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Key Points:
1. Observations show subduction of shelf water at the onshore edge of a warm-core
ring that impinges on the Mid-Atlantic Bight shelf break
2. The submesoscale frontal subduction of the shelf water at the shelf break results
from the frontogenesis process on the ring edge
3. The subducted shelf water is transported offshore underneath a surface layer of

ring water by the strong ring-edge current
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Abstract

This work studies the subduction of the shelf water along the onshore edge of a warm-
core ring (WCR) that impinges on the edge of the Mid-Atlantic Bight continental shelf.
The dynamical analysis is based on observations by satellites and from the Ocean
Observatories Initiative Pioneer Array observatory as well as idealized numerical model
simulations. They together show that frontogenesis-induced submesoscale frontal
subduction with order-one Rossby and Froude numbers occurs on the onshore edge of the
ring. The subduction flow results from the onshore migration of the WCR that intensifies
the density front on the interface of the ring and shelf waters. The subduction is a part of
the cross-front secondary circulation trying to relax the intensifying density front. The
dramatically different physical and biogeochemical properties of the ring and shelf waters
provide a great opportunity to visualize the subduction phenomenon. Entrained by the
ring-edge current, the subducted shelf water is subsequently transported offshore below a
surface layer of ring water and alongside of the surface-visible shelf-water streamer. It
explains the historical observations of isolated subsurface packets of shelf water along the
ring periphery in the slope sea. Model-based estimate suggests that this type of
subduction-associated subsurface cross-shelfbreak transport of the shelf water could be
substantial relative to other major forms of sheltbreak water exchange. This study also
proposes that outward spreading of the ring-edge front by the frontal subduction may
facilitate entrainment of the shelf water by the ring-edge current and enhances the shelf-

water streamer transport at the shelf edge.
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1. Introduction
1.1 Mid-Atlantic Bight Shelfbreak Circulation

The Mid-Atlantic Bight (MAB) shelf break off the US northeast coast sits
between the relatively cold, fresh shelf water and the warm, saline offshore waters (e.g.,
Chapman and Beardsley 1989; Houghton et al. 2009; Linder and Gawarkiewicz 1998). A
prominent retrograde shelfbreak density front (isopycnals shoaling toward offshore)
marks the boundary between the shelf and slope waters, with clear temperature and
salinity signatures (e.g., Houghton et al. 1988; Zhang et al. 2011). The shelf water is
generally less dense than the slope water, as the shelfbreak salinity difference often
dominates the density variation. However, the cross-shelfbreak density gradient can be
reversed, especially at times of Gulf Stream warm-core rings (WCR) impinging on the
shelf edge (e.g., Zhang and Gawarkiewicz 2015a) forming a prograde density front
(isopycnals shoaling toward inshore). The dramatic temperature difference between the
shelf and ring waters can outweigh the salinity effect and make the shelf water denser
than the adjacent ring water.

In this study, the waters in the shelfbreak region are divided into three general
categories: 1) shelf water, defined as potential temperature <14°C and absolute salinity
<34.7 g kg, corresponding to the water onshore of the MAB shelfbreak front in
springtime (Linder and Gawarkiewicz 1998; Zhang et al. 2011); ii) ring water with near-
surface potential temperature >19°C and absolute salinity >36 g kg™'; and iii) slope water
with properties between. Note that salinity presented here is absolute salinity (McDougall

etal. 2012).
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Despite the topographic constraint and the shelfbreak front, there is onshore and
offshore transport of waters across the shelf edge, representing the exchange of the shelf
and offshore waters that is important for the heat and salt balances on the continental
shelf (Lentz 2008). There are different types of sheltbreak exchange, including surface
Ekman transport (Gawarkiewicz et al. 1996), pycnocline onshore intrusion of the slope
water (Lentz 2003), frontal eddy transport (Gawarkiewicz et al. 2004), Pinochio’s Nose
onshore intrusion (PNI) of the WCR water (Zhang and Gawarkiewicz 2015a), and shelf-
water offshore streamer transport (e.g., Garfield and Evans 1987; Joyce 1991).

Both the PNI and streamers have distinct surface signatures that are visible to
satellites. The former is an elongated feature of WCR water extending equator-ward
along the shelf break, and the latter is a cold filament of shelf water wrapping around the
WCR in the slope sea. They both can transport a substantial amount of water across the
shelf break. The onshore transport of ring water in a 2014 PNI event was ~0.22 Sv
(Zhang and Gawarkiewicz 2015a); the cross-shelfbreak offshore transport of the shelf
water in a 2006 streamer was ~0.28 Sv (Chen et al. 2014). Studies argued that the shelf-
water streamer results from entrainment by the WCR (e.g., Joyce et al. 1992; Schlitz
2003). Using a model with no shelfbreak front and no distinction between the shelf and
slope waters, Cherian and Brink (2016, 2018) showed that the entrainment of the water
on the shelf by the WCR is a barotropic process driven by onshore motion of the ring
water. When applied to the northern MAB (Fig. 1), the barotropic process would create a
northeastward sea level setdown in the ring-shelf contact region. The associated
barotropic pressure gradient force to the north of the WCR would drive an eastward jet of

several tens of kilometer (~40 km for MAB) wide through the geostrophic balance and
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move shelf water toward the streamer; the eastward barotropic pressure gradient force at
the eastern end of the ring-shelf contact region would drive an offshore flow of the shelf
water and form the streamer. But how the strong baroclinicity at the MAB shelf break,
particularly, the presence of the shelfbreak front, affects this shelf-water entrainment
process remains unclear.

The WCR-induced cross-shelfbreak offshore transport of the shelf water can also
occur below the sea surface. Observations have shown subsurface fluxes of shelf water
on the ring periphery alongside of surface-visible shelf-water streamers (e.g., Churchill et
al. 1986; Kupferman and Garfield 1977; Tang et al. 1985). The model of Cherian and
Brink (2016) produces a type of subsurface offshore flux of the shelf-slope water, and
they attribute it to the along-isopycnal sinking of the shelf-slope water. But no
mechanism is provided to explain the along-isopycnal sinking, and the dynamics of the
WCR-induced subsurface shelf-water offshore transport remains unclear. This study
focuses on the subsurface cross-shelfbreak offshore transport of the shelf water that starts
with frontogenesis-induced shelf water subduction at the prograde density front along the
northern edge of an onshore-impinging WCR. Note that the ring edge here refers to the
temperature and salinity boundary of the ring where the velocity starts to increase.

1.2 Frontal Subduction and Filament

The dynamics of frontal subduction has been investigated in the atmosphere and
open ocean as an ageostrophic, submesoscale phenomenon associated with frontogenesis
(e.g., Hoskins 1982; Levy et al. 2001; Mahadevan and Tandon 2006; Spall 1995). An

ocean submesoscale phenomenon is characterized by Rossby number,

U
Ro = ch, (1)
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and Froude number,

Fr=—,
r NH (2)

both being O(1) (McWilliams 2016). Here, U is the frontal velocity scale; f'is the Coriolis
parameter; N is the buoyancy frequency; L. and H are the cross-frontal and vertical length
scales of the submesoscale frontal subduction, respectively. Furthermore, L. is generally

smaller than the first baroclinic Rossby radius of deformation

NH
LR= fr,

where H, is the vertical length scale of the mesoscale process (e.g, WCRs). H, is

(3)

generally greater than the vertical length scale of submesoscale processes, i.e., H, > H.
The vertical flow associated with ageostrophic frontal subduction can transport
surface tracers downward creating slanted three-dimensional (3D) along-isopycnal tracer
filaments with strong horizontal gradients (Omand et al. 2015). A related but different
process is the horizontal stirring of a geostrophic shear flow that, even with no vertical
velocity, can strain the tracer field, intensify existing along-isopycnal tracer gradients
(e.g., spiciness) at depth, and result in subsurface, slanted, cross-isopycnal-appearing
tracer filament (Smith and Ferrari 2009). The increase of the tracer horizontal gradient by

this geostrophic shear stirring can be described as

DvC
—— = —0VC,
Dt o 4)

where, C is the tracer concentration, 0;; = du;/dx; is the horizontal strain tensor, and V=

(0x, Oy, 0z). Presumably, geostrophic shear stirring and frontal subduction could occur

simultaneously in a frontal region and form subsurface slanted 3D tracer layers.
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At the MAB shelf break, bathymetry exerts strong influence on circulation (e.g.,
Cherian and Brink 2016; Zhang and Gawarkiewicz 2015b). Whether the bathymetry
affect the frontal subduction and geostrophic shear stirring is unclear. This study shows
that the frontal behaviors at the shelf break are similar to those in the open ocean and that
shelf water is subducted at the intensifying density front at the onshore edge of the WCR
and then transported offshore. The shelf-water subduction and cross-shelfbreak offshore
transport occur beneath a surface layer of ring water and thus cannot be detected by
satellites. Subsurface measurements of the Ocean Observatories Initiative (OOI) Pioneer
Array observatory at the northern MAB shelf break (Gawarkiewicz and Plueddemann

2018) provides a great opportunity for studies of the frontal subduction process.

2. Methods
2.1 Observations

This study uses data from satellites and the OOI Pioneer Array (see Gawarkiewicz
and Plueddemann 2018 for the specifics about its instrumentation). Sea surface
temperature (SST) from single-pass snapshots taken by different satellites with a
horizontal resolution of 1 km is used here to provide the regional context. The different
surface temperature of the ring, slope and shelf waters during the study period of June
2014 make SST an effective tool for distinguishing the water masses.

In situ measurements in June 2014 from the Pioneer Array, including temperature,
salinity, dissolved oxygen (DO), and colored dissolved organic matter (CDOM), and
velocity data from McLane moored profilers at the Central Inshore (CI), Central Offshore

(CO) and Offshore (OS) moorings and from the Eastern Boundary (EB) and Frontal Zone
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(FZ) gliders, are downloaded from the NSF OOI data portal' and presented here. The CI,
CO and OS moorings are located on the western mooring line of 70.883°W at respective
water depths of 127, 147 and 450 m (Fig. 1). The McLane profilers on them take a
vertical profile every 1.5, 1.5 and 3 hours, respectively, and the downloaded data have a
vertical resolution of 1.5 m. The cross-shelf EB glider line is located 80 km to the east of
the moorings (Fig. 1b); the FZ glider line is oriented in the along-shelf direction (Fig. 1d).
The gliders sample the water column with the horizontal interval of 200 — 2000 m,
depending on the local water depth, and report data in the vertical resolution of 0.3 m.

The ADCP horizontal velocity data from the CO mooring is presented here to
show the ring-edge flow The ADCP has the vertical bin size of 4 m and the time-average
window of 15 minutes. A low-pass filter with a 5-day Lanczos window (with half-power
point at 1.5 days) is applied to the ADCP data at each depth to remove the strong
internal wave signals that are ubiquitous in the Pioneer Array velocity data and hinder the
data interpretation. This filter not only removes the internal wave signals but also
smooths the signals associated with the fast-moving ring edge. However, because the ring
signal lasts for at least several days, the lower-frequency signature of the WCR remains
visible (see below). We here present both raw and filtered horizontal velocity data with u
and v representing eastward and northward components of the velocity, respectively.
2.2 Modeling

The Regional Ocean Modeling System (Shchepetkin and McWilliams 2008) with
an idealized configuration is used in this study. The model solves nonlinear Boussinesq

hydrostatic momentum equations and a single density equation. The model configuration

" http://ooinet.oceanobservatories.org
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is similar to that in Zhang and Gawarkiewicz (2015a, 2015b). It has an idealized
rectangular domain with the area of 2010.5 km (in x and along-shelf) X 479 km (in y and
cross-shelf). The origin of the coordinate is at the center point of the northern coastal
boundary. The model horizontal resolution is 500 m in both x and y directions in the
central study region of 500 kmx350 km and decreases to 2 km on the outer boundaries.
There are 60 terrain-following vertical layers with thinner layers towards the surface and
bottom. The model bathymetry is uniform in the along-shelf (x) direction. Its cross-shelf

variation in y direction is an idealized MAB shelfbreak bathymetry (Fig. 2b):

Yo tlr—y
Yp‘l'lf

) + s tanh ™2 — (5)
14

h = max <O, hs
Here, the shelf width scale /r=41 km, y-coordinate of the center of the slope y, =—-170.5
km, the cross-shelf length scale of the slope /, = 16.5 km, the shelf depth scale #,= 65 m,
the slope vertical scales 4,1 =465 m and £, = 540 m. The bathymetry starts from 10-m
deep on the northern coast, deepens southward with a slope of a ~ 0.5x107 to the 100-m
isobath at y =~ —140 km, and then transitions to a hyperbolic-tangent-shaped continental
slope with a maximum depth of 1005 m.

Along-shelf periodic boundary conditions are applied in all simulations.
Horizontal explicit viscosity and diffusivity are 0 in the 500 kmXx350 km study area and
increase outward reaching 100 m”s™ on the western, southern and eastern boundaries. A
general length scale vertical turbulence closure k-k/ scheme (Warner et al. 2005) and
quadratic bottom drag with coefficient of 0.003 are used. There is no surface forcing.

The model initial density consists of an idealized retrograde shelfbreak front

separating the shelf and slope waters and an idealized circular WCR residing in the slope

water (Fig. 2). The density of the slope water is horizontally uniform and varies
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vertically. Its vertical profile is based on an observed profile in the MAB slope sea with
surface density of py = 1026.7 kg m™. The shelf water with surface density of py, is
characterized by negative, along-shelf uniform density anomaly relative to the slope
water. The cross-shelf density gradient forms a shelfbreak front with isopycnals rising
from the ocean floor toward offshore (Zhang and Gawarkiewicz 2015b).

The WCR has a density anomaly relative to the slope water (Fig. 2a) specified by

r—r, 2
C)] e H7 Ap,. (6)

1
Ap,(x,y,2) = 3 [1 - tanh( "

Here, Apy is the surface density anomaly at the ring center, (xo, yo); 7 = [(x-xo)2+(y-yo)2]” %
7. is the ring radius to the maximum velocity; 7, is the horizontal length scale of the ring-
edge transition region; H, is the ring vertical scale.

In the control simulation f= fy = 9.37x10” s™' (40°N; f-plane); py, = 1026.2 kg m’
3; xo=0km and yo =—245 km; r. = 75 km, r, = 15 km; H, = 500 m; Apy =—1 kg m'3,
resembling the observed density difference between the ring and slope waters. These
parameters together give a Burger number of the ring, NH,/(fr.), of about 0.7. Here, N =
0.01 s, The surface density of the ring water p, = py + Apo = 1025.7 kg m™. On the sea
surface p, < psn < ps1, consistent with the observed density contrasts among the ring, shelf
and slope waters (Zhang and Gawarkiewicz 2015a). The density distribution across the
shelfbreak front resembles a typical MAB shelfbreak frontal structure in winter and
spring (e.g., Fratantoni et al. 2001; Gawarkiewicz et al. 2001).

Thermal-wind balanced horizontal velocity (assuming zero bottom velocity) and
geostrophically balanced sea level tilt are added to the model initial conditions. The ring
initially sits on the slope and is not completely balanced, as the thermal-wind assumption

neglects the centrifugal force and the zero-velocity assumption on the sloping bottom

10
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induces cross-shelf flow asymmetry. However, the ring adjusts itself dynamically in the
first several days before the frontal subduction occurs (see below), and the details of the
initial ring flow condition is not expected to alter the result here. To facilitate the
perturbation growth, Gaussian random velocity perturbation with zero mean and standard
deviation of 0.02 ms™ is added to the ring current. Because this study focuses on the
development of the ring-edge frontal subduction, all simulations are run for only 20 days
(25 inertial periods), long enough to capture the shelf-water subduction phenomenon and
the initial cross-shelfbreak offshore transport.

Three passive tracers, representing ring, shelf, and surface shelf waters with
concentration C,, Cs, and Cj,, respectively, are included in the model. The passive tracer
equation is the same as the density equation except with no feedback to the circulation.
The initial value of C, is 1 in the WCR and 0 elsewhere (dashed magenta line in Fig. 2
represents the boundary). The initial value of C; is 1 in the shelf water and 0 elsewhere
with the boundary (dashed blue line in Fig. 2) aligning with a shelf water isopycnal. The
initial concentration of Cy, is 1 in the top 50 m of the shelf onshore of y=—144 km and 0
elsewhere, and its boundary (dashed black-yellow line in Fig. 2) intercepts the isopycnal
0p=26.3 kg m” (dashed black-red line in Fig. 2b). Note that C; has no initial along-
isopycnal variation and Cy, does. This difference has important dynamical consequence
and help explain the cross-isopycnal characteristics of the subduction signal (Section 4).
Sensitivity simulations (Table 1) with varying ring-water density (Apo), cross-shelf
position of the ring (3o) and spatially varying f'(f=fo + By) are also conducted.

3. Observational Analysis

3.1 General Pattern

11
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SST in June 2014 shows the impingement of a WCR on the shelf edge (Fig. 1).
On 02 June, the WCR is located to the southeast of the Pioneer Array moorings. It then
migrates westward with its northwestern edge reaching the OS mooring on 08 June. In
the next eight days, the northern edge of the ring migrates northward and reaches the OS
mooring on 16 June. Meanwhile, a shelf-water streamer developed to the east of the ring
with a cold (~18°C) patch transported offshore reaching 39.2°N on 25 June (Fig. 1d).

Time series data at both CO and OS moorings during the period of the ring
impingement show episodic filaments with apparent downward signal propagation on the
period of 1-2 days, as highlighted in Fig. 3. In particular, relatively cold (12-14°C), fresh
(34-35.7 g kg™), high oxygen (>210 umol kg™) and high CDOM signals descends
underneath the relatively warm, saline, low oxygen and low CDOM ring water. Note that
the apparent downward signal propagation does not necessarily represent downward
water motion (see below). Also note that the high-frequency oscillations signals
superposed on the descending signals mostly represent internal waves. The descending
filaments appear on 13-14 and 18-19 June at the OS mooring (Fig. 3 left) and on 15-16
and 19-20 June at the CO mooring (Fig. 3 right). The filaments are ~20 m thick. During
13-14 June at the OS mooring and 15-16 June at the CO mooring, the filament signal
propagates from z =—-30 m to —110 m within a day. The corresponding vertical signal
descending speed [wo| = 80 m day” or 0.9 mm s™'. The filament signal on 18-19 June at
the OS mooring descends from z = —60 m to —120 m in two days with |wo| ~ 0.3 mms™".
The signal on 19-20 June at the CO mooring descends from z = —40 m to —70 m in two

days with |wo| ~ 0.2 mm ™.
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Physical and biogeochemical signatures of the filaments indicate that they
represent diluted near-surface shelf water. The relatively low temperature and salinity of
the water suggest that it originates from the outer shelf. In particular, the initial salinity of
descending signal is <34.7 (Figs. 3b and 3g), so that at least part of the water in the
filaments is from the onshore side of the shelfbreak front. The relatively high
concentration of DO indicates that the filament shelf water has recently been exposed to
the surface. The relatively high concentration of CDOM is consistent with the shelf origin
of the filament water. Because of relatively high biological productivity, the MAB shelf
water generally has higher concentration of DO and CDOM than the offshore waters
(Vaillancourt et al. 2005). Consistently, the EB glider cross-shelf section shows a general
trend of decreasing concentration of DO and CDOM toward offshore (Fig. 4c-d). Note
that the CDOM concentration on the shelf also decreases slightly towards the surface,
which is likely caused by photo-degradation (Fig. 4d).

Temperature-salinity (T-S) and oxygen-salinity (O-S) properties of the filament
water suggest that the descending signals result from some type of downwelling flow.
Because the filament water at the CO and OS moorings originates from the shelf side, it
likely has passed through the CI mooring some time prior to reaching CO and OS
moorings. Consistently, on the T-S and O-S diagrams, the deep filament waters at the CO
and OS moorings overlap with the water at the CI mooring in May-June 2014 (Fig. 5).
But the filament waters at the CO and OS moorings are located at greater depths than the
water at the CI mooring of the same T-S and O-S properties. The depth differences
suggest that the deep filament water at the CO and OS moorings has been transported

downward after passing through the CI mooring.
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Velocity data at the CO mooring (Fig. 6) indicate that the descending filaments
appear at the same time as the arrivals of the onshore edge of the WCR where the frontal
velocity starts to increase. Thus, the filaments likely represent a frontal process. A
barotropic northward onshore flow and a surface-intensified eastward along-shelf flow
appear on 15 June, approximately the same time as the first filament at the CO mooring
(cf. Fig. 3 right). As the ring edge near the moorings on 15-16 June is east-west oriented
(cf. Fig. 1c), the northward and the eastward flow represent a cross- and an along-front
current, respectively. The onshore flow lasts for a day with the maximum speed (after the
low-pass filter) of ~0.12 m s™. This onshore flow is presumably caused by the onshore
migration of the ring edge pushing the entire water column shoreward. The eastward flow
at the CO mooring persists for >6 days. During 16-17 June, the eastward (along-front)
flow occupies the entire water column. The maximum eastward speed in the raw and
low-pass filtered data is 1.22 and 0.48 m s™, respectively. This strong eastward flow
means that the shelfbreak flow is not two-dimensional (cross-shelf and vertical) and that
the observed filaments represent 3D slanted sheets of cold and fresh water being advected
eastward passing through the moorings by the ring-edge current. The measured cross-
shelf velocity at the mid-depth changes its direction to offshore on 16 June and remains
offshore for ~2 days. The filtered maximum offshore velocity of ~0.07 m's™ occurs at
z=—50 m. This subsurface-intensified offshore velocity may represent a secondary flow
on the vertical section across the ring-edge front. However, no clear subsurface offshore
flow appears in the raw data. A similar but weaker pattern of cross-shelf velocity

variation exists on 18-20 June, coincident with the second filament at the CO mooring.
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The EB glider cross-shelf transect on 02-04 June give a non-synoptic cross-
sectional view of the frontal feature (Fig. 4). It depicts the cross-shelf transition from the
ring water offshore to the shelf water onshore. The ring-edge isopycnals form a prograde
front at the shelf break. It shows an intermediate layer of low temperature, low salinity,
high DO and high CDOM shelf water extending offshore and downward underneath the
ring water, reaching z = —120 m, beyond the normal depth range of the shelf water. The
cross-shelf length scale of the intermediate shelf-water layer is ~10 km. This intermediate
layer is separated from the bottom by a 10-20 m thick bottom layer of low temperature,
intermediate salinity, low DO and low CDOM water. Consistent with the mooring data,
the temperature and salinity at the shelf end of the intermediate layer (at the 100-m
isobath) is ~12°C and <34.7 g kg™, respectively; salinity in the intermediate layer
increases gradually toward offshore. Other EB glider cross-shelf transects in the same
region at different times in June 2014 show qualitatively similar layering pattern (not
shown).

Data from the FZ glider along-shelf transect indicate that the frontal filament
feature likely occurs over an extended along-shelf distance on the onshore ring edge. The
CO mooring data show another descending filament on 23-25 June (Fig. 7 left). The cold,
fresh and high DO filament layer later rests at the depth of z =—80 m after 25 June with
much warmer and saltier water sitting above and slightly warmer and saltier water sitting
below. Meanwhile, the FZ glider along-shelf transect near the CO mooring on 25-28 June
show a ~20-m thick subsurface layer of relatively fresh (34-35.7 g kg™), cold (11-15°C)
and high CDOM shelf water spanning over the along-shelf distance of ~60 km (Fig. 7

right). This subsurface layer sits at the depth range of z = —60 - —80 m, below a surface

15



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

layer of ring water of high temperature (>22°C) and salinity (>36 gkg™) and above a
bottom layer of slope water of intermediate temperature (~16°C) and salinity (> 35.7 g
kg and <36 g kg™'). The middle layer presumably represents the filament water of
diluted shelf source captured by the CO mooring. Its along-shelf span suggests that the
filament likely extend in the along-shelf direction over a distance of >60 km, thus
forming a 3D sheet.

3.2 Dynamics of the Frontal Filaments

Based on their length and velocity scales, the observed frontal filaments represent
a submesoscale process. The unfiltered ring edge velocity U= 0.5-1 m s™'; the cross-shelf
length scale of the subsurface shelf-water layer L. = 10 km; the thickness of the filaments
H=~20m; N~ 0.02s";and f=9.37x107 s™'. Substituting these into (1) and (2) gives Ro
=0.5-1 and Fr = 1-3, both O(1). Substituting the vertical scale of the WCR in the slope
sea, H, = 500 m, into (3) gives the first baroclinic Rossby radius of deformation of the
WCR in the slope sea, Lr = 100 km. Therefore, L. < Lg. All these satisfy the scaling for
submesoscale features (McWilliams 2016). As described in Section 1, two mechanisms
could potentially form the observed submesoscale frontal filaments: 1) ageostrophic
frontal subduction and ii) horizontal stirring by geostrophic shear flow. Here, we discuss
the possibility of each process occurring at the ring edge.

Some of the filaments, except the one on 19-21 June at the CO mooring (Figs. 3
and 6), appear to be crossing isopycnals, differing from the classical pattern of along-
isopycnal frontal subduction (e.g., Spall 1995). The isopycnals over the filament periods
generally move downward but in a pace slower than the apparent filament descent.

Consequently, some of the filaments cross the isopycnals, and density (and salinity)
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increases along the filaments. However, the filaments could still result from frontal
subduction, even though their cross-isopycnal characteristics do not fit the classical
pattern of frontal subduction. Other frontal processes could act on top of the frontal
subduction, modify the pattern, and result in the cross-isopycnal appearance. One
potential process is the mixing of the filament shelf water with the surrounding high
salinity water. To examine this, we compute time series of the vertical shear of horizontal
velocity, du/dz and dv/0z, at the CO mooring and the corresponding Richardson
Number,

NZ

R = Guanz+ @vjan)?:

(7)

The computation was done with raw u and v (Fig. 6e-f), and the N is interpolated onto the
same vertical 4-m grid as the velocity. It shows two bands of slightly elevated du/dz,
low Ri, and presumably enhanced mixing on the top and bottom faces of the filament on
15-17 June. The enhanced vertical shear may be caused by the tidally-induced internal
waves in the region. However, the enhancement pattern is not distinct, and it remains
unclear whether mixing in the shelfbreak region is strong enough to modify the properties
of the filament water and result in the density variation along some of the filaments.
Another potential reason is that the observed filaments represent a subsurface 3D
cross-isopycnal sheet of shelf water being subducted at different isopycnals with different
temperature, salinity, DO and CDOM properties. This may occur because the tracer
contours in the MAB shelfbreak region often misalign with the isopycnals owing to the
great spiciness caused by the strong density compensation of temperature and salinity

(e.g., Todd et al. 2013; Zhang et al. 2011). The 3D shelf-water sheet could then be

17



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

advected though the moorings by the eastward frontal current and form the filaments with
cross-isopycnal descending appearance (see Section 4 for more discussion on this).
Frontal geostrophic shear flow, as the other possibility of generating the tracer
filaments, can intensify existing horizontal tracer gradients at depth through stirring, as
described in (4), and forms a 3D, cross-isopycnal, tilted tracer sheet (Smith and Ferrari
2009). However, this purely geostrophic process would not induce vertical motion to
transport the near-surface shelf water downward to the depth of the observed filaments.
Other downward transport processes are required to establish the initial horizontal tracer
gradients. Hence, regardless what causes the cross-isopycnal appearance of the filaments,
the data suggests that some type of downwelling motion occurs at the ring edge.
However, if the geostrophic shear stirring take place, the apparent signal descent
observed at the moorings would be at least partially caused by the shear distortion, and
the speed of the downward motion would be slower than the apparent descend rate.
Despite capturing the frontal filaments, the Pioneer Array measurements are not
sufficient to resolve the temporal and spatial gradients associated with the filaments,
which prevents the analysis of the submesoscale dynamics. The distance between the CO
and OS moorings is 17.6 km, greater than the filament length scale. The time it takes a
glider to cross the frontal region is about one day, which is similar to the filament
development time scale. There were only one EB glider and one FZ glider in the region
in June 2014, and they were over 30 km apart. In order to resolve the submesoscales, we

use model simulations to examine the dynamics of the observed frontal filaments.

4. Modeling Analysis
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4.1 General Pattern in the Model

SST from the ROMS control simulation shows surface deformation of the WCR
(Fig. 8) in a pattern qualitatively similar to the structure observed in the satellite images
(cf. Fig. 1). The ring and shelf waters come in direct contact on Day 9 as a limb of the
WCR moving clockwise along the ring periphery reaches the 200-m isobath. At Day 10,
some shelf water is pulled offshore of the 200-m isobath at x = 50 km. By Day 11, a
prominent shelf-water streamer of 5-20 km wide has formed on the northeastern
periphery of the WCR, and a cyclonic shelf-water ringlet is developed at the southeast
end of the streamer, similar to observations (cf. Fig. 1d; Kennelly et al. 1985).

The model resolves the shelf-water frontal filaments at the northern ring edge
with a pattern similar to the observed. The left column of Fig. 9 shows time series of
various water-column properties at a fixed site near the ring-shelf water interface
(triangles in Fig. 8c-f), which is comparable to the mooring data. It depicts clear
descending signals of the shelf water tracer (Cs; Fig. 9a) and surface shelf water tracer
(Cy2; Fig. 9b) at Day 10. The signals of both C; and C;; reaches z =—-220 m on Day 11,
much deeper than their respective initial depth range of z > —-80 m and —50 m (Fig. 2).
This thus indicates subduction of the shelf water at the ring edge.

The descending filaments of Cs and Cj, also differ from each other: the former is
mostly along-isopycnal and the latter is steeper and crosses the isopycnal o= 26.3 kg m™
between z =—100 and —150 m (Fig. 9a-b). The former suggests that the subduction occurs
within the same isopycnal interval, consistent with the classical pattern of frontal
subduction. The cross-isopycnal appearance of the C;, filament resembles some of the

mooring-observed filaments. Note that the descending signal of C; spans a isopycnal
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range of gp=26.1-26.5 kg m™ (Fig. 9a), and that C; has no initial along-isopycnal
variation while Cy; does with the initial boundary intercepting the isopycnal gg= 26.3 kg
m” (Fig. 2). The difference in the descending signals of C, and Cy, thus suggests that the
cross-isopycnal appearance of the descending filament results from: 1) subduction
transporting Cj, including its cross-isopycnal boundary, in the isopycnal range of 26.1-
26.5 kg m™ downward forming a 3D subsurface tracer layer, and ii) the advection of the
3D tracer layer passing through the ‘mooring’ generating the cross-isopycnal appearance
of the descending filament. Meanwhile, geostrophic shear stirring likely strains the
subsurface tracer layer and deforms the tracer boundary. This process could occur in the
real ocean as the density compensation between the temperature and salinity in the MAB
shelfbreak region causes temperature and salinity contours to intercept the density
contours with great spiciness (e.g., Todd et al. 2013). Because the model has no tidally-
induced internal waves to enhance mixing as in the real ocean, this explanation does not
necessarily preclude the possibilities of mixing contributing to the cross-isopycnal
appearance of observed filaments. As this study focuses on demonstrating the occurrence
of the frontal subduction, the detailed influence of these other factors on the subduction is
not investigated here.

Vertical cross-shelf section of the model field at Day 11 shows the initial
retrograde shelfbreak front (Fig. 2b) has been replaced by a prograde ring-edge front with
a clear subduction feature (Fig. 9 right), similar to the EB glider observations (Fig. 4). In
particular, an intermediate layer of shelf water resides underneath a surface of ring water
and a bottom layer of slope water. The shelf water is thus not in direct contact with the

bottom as it moves offshore, which is also consistent with the observations (e.g., Fig. 7).
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The head of the shelf-water layer has moved offshore by 10 km and downward by 170 m.
Cross-shelf section of the model velocity also shows a clear pattern of the subduction
flow with offshore and downward velocity (Fig. 9k-1).

The model also shows that the subduction occurs over an along-shelf distance of
several tens of kilometers. The vertically integrated C; shows a substantial amount of
shelf water underneath a surface layer of ring water on Day 10-12 (the blue area
southwest of the green lines in Fig. 10b-d). On Day 10 the subduction layer spans an
along-shelf distance of about 60 km, from x = 0 to 63 km; the along-shelf span expands
to >100 km on Day 11.

4.2 Subduction Dynamics in the Model

The modeled ring edge velocity U =~ 1 m s™'; the cross-shelf and vertical length
scales of the subsurface shelf-water layer are L. = 10 km and H = 50 m, respectively; N
~ 0.01 s'; and f=9.37x107 5. These together gives Ro ~ 1 and Fr ~ 2, both order-one.
The modeled subduction feature is thus also a submesoscale phenomenon. To investigate
the subduction dynamics, we calculate the divergence (0), relative vorticity (&), stretch-
strain deformation rate (S) of the modeled horizontal velocity, as well as the axial
direction of the frontal principal flow deformation. We also perform the frontal tendency
diagnosis following Capet et al. (2008a, 2008b) and Gula et al. (2014). The divergence,

relative vorticity and stretch-strain rate are defined as

ou O0Jv
“ox 3y’ ®
ou O0v

and
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~[\ox ay ox 0y ’

respectively. Note that (10) describes flow deformation due to both stretching and
straining (Hoskins 1982). The direction of the principal flow deformation axis is
described by the angle

0 - 1 _ [@v/ox) + (0u/dy)
» =29 N Gu/ax) — (av/ay)|”

(11)

The flow deformation is frontogenetic when the principal deformation axis aligns with
the frontal axis, i.e., the angle between the two axes is <n/4 (Gula et al. 2014). The
frontal tendency, 7, is defined as the rate of change of the amplitude of the buoyancy

gradient following a fluid parcel and satisfies,

1D||Vb||?
= ET = Tagy + Ty + Tay + Tan, (12)
where,
ob ab
Taay = (=55 Yt =3, Viv) - Vab, (13)
ob
TW = —EVhW . Vhb, (14‘)
and
0 ob
TdV = Vh [& <K9 g):l w - Vhb (15)

are the contributions of horizontal advection, vertical advection, and vertical mixing to
the frontogenesis, respectively; and Tyy, is the effect of the horizontal diffusion, which is
implicit within the model numerical advection scheme in this study. In (12)-(15), b =
—g(p/po) is buoyancy, w is vertical velocity, ky is vertical turbulent diffusivity, and V,=

(Ox, 0y, 0). A positive (negative) value of the right-hand-side terms in (12) means the
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corresponding process is frontogenetic (frontolytic). Ty, is always frontolytic because the
numerical diffusion tends to smear the horizontal density gradient. As in Gula et al.
(2014), T4y, 1s generally secondary and thus neglected here.

The diagnostic quantities at z=-3 m and ¢ = 10 days (Fig. 11) shows a peak of
front sharpness on the ring-shelf water interface west of x = 63 km with prominently
downward velocity, convergence (negative divergence), positive vorticity and large
stretch-strain rate. The principal deformation axis generally aligns with the axis of the
front. These are all characteristics of frontogenesis. The ring-shelf water interface east of
x =63 km does not show a clear signal of frontogenesis. The frontal tendency diagnosis
shows that the horizontal flow advection strengthens the front in the region of
frontogenesis, while the vertical advection weakens the front. The effect of the vertical
mixing on the frontal strength is negative at the core of the front and positive to the
immediate southwest of the front.

A cross-front vertical section of the diagnostic quantities at Day 10 (Fig. 12)
shows that the frontogenesis pattern persists at depth. A stripe of elevated frontal
sharpness, convergence, positive relative vorticity and strong flow deformation aligns
with the ring-shelf water interface (the region of closely spaced black and grey lines in
Fig. 12). The frontal tendency diagnosis shows that effects of horizontal and vertical
advection at the front are positive and negative, respectively, and tends to balance each.
The influence of vertical mixing is negligible below the surface. These are all consistent
with the frontogenesis dynamics of filaments (double-sided fronts) in the Gulf Stream
(Gula et al. 2014). The cross-shelf alternating positive and negative vertical velocities

onshore of the front (Fig. 12d) and undulations of the isopycnals and C; contour reflect
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high-frequency internal waves excited at the front propagating onshore. Close
examination of the model solution indicates that these internal waves are generated by the
rapid onshore migration of the northern ring edge.

A region of negative vertical velocity of ~5km wide and 100 m thick is visible
below the ring-shelf water interface and offshore of x = 0 (inside the black frame in Fig.
12d). It reflects the subduction flow and generates the downward extending tongue of the
shelf water. A zoom-in view of the vertical and cross-frontal velocity in this frontal zone
show the subduction as a part of the cross-front secondary flow induced by the
frontogenesis (Fig. 13): An upwelling flow on the offshore side of the front transitions to
an onshore cross-frontal flow on the surface and then a downwelling flow on the onshore
side of the front.

All these confirm the occurrence of the 3D front subduction of the shelf water on
the onshore edge of the WCR. Essentially, as depicted in Fig. 14 schematically, the WCR
impinges on the shelf edge, and the cross-shelf density gradients on the onshore edge of
the ring intensifies. This frontogenesis causes flow straining and induces an ageostrophic
cross-front secondary circulation with strong vertical motion through potential vorticity
conservation (e.g., Capet et al. 2008a; Hoskins 1982; McWilliams et al. 2009; Spall
1995). Specifically, intensification of the frontal density gradient strengthens the frontal
jet and also vorticity on both sides of the jet (more negative on the light side and more
positive on the heavy side). Potential vorticity conservation then drives upwelling on the
light side of the front and downwelling on the heavy side of the front. An ageostrophic
cross-frontal surface flow from the light side towards the heavy side and a subsurface

compensating flow in the opposite direction develop. This secondary flow tends to relax
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the steepening front. The downwelling velocity on the heavy side of the front and the
subsurface compensating flow together form the frontal subduction (Spall 1995). The
subducted water is then carried along the ring periphery away from the subduction site by
the frontal current, while the frontal subduction continues taking place on the onshore
ring edge as the ring keeps impinging on the shelf edge. The along-front extent of the
subduction is consistent with the along-front extent of frontogenesis, which is controlled
by the background convergent flow.

Close examination of the model solution show that this subduction process
actually occurs on the ring-slope water interface before the ring water is in contact with
the shelf water (Fig. 8a). That is, as the WCR starts to impinge on the shelf edge and the
ring edge front starts to intensify, the slope water that initially resides between the ring
and shelf waters is subducted and carried away. As the ring edge continues moving
shoreward, it comes into contact with the shelf water. Because the surface ring water is
less dense than the shelf water, the ring-edge density front persists, and the subduction
now transports the shelf water downward. The ring edge current then carries the
subducted shelf water into the slope sea. During this process, the initially retrograde front
at the shelf break is destroyed and replaced by the prograde density front, as indicated by
the orientation change of the isopycnals at 150-m water depth (y = —150 km) from Fig.
2b to Fig. 9g. Meanwhile, the surface cross-shelf density gradient, dp/dy, at y = —150

km has changed from its initial value of —0.6x10™* kg m™ to 6x10™ kg m™.

5. Discussion

5.1 Subduction Transport of the Shelf Water
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The model shows that the subducted shelf water underneath the surface ring water
is eventually transported offshore, providing a process of cross-shelfbreak offshore
transport of the shelf water that has no surface expression. The model demonstrates that
this subsurface transport of the shelf water occurs alongside of the surface-visible (to
satellites) shelf-water streamer (Fig. 10). This is consistent with field observations
sometimes showing subsurface shelf water adjacent to surface-visible shelf-water
streamers on the periphery of WCRs (e.g., Kupferman and Garfield 1977; Tang et al.
1985). From the prospective of someone who analyzes satellite remote-sensing data, the
subsurface offshore transport of the subducted shelf water thus behaves as a surface-
invisible part of the streamer transport.

Here we seek to qualitatively estimate the subduction-associated subsurface cross-
shelfbreak offshore transport (referred to as surface-invisible) of the shelf water in the
model and compare it to the surface-visible streamer transport. This separation is for a
practical purpose. As satellite data is often used to illustrate the shelf-water streamer in
the literature with an implicit assumption that the streamer transport is all visible on the
surface. Quantifying the surface-invisible part of the shelf water transport reveals the
amount of cross-shelfbreak offshore transport that is missed if one is to estimate the
overall transport based only on the surface information and some scaled depth (e.g.,
Bisagni 1983) or using a low-resolution model that does not resolve the subduction
process (e.g., Chen et al. 2014). To our knowledge, the surface-invisible offshore
transport the shelf water has not been specifically quantified in the literature, even though
it is included in the overall streamer transport of the shelf water in some studies (e.g.,

Cherian and Brink 2016).

26



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

Because the rapid evolution of the ring-shelf water interface hampers a direct
calculation of the shelf-water transport, we compute the transport indirectly from the
temporal change of the surface-visible and -invisible shelf water volume in the slope sea
(offshore of the 200-m isobath). The total volume of shelf water in the slope sea at time ¢

is computed using the shelf water passive tracer concentration, Cs, i.e.,

P.(t) = fff C,(t)dxdydz, (16)

offshore

where Vofrhore 1S the entire model volume offshore of the 200-m isobath. The separation
of the surface-visible and -invisible portions is based on the surface shelf-water
concentration, Cs(x, y, 0). If Cy(x, y, 0) > 0.1, all shelf water within the water column
underneath (x, y, 0) is considered surface-visible, and its domain-integrated volume in the
slope sea, P,, is assumed to be the volume of shelf water that has been transported
offshore in the surface-visible streamer. The rest of the shelf water in the slope sea is
considered surface-invisible and has been transported offshore by the entrainment process
associated with the frontal subduction. Its domain-integrated volume in the slope sea is P;
= P,— P,. The time rates of change of the volume quantities, Q, = dP,/dt, Q, = dP,/dt,
and Q; = dP;/0dt, are calculated as the total, surface-visible and surface-invisible cross-
shelfbreak offshore transport of shelf water, respectively. Note that this approach
assumes 1) only one continuous vertical layer of shelf water in the water column and ii)
no exchange of the two categories occurring offshore. It is very likely that these
assumptions do not hold in the real ocean, especially after a relatively long-period
evolution of the streamer in the slope sea. However, as this work focuses on the first
several days of the streamer evolution and the goal here is to provide a qualitative sense

on the baroclinic transport, the issues are not expected to severely affect the result.

27



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

Applying the separation approach to the control simulations shows that P, P; and
P, all increase over time in the 20-day simulation period (Fig. 15a). P, starts to increase
slowly at Day 5, earlier than P;. It is consistent with the shelf-water streamer developing
ahead of the shelf-water subduction (Fig. 10). Starting from Day 9, P; starts to increase
rapidly and catches up with P, at Day 14. After that, P; saturates, while P, continues
increasing. The saturation of P; is caused by the cease of the frontogenesis and
subduction process as the ring limb (pointing northward in Fig. 8f) leaves the shallow
region. Overall, P; and P, are of the same order of magnitude. Correspondingly, O;
increases dramatically starting from Day 9 and reaches a peak of 0.8 Sv on Day 12,
representing 90% of the overall shelf-water cross-shelfbreak offshore transport at the
time (red lines in Fig. 15b-c). Over the 7-day period (Day 9-15) of shelf-water frontal
subduction, the mean surface-invisible offshore transport of the shelf water is ~0.4 Sv. It
is thus possible for the shelf-water offshore transport induced by the frontal subduction to
be a substantial transport relative to other mechanisms (e,g., PNI and surface visible
streamers).

Analysis of the satellite data over the period of 1979-1985 showed that WCR-
associated shelf-water streamers were present in the MAB region for ~70% of the time
(Garfield and Evans 1987). Assuming the subduction-induced subsurface transport occurs
over 1/4 of those times and all subduction events induces the shelf-water transport of 0.4
Sv, the same as in our control simulation, the surface-invisible offshore transport of the
shelf water averaged over all times would be ~0.07 Sv. This is significant relative to the
shelf-water offshore transport of 0.04-0.11 Sv required to balance the entire MAB

volume budget (Brink 1998). However, this is likely an overestimate as the simulations
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presented in this study are based on a highly idealized model configuration of one
particular scenario. A more precise estimate of the subduction-induced shelf-water
offshore transport would require observations of higher spatial and temporal resolution or
realistic model simulations.

We here examine the dependence of modeled Q; on the density anomaly of the
ring water (Ap,, which is related to the strength of the ring), the initial cross-shelf
location of the WCR (39), and the spatial variation of /' (Table 1). The simulations of
different Ap, show that when [Ap,| < 1 kg m™ Q; increases with |Ap,| (Fig. 15b),
suggesting that intensity of the frontal subduction increases with the strength of the ring-
edge front. But, as |Ap,| increases from 1 to 1.25 kg m™, O, decreases slightly. The
simulations of different y, show that the subduction generally intensifies as the WCR gets
closer to the shelf break (Fig. 15d-e). The simulations with spatially varying f (-plane)
show that the cross-shelf migration of the WCR resulted from the [-effect (Early et al.
2011) affects the subduction process (Fig. 15f-g). However, the relationships of QO; with
Apy, o, and fare not linear. Closer examination of the model solutions shows that the
subduction intensity depends highly on the specific shape of the interface between the
ring and shelf waters. The ring-shelf water interface is strongly affected by the finite-
amplitude instability on the ring periphery. Apg, 1o, and fall exert strong influences on
the instability on the ring periphery. These influences and the development of the finite-
amplitude ring-edge instability are all nonlinear and might be related to the cross-frontal
difference in the potential vorticity. The detailed relationships between the subduction
process and those influencing factors and the underlying dynamics are left for future

studies.
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5.2 Comparison with the Open Ocean Process

The basic dynamics of the frontal subduction described here is the same as the
submesoscale frontal processes previously studied in the open ocean environment.
Essentially, the frontal subduction is part of the cross-front secondary circulation that
tends to flatten the steepening front.

A major difference between the shelfbreak environment and the open ocean is the
presence of the shallow sloping bottom. It exerts strong influence on the evolution of the
WCR (e.g., Cherian and Brink 2016, 2018) and presumably causes the background
confluence flow on the ring edge that drives the frontal subduction. For the barotropic
offshore flow of the shelf water, the vertical stretching associated with the sloping bottom
is also important for the vorticity dynamics (Cherian and Brink 2018). However, the
subducted shelf water is separated from the bottom by a bottom layer of slope water
(Figs. 4 and 9), and the subduction layer of 20-50 m thick is relatively thin compared to
the water column of 100-200 m thick. Its dynamical evolution is thus less likely
influenced directly or altered qualitatively by the sloping bottom.

Because the MAB shelf break separates the shelf and slope/ring waters of
dramatically different physical and biogeochemical, the shelfbreak subduction process, as
a part of the cross-shelf transport, is potentially important. It could greatly affect the heat
and salt balance on the shelf, and export the outer shelf water that is rich in organic
matter into the deep part of the open ocean. The temperature and salinity differences
between the adjacent shelf and ring waters can reach 18°C and 3.5 g kg (Zhang and

Gawarkiewicz 2015a). Meanwhile, density difference between the waters is generally <1
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kg m™, as much of the density effects of temperature and salinity are compensatory. As
demonstrated in Section 3, the dramatic differences in the water properties provide a
great opportunity for visualizing the frontal subduction. The differences of the water
properties across a front in the open ocean are likely smaller, and the signal of frontal

subduction there is likely less visually dramatic.

5.3 Potential Implication on Dynamics of Shelf-Water Streamer

The potential influence of the frontal subduction on the shelf-water streamer is
considered here. We pose the hypothesis that the frontal subduction facilitates the
entrainment of the shelf water by the WCR and enhances the offshore streamer transport
of the shelf water.

The shelf-water subduction occurs on the shore side of the ring-edge front and
replaces the initially flat or retrograde isopycnals within a 5-10 km wide region next to
the ring-edge front with prograde isopycnals (Figs. 9g-1 and 12a). Frontal subduction thus
spreads the prograde ring-edge front shoreward into the shelf water. This is consistent
with the EB glider transects showing the change of the shelf-water isopycnals at the 100-
m isobath from a retrograde tilt in the end of May before the ring impingement (not
shown) to a prograde tilt on 02-03 June after the ring impingement (Fig. 4a-b). Note that
the onshore edge of the ring has not yet reached the 100-m isobath on 02-03 June.
Through the thermal-wind balance, the prograde shelf-water isopycnals on 02-03 June
presumably enhances the eastward flow of the shelf water. This essentially represents a
baroclinically enhanced entrainment of the shelf water by the ring-edge current in a

narrow region at the outskirt of the ring edge. Presumably, the same baroclinic

31



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

mechanism applies to the ring edge to the eastern end of the ring-shelf contact region
where the baroclinically entrained shelf water would flow southeastward into the
streamer. The thermal-wind enhancement of the shelf-water entrainment by the prograde
front is consistent with the weaker cross-shelfbreak subsurface transport of the shelf
water in the sensitivity simulation of |Ap,| = 1.25 kg m™ (Fig. 15b). Compared to the
control case, the initial shelfbreak front in that case is weaker with smaller density
difference between the shelf and slope waters. Consequently, the prograde front at the
later stage is also weaker, which results in the weaker subsurface offshore transport of the
shelf water.

This subsurface baroclinic enhancement process is not included in the barotropic
mechanism of streamer formation proposed by Cherian and Brink (2016, 2018). Without
the shelf break front, their model shows that the outward sea level setdown of the ring
spreads onto the shelf as a barotropic influence and drives a geostrophic flow of the shelf
water. This barotropic shelf flow is ~40 km wide for the MAB scenario and named shelf-
water supply jet as it carries the shelf water along the ring periphery and into the slope
sea forming the shelf water streamer. The control simulation here shows a region of 30-
60 km wide north of the ring edge (enclosed by the blue contours in Fig. 8) where the
depth-averaged velocity changes from initially westward to eastward as the ring impinges
onto the shelf edge. This region presumably reflects the barotropic influence of the ring
on the shelf and corresponds to the barotropic shelf-water supply jet. Thus, in this model
the subduction-associated baroclinic transport takes place at the same time as the
barotropic transport and presumably enhances the cross-shelfbreak offshore transport of

the shelf water into the streamer. The baroclinic transport occurs over a region of only 5-
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10 km wide, much narrower than the shelf region under the barotropic influence of the
ring, and is thus a part of the large-scale barotropic transport of the combined ring, slope
and shelf water on the upper-slope and outer-shelf.

To examine the temporal evolution of the streamer water volume before the
formation of the streamer, we use an adjoint tracer model (Zhang et al. 2010) starting
from the three-dimensional volume of the streamer on Day 12 (the white contour in Fig.
8f). The model simulates the backward tracer advection and diffusion of the shelf water.
The adjoint shelf-water tracer is then vertically integrated to obtain the shelf-water
thickness at each location and time. The 10-m thickness contours are used to outline the
locations of the streamer shelf water at the earlier times, i.e., the source regions (the white
lines in Fig. 8a-e). The result depicts the concurrence of the subduction-associated
subsurface transport and the surface-visible barotropic transport of the shelf water.

However, it remains unclear how the subduction-associated baroclinic process
would dynamically interact with the barotropic process and whether it is a separate
mechanism of forming the shelf-water streamer or merely an enhancement to the
barotropic mechanism. Another related question is where the streamer shelf water
originates on the shelf. The adjoint simulation indicates that, in this particular scenario
with the shelfbreak front, the streamer shelf water come from both east and west sides of
the streamer. However, whether this is generally true is a question to be explored in

future studies.

6. Summary
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This study investigates the subduction of the MAB shelf water on the northern
edge of an impinging WCR as an enhancement to the transport of the shelf water into the
slope sea. This form of subduction-induced cross-shelfbreak offshore transport of the
shelf water at the shelf break occurs below the surface and does not have surface
signature. It explains historical observations of subsurface packets of shelf water in the
slope sea along the ring periphery whose formation mechanism was not specified in the
literature.

Analysis of the satellite and OOI Pioneer Array observations in the shelf break
region as well as an idealized numerical model simulation shows that the shelf-water
subduction is associated with the onshore impingement of the WCR and occurs when the
ring and shelf waters are in direct contact. Observations by the Pioneer Array moored
profilers in June 2014 show episodic filaments of diluted shelf water appearing
descending downward reaching depth beyond the normal depth range of shelf water. The
downward signal propagation coincides with the northern edge front of the WCR moving
through the moorings. A glider cross-shelf transect through the ring edge show a layer of
shelf water locating underneath the ring water. The model simulation reproduces the
basic pattern of shelf water subduction on the northern edge of an idealized WCR.

Both the Rossby and Froude numbers of the observed and modeled subduction are
order-one, meaning that the subduction is a submesoscale process, same as the frontal
subduction in the open ocean environment. Similar to the open ocean process, the
shelfbreak subduction on the northern edge of the WCR results from frontogenesis and is
a part of the cross-front secondary circulation that tends to relax the intensifying density

front. The subduction is a downwelling flow on the onshore side of the ring-edge front
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and entrains the shelf water into the frontal region. The frontal current then carries the
subducted shelf water offshore underneath the ring water. Dynamics of the WCR-induced
shelf-water frontal subduction at the shelf break is the same as the frontal subduction in
the open ocean. However, the dramatically different physical and biogeochemical
properties of the shelf and ring waters at the shelf break provides a great opportunity to
visualize the subduction process.

The model also shows that the subducted shelf water is transported offshore
alongside of the surface-visible (to satellites) shelf water streamer. This strong connection
means that the subduction-induced subsurface cross-shelfbreak offshore transport of the
shelf water may be considered as a part of the shelf-water streamer. The model shows
that the surface-invisible offshore transport of the shelf water can be substantial relative
to the surface-visible streamer transport. The sensitivity simulations indicate that the
subduction-induced subsurface offshore transport of the shelf water varies strongly with
the density anomaly of the ring water, cross-shelf position of the ring and spatial
variation of the Coriolis parameter. To quantify the subsurface transport of the shelf
water associated with a particular WCR impingement event would require observations
of much higher spatial and temporal resolution or realistic high-resolution model
simulations.

We also propose that the frontogenesis-associated frontal subduction facilitates
the formation of the shelf-water streamer along the WCR periphery. The subduction-
associated downward flow results in onshore spreading of the prograde ring-edge density
front in a narrow region on the outskirt of the ring edge, which then enhances the

barotropic along-frontal flow of the shelf water in the region. This process likely
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contributes to the entrainment of shelf water by the WCR and the formation of the shelf-
water streamer. How this baroclinic process interacts with the barotropic transport

remains to be investigated.
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Figure Captions:

Fig. 1. Satellite-measured SST in the northern Mid-Atlantic Bight region at four different
times in June 2016. The white areas represent cloud cover. The thin black lines are
isobath contours. The diamonds indicate locations of the OOI Pioneer Array moorings
with the green, black and blue filled ones representing the Offshore, Central Offshore and
Central Inshore moorings, respectively; the thick white line in (a) is the track of the EB
glider transect shown in Fig. 4; The thick white line in (d) is the track of the FZ glider
transect shown in Fig. 7 right column. The triangles and squares represent the beginning

and end of the transects, respectively.

Fig. 2. Model initial density (color) and velocity (vectors in (a) and black contours in (b))
fields on the (a) surface and (b) the cross-shelf section going through the center of the
warm-core ring (the dashed black line in (a)). The velocity scale is provided at the top-
right corner of (a). The dashed blue, black-yellow and magenta lines are the edges of the
shelf (Cy), surface-shelf (Cy;) and warm-core ring (C,) waters, respectively. The dashed
black-red line in (b) highlights the isopycnal of 26.3 kg m™ on the shelf, which intercepts
the boundary of Cj, (the dashed black-yellow line). The grey lines in (a) are isobath
contours. Note that the thermal-wind-balanced, westward, initial shelfbreak front jet
exists throughout the along-shelf extent of the model domain. It does not show up on the
velocity contour in (b) because it is weakened in the central region of the domain (x€(—

40, 40 km)) by the subsurface prograde isopycnal tilt associated with the ring.
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Fig. 3. Temporal evolution of potential temperature, absolute salinity, DO, and CDOM
concentration vertical profile measured at the (left) Offshore and (right) Central Offshore
moorings on 13-21 June 2014. The solid lines in each panel are isopycnals with the
contour interval of 0.5 kg m™. The dashed lines highlight the descending signals

described in the text.

Fig. 4. Cross-shelf section of potential temperature, absolute salinity, DO and CDOM
measured by a Pioneer Array EB glider over 2-4 June 2014. The thin lines in each panel
are isopycnals with the contour interval of 0.5 kg m™. The thick grey lines are the bottom.
The tracks of the glider missions are shown in Fig. 1a. The dashed lines highlight the

subsurface layer of shelf water described in the text.

Fig. 5. (Top) Temperature-salinity and (bottom) Oxygen-salinity diagrams of the data
measured by the Offshore (black-circled dots in the left column), Central Offshore
(black-circled dots in the right column) and Central Inshore (small colored dots with no
circles in both columns) mooring profilers. The color of the dots represents the depth of
the measurements. For the Offshore mooring, only the data in the descending filaments
on 13-14 June 2014 below z =—-70 m (Fig. 3 left) is shown; For the Central Offshore
mooring, only the data in the descending filament on 15-17 June 2014 below z =—70 m
(Fig. 3 right) is shown; For the Central Inshore mooring, data at all depth within the

period of 01 May — 21 June 2014 are shown.
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Fig. 6. Time series of (left) raw and (right) low-pass filtered (a-b) u, (c-d) v, (e-f) du/0z,
and (g) Richardson number at the Central Offshore mooring on 13-21 June, 2014. The
thin black lines are isopycnals with the interval of 0.5 kg m™; the white dashed lines
corresponding to the descending signals in the mooring CTD data (Fig. 3 right column);

the green ellipses in (e) and (f) highlight the region of slightly enhanced mixing.

Fig. 7. (left) Time series of potential temperature, absolute salinity, and DO measured by
the CO mooring over 22-28 June, 2014; (right) along-shelf section of temperature,
salinity, and CDOM measured by a Pioneer Array FZ glider over 25-28 June 2014 with
the track shown in Fig. 1d. The thin solid lines in each panel are isopycnals with the
contour internal of 0.5 kg m™. The dashed lines in the left panels highlight the descending
signal. The grey thick lines are the bottom. The mooring CDOM and glider DO data are

not shown because of bad data.

Fig. 8. Snapshots of the model surface density (color) and velocity (vectors) at different
times. The black lines are the contour of 50% shelf water concentration; The thin blue
lines are the contours of zero vertically-averaged along-shelf current on the shelf,
outlining the shelf region under barotropic influence of the ring; The thick white lines
depict the source region of the Day-12 streamer shelf water at different times obtained
from the adjoint simulation; The triangles in (c-f) indicate the location of the model time
series shown in Fig. 9 left column; The blue-white dashed line in (e) indicates the cross-

shelf transect shown in Fig. 9 right column; The boxes in (d-f) depicts the area of view in
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Fig. 10; the grey dashed lines are isobath contours; ‘IP’ in each panel represents inertial

period.

Fig. 9. (left) Time series of modeled (a) shelf water concentration (Cy), (b) surface shelf
water concentration (Cy,), (¢) ring water concentration (C,), (d) eastward velocity, ()
northward velocity, and (f) vertical velocity at a fixed location (triangles in Fig. 8c-f)

over the period of frontal subduction; (right) a cross-frontal transect of the same variables
atx =47 km and 7 = 11 days (blue dashed line in Fig. 8e¢). The black curves in all panels
are contours of g, with the interval of 0.2 kg m™ and the 26.3 kg m™ contour highlighted
in bold. The dashed white lines in (a) and (g) highlight the subduction signals of the shelf
water; the dashed green lines in (b) and (h) highlight the subduction signals of the surface
shelf water; dashed yellow lines in (g), (h) and (i) represent the edges of the shelf,

surface-shelf and ring waters, respectively, in the initial conditions.

Fig. 10. Snapshots of vertically integrated shelf water concentration (i.e., the effective
thickness of the shelf water; color) and contours of shelf water concentration Cs = 0.1
(red lines), 0.5 (green lines) and 0.75 (yellow lines) on sea surface. The vectors indicate
the surface velocity with the scale at the top-left corner of (a), and the grey dashed lines

are isobath contours. The box in (b) indicate the area of view in Fig. 11.

Fig. 11. Horizontal distribution of (a) frontal sharpness, (b) vertical velocity, (c)

divergence, (d) relative vorticity, (e) stretch-strain rate (color) and principal deformation

axis (thick blue lines), as well as the frontogenesis tendency terms due to (f) horizontal
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advection, (g) vertical advection, and (h) vertical mixing at z=-3 m and /= 10 days in a
frontal region (black box in Fig. 10b). The dashed green lines are the contour of C; (x, y,
0) = 0.5, indicating the location of the ring-edge front; The arrows are vectors of the
surface velocity; The triangles in (a) and (b) indicate the location of the model time series
in Fig. 9 left column; The dashed black-magenta lines in (a) and (b) indicate the location

of the cross-frontal section in Fig. 12; The grey dashed lines are isobath contours.

Fig. 12. Cross-frontal section of (a) gy, (b) eastward velocity, (c) frontal sharpness, (d)
vertical velocity, (e) divergence, (f) relative vorticity, (g) stretch-strain rate, as well as the
frontogenesis tendency terms due to (h) horizontal advection, (i) vertical advection, and
(j) vertical mixing along a line normal to the front (magenta lines in Fig. 11a-b) at =10
days. The black lines are the contours of C; = 0.5, and the grey lines are the contours of

C,=0.5. The boxes in (a) and (d) indicate the zoom-in region shown in Fig. 13.

Fig. 13. A zoom-in view of the density (color) and secondary circulation (v,and w;
vectors) on the cross-frontal section (see the boxes in Figs. 12a and 12d for the area of
view). Here, vris horizontal velocity in the cross-frontal direction. The scales of v,and w
are shown on the top-right corner. The black and grey lines is the contours of the shelf

and ring water concentration of 0.5, respectively.

Fig. 14. A schematic of the 3D frontal subduction processes at the northern edge of the

impinging warm-core ring. The big red arrow indicates the onshore migration of the

WCR; the solid red lines represent two ring-edge isopycnals on the surface; the dashed
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red lines represent two ring-edge isopycnals on the vertical cross-shelf section; the thin
black arrows represent the frontal jet on the surface. The blue, thick black and dashed
green arrows depicts the secondary flow on a cross-frontal vertical section: the solid blue
arrow indicates the subduction flow on the heavy side of the front; the thick black arrow
indicates the cross-frontal onshore flow on the surface; the dashed green arrow indicates

the upward flow on the light side of the front.

Fig. 15. Time series of modeled (a) volume of shelf water in the slope sea (offshore of the
200-m isobath), (b, d and f) surface-invisible offshore transport of the shelf water, and (c,
e and g) fraction of the total offshore shelf water transport being surface invisible. The
results in (a) are obtained from the control simulation; those in (b-c) are from sensitivity
simulations of different ring water density anomaly (Ap,); those in (d-e) are from
sensitivity simulations of different initial cross-shelf position of the ring ()0); and those in
(f-g) are from sensitivity simulations of different . The red curves in (b-g) are obtained
from the control simulation. In (c), (¢) and (g) only the faction at times of the total

offshore shelf water transport exceeding 0.02 Sv is shown.
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Table 1. Model Sensitivity Parameters
Symbol Sensitivity parameter Unit Values®

Surface density anomaly of

Ap, kg m™ —0.5; -0.75; -1; —1.25

the ring water

Cross-shelf location of the

Yo km —240; —245; -250; 255

ring center
Northward gradient of

B 10" (ms)! ~1.76; 0; 1.76
Coriolis Parameter (3f /0y)

*The control values of the parameters are highlighted in bold.
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Fig. 1. Satellite-measured SST in the northern Mid-Atlantic Bight region at four different
times in June 2016. The white areas represent cloud cover. The thin black lines are
isobath contours. The diamonds indicate locations of the OOI Pioneer Array moorings
with the green, black and blue filled ones representing the Offshore, Central Offshore and
Central Inshore moorings, respectively; the thick white line in (a) is the track of the EB
glider transect shown in Fig. 4; The thick white line in (d) is the track of the FZ glider
transect shown in Fig. 7 right column. The triangles and squares represent the beginning
and end of the transects, respectively.
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Fig. 2. Model initial density (color) and velocity (vectors in (a) and black contours in (b))
fields on the (a) surface and (b) the cross-shelf section going through the center of the
warm-core ring (the dashed black line in (a)). The velocity scale is provided at the top-
right corner of (a). The dashed blue, black-yellow and magenta lines are the edges of the
shelf (Cy), surface-shelf (Cy;) and warm-core ring (C,) waters, respectively. The dashed
black-red line in (b) highlights the isopycnal of 26.3 kg m™ on the shelf, which intercepts
the boundary of Cj, (the dashed black-yellow line). The grey lines in (a) are isobath
contours. Note that the thermal-wind-balanced, westward, initial shelfbreak front jet
exists throughout the along-shelf extent of the model domain. It does not show up on the
velocity contour in (b) because it is weakened in the central region of the domain (x€(—
40, 40 km)) by the subsurface prograde isopycnal tilt associated with the ring.
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Fig. 3. Temporal evolution of potential temperature, absolute salinity, DO, and CDOM
concentration vertical profile measured at the (left) Offshore and (right) Central Offshore
moorings on 13-21 June 2014. The solid lines in each panel are isopycnals with the
contour interval of 0.5 kg m™. The dashed lines highlight the descending signals
described in the text.
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Fig. 4. Cross-shelf section of potential temperature, absolute salinity, DO and CDOM
measured by a Pioneer Array EB glider over 2-4 June 2014. The thin lines in each panel
are isopycnals with the contour interval of 0.5 kg m™. The thick grey lines are the bottom.
The tracks of the glider missions are shown in Fig. 1a. The dashed lines highlight the
subsurface layer of shelf water described in the text.
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Fig. 5. (Top) Temperature-salinity and (bottom) Oxygen-salinity diagrams of the data
measured by the Offshore (black-circled dots in the left column), Central Offshore
(black-circled dots in the right column) and Central Inshore (small colored dots with no
circles in both columns) mooring profilers. The color of the dots represents the depth of
the measurements. For the Offshore mooring, only the data in the descending filaments
on 13-14 June 2014 below z =—70 m (Fig. 3 left) is shown; For the Central Offshore
mooring, only the data in the descending filament on 15-17 June 2014 below z =—-70 m
(Fig. 3 right) is shown; For the Central Inshore mooring, data at all depth within the
period of 01 May — 21 June 2014 are shown.
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Fig. 6. Time series of (left) raw and (right) low-pass filtered (a-b) u, (c-d) v, (e-f) du/0z,
and (g) Richardson number at the Central Offshore mooring on 13-21 June, 2014. The

thin black lines are isopycnals with the interval of 0.5 kg m”

; the white dashed lines

corresponding to the descending signals in the mooring CTD data (Fig. 3 right column);
the green ellipses in (e) and (f) highlight the region of slightly enhanced mixing.
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Fig. 7. (left) Time series of potential temperature, absolute salinity, and DO measured by
the CO mooring over 22-28 June, 2014; (right) along-shelf section of temperature,
salinity, and CDOM measured by a Pioneer Array FZ glider over 25-28 June 2014 with
the track shown in Fig. 1d. The thin solid lines in each panel are isopycnals with the
contour internal of 0.5 kg m™. The dashed lines in the left panels highlight the descending
signal. The grey thick lines are the bottom. The mooring CDOM and glider DO data are
not shown because of bad data.
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1127  Fig. 8. Snapshots of the model surface density (color) and velocity (vectors) at different
1128  times. The black lines are the contour of 50% shelf water concentration; The thin blue
1129  lines are the contours of zero vertically-averaged along-shelf current on the shelf,

1130 outlining the shelf region under barotropic influence of the ring; The thick white lines
1131  depict the source region of the Day-12 streamer shelf water at different times obtained
1132 from the adjoint simulation; The triangles in (c-f) indicate the location of the model time
1133 series shown in Fig. 9 left column; The blue-white dashed line in (e) indicates the cross-
1134  shelf transect shown in Fig. 9 right column; The boxes in (d-f) depicts the area of view in
1135  Fig. 10; the grey dashed lines are isobath contours; ‘IP’ in each panel represents inertial
1136  period.
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Fig. 9. (left) Time series of modeled (a) shelf water concentration (Cy), (b) surface shelf
water concentration (Cy,), (c) ring water concentration (C,), (d) eastward velocity, (e)
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northward velocity, and (f) vertical velocity at a fixed location (triangles in Fig. 8c-f)

over the period of frontal subduction; (right) a cross-frontal transect of the same variables
atx =47 km and 7 = 11 days (blue dashed line in Fig. 8e¢). The black curves in all panels
are contours of g, with the interval of 0.2 kg m™ and the 26.3 kg m™ contour highlighted
in bold. The dashed white lines in (a) and (g) highlight the subduction signals of the shelf
water; the dashed green lines in (b) and (h) highlight the subduction signals of the surface
shelf water; dashed yellow lines in (g), (h) and (i) represent the edges of the shelf,
surface-shelf and ring waters, respectively, in the initial conditions.
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Fig. 10. Snapshots of vertically integrated shelf water concentration (i.e., the effective
thickness of the shelf water; color) and contours of shelf water concentration Cy; = 0.1
(red lines), 0.5 (green lines) and 0.75 (yellow lines) on sea surface. The vectors indicate
the surface velocity with the scale at the top-left corner of (a), and the grey dashed lines
are isobath contours. The box in (b) indicate the area of view in Fig. 11.
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Fig. 11. Horizontal distribution of (a) frontal sharpness, (b) vertical velocity, (c)
divergence, (d) relative vorticity, (e) stretch-strain rate (color) and principal deformation
axis (thick blue lines), as well as the frontogenesis tendency terms due to (f) horizontal
advection, (g) vertical advection, and (h) vertical mixing at z=-3 m and /= 10 days in a
frontal region (black box in Fig. 10b). The dashed green lines are the contour of C; (x, y,
0) = 0.5, indicating the location of the ring-edge front; The arrows are vectors of the
surface velocity; The triangles in (a) and (b) indicate the location of the model time series
in Fig. 9 left column; The dashed black-magenta lines in (a) and (b) indicate the location
of the cross-frontal section in Fig. 12; The grey dashed lines are isobath contours.
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Fig. 12. Cross-frontal section of (a) gy, (b) eastward velocity, (c) frontal sharpness, (d)
vertical velocity, (e) divergence, (f) relative vorticity, (g) stretch-strain rate, as well as the
frontogenesis tendency terms due to (h) horizontal advection, (i) vertical advection, and
(j) vertical mixing along a line normal to the front (magenta lines in Fig. 11a-b) at =10
days. The black lines are the contours of Cs = 0.5, and the grey lines are the contours of
C,=0.5. The boxes in (a) and (d) indicate the zoom-in region shown in Fig. 13.
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Fig. 13. A zoom-in view of the density (color) and secondary circulation (vsand w;
vectors) on the cross-frontal section (see the boxes in Figs. 12a and 12d for the area of
view). Here, vris horizontal velocity in the cross-frontal direction. The scales of vrand w
are shown on the top-right corner. The black and grey lines is the contours of the shelf
and ring water concentration of 0.5, respectively.
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Fig. 14. A schematic of the 3D frontal subduction processes at the northern edge of the
impinging warm-core ring. The big red arrow indicates the onshore migration of the
WCR; the solid red lines represent two ring-edge isopycnals on the surface; the dashed
red lines represent two ring-edge isopycnals on the vertical cross-shelf section; the thin
black arrows represent the frontal jet on the surface. The blue, thick black and dashed

green arrows depicts the secondary flow on a cross-frontal vertical section: the solid blue
arrow indicates the subduction flow on the heavy side of the front; the thick black arrow
indicates the cross-frontal onshore flow on the surface; the dashed green arrow indicates

the upward flow on the light side of the front.
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Fig. 15. Time series of modeled (a) volume of shelf water in the slope sea (offshore of the
200-m isobath), (b, d and f) surface-invisible offshore transport of the shelf water, and (c,
e and g) fraction of the total offshore shelf water transport being surface invisible. The
results in (a) are obtained from the control simulation; those in (b-c) are from sensitivity
simulations of different ring water density anomaly (Ap,); those in (d-e) are from
sensitivity simulations of different initial cross-shelf position of the ring ()0); and those in
(f-g) are from sensitivity simulations of different . The red curves in (b-g) are obtained
from the control simulation. In (c), (¢) and (g) only the faction at times of the total
offshore shelf water transport exceeding 0.02 Sv is shown.
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