20+ | tion is the event having the largest
o magnitude wind stress and along-
10! / | 10 Il | valley pressure gradient. We sur-
, M NG mise turbulent stresses extend
o ! ) N throughout the water column and
,8'5 0 05 0-1,0_5 005 90'5 0 05 hence there is not a geostrophic
1070 m/s2 107° m/s2 107° m/s2 interior during this event. The Cori-
olis and the pressure gradient term
Figure 14. Examples of vertical profiles of the dominant terms in the along-valley (divided by 2) do not balance near

momentum balance, the Coriolis and the pressure gradient for (a) an unstratified he b d h £
onshore flow event, (b) a stratified onshore flow event, and (c) a stratified offshore the bottom and near the surtace
flow event. The pressure gradient is divided by 2. The triangle marks the height of where presumably turbulent
maximum along-valley current (Figure 8). stresses are Iarge.

Since we do not have observations
of the turbulent stress profiles, to
PP - 70 further investigate the dynamics

h hic | = the water column is divided into
P M | EEGEBPMICIITCLILOT I 460 two distinct dynamical regions, a
and surface Ekman layer o turbulent bottom boundary layer
1 8P X s < T E and a geostrophic interior (Figure
T T .- 15). We assume that the transition
P, Ox Po(D = hyyy) B : o
5 o between these two regions is at z=
u = 30 8 —D+hpax the depth of the maxi-
t(z)spK—=0atz="h_ *F7 - max P .
0z — 5 mum along-valley current (Figures
| [ nd 14, black triangles). This fol-
z < h,,, bottom boundary layer| — ?a df s blac t.a ghes). bSI °
: - | s ows from assuming the turbulent
_L@_P Lo C,u, {ub| stress can be represented as
= = | o !
p, ox ph B e e—— ™(2) . pK(?.u/az, Wh(-?'re Kis an
u(ms™) eddy viscosity. Then since du/9z=
0 at z=—D+hpmax this implies
Figure 15. Schematic of the different dynamical regions associated with the along- o (Z: —D+hmax ) ~ 0.

valley current profiles.
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2 : : , Integrating the along-valley
a) momentum balance from the
& bottom (z=—D) to z=—D+hpax
w
s 1 /// l and dividing by hmax yields
L ] ®
m'c, ./4
= 0 XE LG XF
g , et EJ ddx+u2 —fJ Vdx
= ° @ ot Xg Xg Xg
QO 0// o Xg o |XF X bx
= -1 ° 7 e 4 =_& _p9z _J T .,
e ° Polxy, Polxy Jxs Pohmax
Pl S e @
-4 -3 -2 -1 0 1 2 3
P, /o, (10-5 m/s2) where the depth-averages are
over the lower layer. Note (2)
5 excludes terms that could not
= _f\;(2335 m) ' be estimated: the cross-valley
0 sx nonlinear momentum flux, the
14 ® _ﬂhs\’dﬂhs_r /pohs .':/./,// . form drag, and the vertical flux
N:; o of momentum through
T 8 - ” - ° f/‘. z=—D+hma. The dominant
m'o ° ] balance in (2) is between the
= /}g/. 4 along-valley pressure difference
1t ° ./. o 1 and the bottom stress; the
/ other terms that could be esti-
T mated are relatively small
_%4 -3 ) 1 0 1 9 3 (Table 1). The correlation
-P, /Py (10'5 m/sQ) between the pressure differ-

ence and bottom stress terms

Figure 16. Comparisons of the along-valley pressure gradient term to (a) the bottom is 0.87 and the regression
stress term in the bottom boundary layer (z < —D+hmax ) and (b) the Coriolis at mid- slope is 0.46 = 0.10 (Figure
depth (blue) and the Coriolis plus wind stress terms in the combined interior and surface 16a). Note the Coriolis force
boundary layer (0 >z > —D+h red) for all 28 along-valley current events . .
vy ,(1 max) (red) gvaeley normally associated with a bot-
(lup| > 0.15ms™1).
tom Ekman layer is small (20%
of the pressure difference)
because the valley bathymetry inhibits the current veering and development of a cross-valley flow.

Integrating the along-valley momentum balance from the surface (z=0)to z=—h;,where h;=D—hpa.x is the
thickness of the upper layer, yields

XF XF

EJ Udx+u?
ot ),

_rgz

xg Po

XF XF SX
+J T dx, 3)

XF XF P
—fJ vdx=—-2
xs  JIxg pohs

Xg XB po

where the depth-averages are over the upper layer and terms that could not be estimated are not included.
The dominant terms in (3) are the along-valley pressure difference, the Coriolis term, and the wind stress;
the other terms that could be estimated are relatively small (Table 1). This is consistent with the upper layer
consisting of a combination of a geostrophic interior and a surface Ekman layer. The correlation between
the pressure difference and the sum of the Coriolis and wind stress terms is 0.86 and the regression slope is
0.48 £ 0.11 (Figure 16b, red circles).

The observed momentum balances indicate that at midshelf site C in Hudson Shelf Valley during the winter
the strength of the along-shelf flow is limited by bottom stress, not by the development of an along-valley
density gradient that opposes the barotropic pressure gradient [e.g., She and Klinck, 2000] nor by the nonlin-
ear acceleration term udu/dx [Freeland and Denman, 1982]. However, both these terms may be important
near the head of Hudson Shelf Valley where there are more substantial along-valley variations in transport
and depth, and stronger lateral and vertical density gradients. It is also possible that along-valley density
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gradients are more important to the midshelf valley dynamics in summer when there is stronger stratifica-
tion. However, current profiles at site G (near site C Figure 3) in spring, when the stratification is stronger
than during the winter (Figure 7b), exhibit the same vertical structure and asymmetry seen in Figures 8b
and 8c.

Based on the observed dynamical balances, a quantitative relationship of the wind-driven portion of the
along-valley current can be constructed as follows. Assume that the depth-average along-shelf flow (v*)
east or south of the valley is proportional to the along-shelf wind stress, v*" ~ at*™ [e.g., Beardsley et al.,
1985; Shearman and Lentz, 2003] and that the depth-average along-shelf flow is in geostrophic balance,

pofv'=0P/0x [e.g., Shearman and Lentz, 2003]. Assuming in the bottom boundary layer within the valley
that hmax OP /X = — o CamxUmax |Umax | Yields

_(OP\ [ hmax OP\? (AT A\
~ - — — | = - - m— 4
Umnax sign ( 6x> ( CamePs 6x) sign(7*™) o , 4)

where f is the Coriolis parameter and Cypy is @ drag coefficient based on the maximum along-valley current.

Equation (4) implies the maximum along-valley flow depends on the wind stress and the thickness of the
bottom boundary layer (hmax ). The thickness of the bottom boundary layer, in turn, depends on the near-
bottom stratification (Figure 9) and hence on the direction of the along-valley flow (Figure 11) and the wind
stress (Figure 12b). When the water column is unstratified, the bottom boundary is thick and along-valley
flow is relatively strong (Figure 8a). Stratification limits the thickness of the bottom boundary layer and,
hence, the maximum along-valley flow. This may also account for the difference between the onshore and
offshore flow response in the valley (Figures 8b and 8c). Offshore flow in the valley enhances the near-
bottom stratification (Figure 11) resulting in a thinner bottom boundary layer and weaker maximum along-
valley flow. Onshore flow reduces the near-bottom stratification resulting in a thicker bottom boundary
layer and stronger along-valley flows.

5. Discussion

5.1. Near-Bottom Stratification

An important, unresolved question is why the near-bottom stratification is weaker for onshore along-valley
flow than for offshore along-valley flow as seen in Figure 11. We hypothesize that this is due to the near-
bottom current shear acting on the along-valley density gradient as shown schematically in Figure 17. Dur-
ing most of the winter deployment there is denser water at site C relative to site B throughout the water
column, that is, density increases offshore. During offshore flow, the near-bottom shear strains the along-
valley density gradient enhancing the near-bottom stratification. During onshore flow the straining due to
the near-bottom shear will reduce the near-bottom stratification. This pattern is consistent with the
observed relationship between near-bottom currents and stratification (Figure 11). In this manner, the shelf
valley behaves somewhat similar to estuaries where ebbing flow conditions are associated with increased
stratification relative to flooding conditions [i.e., Scully and Friedrichs, 2007; Scully et al., 2005]. Unfortunately,
the few moored density time series are insufficient to determine the vertical and along-valley structure of
the density field during onshore and offshore along-valley flow. More detailed observations of the density
structure are needed to determine whether this qualitative explanation is correct and how the stratification
and along-valley density gradient vary on synoptic and seasonal time scales.

5.2. Along-Valley Momentum Balance

The regression slope between the along-valley pressure gradient and other terms in the along-valley
momentum balance is about 0.5, significantly less than 1.0, for the bottom boundary layer, the upper water
column and the depth-average (Figure 16). Since different terms are important in the bottom boundary
layer and the upper water column, it seems unlikely that this is due to, for example, the bottom drag coeffi-
cient being off by a factor of two. It also seems unlikely that the pressure difference between sites B and F
is off by a factor of two. Estimates of the along-valley pressure gradient using an empirical-orthogonal-
function (EOF) analysis of the pressure time series at sites A, B, C, F or different site pairs yield essentially the
same estimates as the finite difference between sites B and F. Consequently, we suspect that one of the
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Figure 17. Schematic of how near-bottom shear may enhance near-bottom strati- ing associated with flow separation.
fication (stabilizing) for offshore flow or reduce near-bottom stratification (destabi-

lizing) for onshore flow given increasing density with distance offshore. This suggests that form drag, correla-

tions between the bathymetric and

along-valley pressure gradient varia-
tions (second term right-hand side of equation (1)), could be substantial. Assuming the pressure gradient
perturbations are barotropic, this term would contribute to both the upper and bottom boundary layer
momentum balances. The form drag would have to be similar in magnitude to the bottom stress term to
account for the observed discrepancy between the pressure difference and the sum of the other estimated
terms in the along-valley momentum balances.

The momentum flux due to vu/dy, the cross-valley advection of cross-valley gradients in the along-valley
flow, may be substantial given that cross-shelf (along-valley) currents in the valley are much faster than
those over the adjacent shelf. Accurate estimates of this term are difficult, however, given the large across-
valley variations in the bathymetry and the potential for variations in the flow on scales that are short com-
pared to the mooring separations (22 km between sites D and E). Various estimates of this term using the
observations at sites D, B, and E near the head of the valley (Appendix A) all have standard deviations of
approximately 1078 m s~2, a factor of 10 smaller than the along-valley pressure gradient term (Table 1).
This suggests the flow would need to vary substantially on cross-valley scales of order 1 km or less for the v
0u/dy term to be substantial which is certainly plausible. To resolve this would require accurate estimates
of the cross-valley variations in the flow, either from observations with much higher cross-valley spatial
resolution or from numerical simulations.

5.3. Relationship to Previous Studies of Submarine Canyons

While topographic steering of the flow in Hudson Shelf Valley is qualitatively similar to that seen in other
submarine valleys or canyons, characteristics of the currents and dynamics differ substantially from most of
the previous studies that have focused on deeper canyons that incise continental slopes [e.g., Allen and de
Madron, 2009]. Since Hudson Shelf Valley is in shallow water over the continental shelf and it extends nearly
to the coast, it experiences a wider range of stratification and the bottom boundary layer plays a more fun-
damental role in the dynamics compared to larger canyons in deeper water. In particular, the vertical scale
of the flow in Hudson Shelf Valley is set by the height of the bottom boundary layer, rather than the vertical
scale for a stratified flow (fW/N)related to the Burger number, where W is a canyon width scale and N is the
buoyancy frequency [Kampf, 2007; Allen and Hickey, 2010]. The scale height fW /N is not correlated with the
observed hpyay .

Several scalings have been proposed for the upwelling transport in deep canyons incising continental
slopes [Mirshak and Allen, 2005; Kampf, 2007; Allen and Hickey, 2010]. While the scales differ substantially
[see Kampf, 2007; Allen and Hickey, 2010], they depend on a power law where the along-slope current is
raised to the 8/3 [Mirshak and Allen, 2005], squared [Kampf, 2007], or cubed [Allen and Hickey, 2010]. The
relationship between wind stress and along-valley transport in Hudson Shelf Valley is linear for moderate
wind stresses (Figure 13). This suggests a linear relationship between along-valley transport and the
upstream along-shelf current since previous studies have found a linear relationship between wind stress
and along-shelf flow in the Middle Atlantic Bight [Beardsley et al., 1985; Shearman and Lentz, 2003]. USGS
sites D and E are probably too close to Hudson Shelf Valley to directly test this relationship. However,
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Figure 18. Daily values of the along-valley transport at MESA site M16 versus the . .
along-shelf current 8 mab at site M9. Dashed line has a slope of 0.5x10%(m> s~ ")/(m try to upwelllng and downwelllng-

s7). favorable along-shelf flows found by
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6. Summary

Observations in Hudson Shelf Valley during two USGS studies (winter 1999-2000 and spring 2006), the
MESA project (1974-1978), and a NMFS study (1987-1989) indicate that along-valley near-bottom currents
are highly correlated with the east-west component of wind stress for events having time scales of days
(Figures 5 and 6). Eastward wind stress causes a setdown of sea level at the coast and the resulting cross-
shelf (along-valley) pressure gradient drives an onshore near-bottom flow in the valley (Figure 5). Westward
wind stress causes a sea level setup and an offshore near-bottom flow in the valley. Associated onshore
along-valley transport (Figure 13) can be 20-30% of the along-shelf transport [Lentz, 2008a]. The relation-
ship between wind stress and along-valley flow combined with the annual cycle in the wind forcing results
in an annual cycle in the near-bottom along-valley flow with monthly mean onshore flows of ~0.1 m s~ in
winter and near zero in summer (Figure 7a).

The vertical structure of the currents depends on both the stratification and the direction of the along-
valley flow. During unstratified conditions and strong (>0.15 m s~ ') along-valley onshore currents, topo-
graphic steering extends to near the surface, and the velocity profiles are nearly vertically uniform (Figure
8a). During stratified conditions, the along-valley velocity profiles are vertically sheared and reach a maxi-
mum at some height (h,,4,) above the bottom. During onshore currents, h,,,, tends to be smaller for stron-
ger stratification, whereas during offshore currents h,,,4, remains near the bottom (~5 mab; Figure 9).
Above h,., the along-valley flow decreases and the current rotates clockwise (Figures 8b and 8c).

Estimates of the terms in the along-valley momentum balance indicate that within the bottom boundary
layer, the dominant balance is between bottom stress and the along-valley pressure gradient (Figure 16a).
The v-shaped valley bathymetry inhibits development of a bottom Ekman layer. Consequently, the magnitude
of the bottom stress, and hence the magnitude of the near-bottom along-valley flow, is set by the along-
valley pressure gradient (which is in turn set by the wind stress) and the height of the bottom boundary layer,
which depends on the stratification. Above the bottom boundary layer, the flow turns toward an along-shelf
(cross-valley flow) so that the along-valley pressure gradient is balanced by Coriolis—an interior geostrophic
balance, and the wind stress—a surface boundary layer Ekman balance (Figure 16b). In both the bottom
boundary layer and the upper water column, the pressure gradient term exceeds the sum of the other esti-
mated terms suggesting the importance of either form drag or cross-valley momentum fluxes that could not
be estimated.

Along-valley density gradients do not substantially contribute to the along-valley pressure gradient in the
winter observations. However, we hypothesize that straining of the along-valley density gradient causes the
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observed tendency for offshore near-bottom flow driven by westward wind stress to increase the near-
bottom stratification within the valley relative to onshore flow driven by eastward wind stress (Figure 11).
As a consequence, the bottom boundary layer is thinner, maximum along-valley flow is closer to the bottom
and often weaker for westward wind stress (offshore flow) than for eastward wind stress (onshore flow; Fig-
ures 8,9, 10, and12). Consequently, onshore along-valley transport driven by an eastward wind stress
greater than 0.1 N m ™2 often exceeds offshore transport driven by a westward wind stress of the same
magnitude (Figure 13).

Appendix A: Estimation of Terms in the Along-Valley Momentum Balance

The vertically integrated along-valley momentum balance is

8J” 0 J” ) 0 J" r hoP, 0 J" 09z g
— udz+ — udz+— uvdz—f| vdz=————— dz+———, (A1)
ot ) ox ) p Y J)-n ~h Po OX  OX )y po Po  Po

where x,y,z are the along-valley (positive offshore), cross-valley, and vertical (positive upward) coordinates,
u,v,w are the corresponding velocities, 7 is the sea surface variation, h is the water depth relative to the
mean sea level, f=0.94x107* s~ ' is the Coriolis frequency, P, is the bottom pressure, p is the density, t™ is
the along-valley wind stress, and t%* is the along-valley bottom stress. Integrating (A1) along the valley from
site B (x=x) to site F (x=x;) and dividing by the average water depth between sites B and F (D) yields the
along-valley momentum balance given in (1) (section 4.3). All of the terms in (1) can be estimated using the
USGS winter instrument array observations except the cross-valley gradient in the momentum flux (third
term on the left-hand side) and the form drag associated with correlations between the along-valley gradi-
ent in bottom pressure gradient variations and water depth variations (second term on the right-hand side).
Terms are estimated using hourly samples and subsequently low-pass filtered to focus on subtidal variabili-
ty. Vertical integrals are estimated using a trapezoidal rule and assuming no vertical variations to extrapo-
late to the surface and bottom. Terms involving integrals in x are approximated as weighted sums of the
estimates from sites B, C, and F (weights 0.25, 0.5, 0.25). The average water depth between sites B and F (D)
is estimated using the USGS bathymetry shown in Figure 3.

The temporal acceleration term is estimated as a centered difference over 2 h at each bin height of the
ADCP current profiles. The along-valley advective flux and the bottom pressure difference terms are esti-
mated as differences between the observations at sites B and F. The density term is estimated using sites B
and C and assuming a constant gradient because there were not density measurements spanning the water
column at site F. The surface stress 7 is estimated using wind observations from NDBC buoy 44025 and a
neutral bulk formula [Fairall et al., 2003]. The wind stress is assumed to be spatially uniform over the study
area. The bottom stress is estimated assuming a quadratic drag law, rb"=pCDub\7b|,with Cp=0.85x10"3
for up at 5 mab. This drag coefficient was determined from direct covariance stress estimates and log-
profile estimates of bottom stress at sites A and B. It is also consistent with the roughness estimate z,=5X
1075 m determined by Harris et al. [2003] by comparison between a wave-current interaction model to esti-
mate bed shear stress [Wiberg et al., 1994] and the USGS observations at site A. This estimate of the drag
coefficient is the same as a direct covariance stress estimate from the New England shelf [Shaw et al., 2001]
and smaller than an estimate for the southern flank of Georges Bank (Cp=1.2X1073 for u, at 5 mab)
[Werner et al., 2003; see also Lentz, 2008a, Appendix B].

A rough estimate of the nonlinear cross-valley momentum flux term (third term left-hand side of Equation
(A1)) is made using the current observations from sites D, B, and E. The current observations from sites D
and E are used to make a finite difference estimate of du/dy centered on site B with v from site B. The

22 km separation between sites D and E greatly exceeds the width of the valley suggesting this is not a
well-resolved estimate. Estimates based on just sites D and B, just sites B and E, and using a forward differ-
encing depending on the direction of the flow all have similar magnitudes to the finite difference based on
measurements from D and E.

The subtidal depth-averaged along-valley momentum balance is discussed in section 4.3. At tidal time
scales the dominant terms in the along-valley momentum balance are the temporal acceleration and the
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pressure gradient. Time series of the along-valley pressure gradient are well correlated with the sum of the
other terms in the along-valley momentum balance for both tidal and subtidal variability. Correlations are
0.88 in both cases, with regression slopes of 0.56 for the subtidal variability and 0.75 for tidal variability.

The focus here is on the along-valley momentum balance (1) because this describes the forcing of the
along-valley flow. However, for completeness, the cross-valley momentum balance

ov_ 19(uvD) , 1 d(v2D)

ot D ox D oy

dpgzD) | ¥ )

o 10P°
Po Oy  pD Oy poD poD

is also examined. Terms in the cross-valley momentum balance are estimated centered at site B, using the
observations at sites D and E to estimate the depth-average cross-valley gradients and following the meth-
ods outlined above for the along-shelf momentum balance. The cross-valley gradient estimates are over
the separation between sites D and E, 22 km, much larger than the width of the valley ~5 km, so they may
not be representative of the pressure gradient within the valley. At subtidal time scales, standard deviations
of the cross-valley pressure gradient and the Coriolis force associated with the strong along-valley flow
exceed the other terms by an order of magnitude. The correlation between —9P° /9y and fi is 0.65 and the
regression slope is ~1, indicating a geostrophic balance.
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