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Observations from the OOl Pioneer Array suggest
that coastal ocean dynamics are changing rapidly
south of New England, with important implications for
commercial fisheries, ecosystems, and future storm
intensities from both hurricanes and nor’easters.

ABSTRACT. Although the continental shelf and slope south of New England have
been the subject of recent studies that address decadal-scale warming and interannual
variability of water mass properties, it is not well understood how these changes affect
shelf-break exchange processes. In recent years, observations of anomalous shelf and
slope conditions obtained from the Ocean Observatories Initiative Pioneer Array and
other regional observing programs suggest that onshore intrusions of warm, salty
waters are becoming more prevalent. Mean cross-shelf transects constructed from
Pioneer Array glider observations collected from April 2014 through December 2016
indicate that slope waters have been warmer and saltier. We examine shelf-break
exchange events and anomalous onshore intrusions of warm, salty water associated
with warm core rings located near the shelf break in spring 2014 and winter 2017
using observations from the Pioneer Array and other sources. We also describe an
additional cross-shelf intrusion of ring water in September 2014 to demonstrate that
the occurrence of high-salinity waters extending across the continental shelf is rare.
Observations from the Pioneer Array and other sources show warm core ring and Gulf
Stream water masses intrude onto the continental shelf more frequently and penetrate
further onshore than in previous decades.

SHELF-BREAK EXCHANGE
AND THE OCEAN
OBSERVATORIES INITIATIVE
PIONEER ARRAY

Shelf circulation south of New England
consists primarily of westward along-
shelf flow bounded on the offshore edge
by the shelf-break front and jet. The shelf-
break front is the boundary between
cool, fresh shelf water and warm, salty
slope water. The shelf-break front is
baroclinically unstable and is frequently
populated by large-amplitude frontal
meanders (Zhang and Gawarkiewicz,

2015a). A number of recent studies doc-
ument decadal- to century-scale warm-
ing of continental shelf and slope waters
in this region, including research in fish-
eries oceanography and meteorology that
focuses on the impacts of warming on
commercial fisheries and the potential for
storms to strengthen.

An important contributing factor to
warming of the continental shelf is the
influence of shelf-break exchange pro-
cesses, particularly those that bring
warm, salty water masses from the Slope
Sea or Gulf Stream warm core rings onto

the continental shelf. These exchange
processes have been difficult to study
because decorrelation scales near the
shelf break are extremely small both spa-
tially (~10 km) and temporally (~1 day),
necessitating high-resolution sampling
in both space and time to capture them
(Gawarkiewicz et al., 2004). Additionally,
variability of the cross-shelf fluxes at the
shelf break is much larger than the long-
term mean (Chen and He, 2010); thus,
long-duration observations are needed
to obtain statistically robust estimates of
heat and salt fluxes between the continen-
tal shelf and the adjoining deep ocean.

Despite its complexity, two import-
ant practical applications make this topic
important: (1) fisheries management, and
(2) storm forecasting and associated pub-
lic warnings/evacuations. Specifically, the
timing and magnitude of episodic warm-
ing related to shelf-break exchange events
or the cumulative impact of a string of
events over a single season could alter
critical habitat and affect recruitment
success of commercially important spe-
cies (Sullivan et al., 2005; Bell et al., 2014).
Likewise, significant cumulative warm-
ing could affect the intensity and severity
of storms striking the eastern seaboard
(Glenn et al., 2016).

The record warm year of 2012 (Mills
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et al,, 2013; Chen et al., 2014a) as well as documented warming over
decadal timescales (e.g., Forsyth et al., 2015; Pershing et al., 2015) in the
Middle Atlantic Bight and Gulf of Maine system raise many important
questions regarding shelf-break exchange processes. Increased shelf-
break exchange can contribute to continental shelf warming. Warming
of the shelf in turn affects cross-shelf density gradients that can change
the nature of individual shelf-break exchange processes. This may
increase the influence of ocean advective processes relative to air-sea
fluxes in contributing to interannual fluctuations of shelf temperatures
(e.g., see the discussion of relative contributions between air-sea flux
anomalies and ocean advective heat flux anomalies in Chen et al., 2016).
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FIGURE 1. (a) A histogram of all salinity observations between 41°N and 41°15'N
and 70°W and 72°W. The vertical red line denotes the salinity measured in January
2017. (b) The number of warm core rings (WCRs) passing through the Pioneer Array
region with a ring center north of 39°30'N and within 70°W to 72°W each year from
2000-2016. This census is derived from the Gulf Stream analysis charts published
each week by Jenifer Clark (http://users.erols.com/gulfstrm). (c) The average life-
span of all rings that pass through the slope region (75°W to 55°W), including the
Pioneer Array, is shown with the standard error of the mean lifespan. Note that the
warm core rings in the middle panel are a subset of all the warm core rings that
were used for the average lifespan computation.
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Ocean warming is not the only factor potentially
affecting the dynamics of shelf-break exchange in this
region. The large-scale spatial pattern of Gulf Stream
meandering has changed over the past 20 years. Andres
(2016) found that the longitude at which meander
amplitudes exceed a specific threshold has been shifting
westward since 1995, and large-amplitude meanders
now frequently influence the upper continental slope
south of New England (e.g., Gawarkiewicz et al., 2012;
Ezer et al, 2013). Similarly, a recent census of Gulf
Stream warm core rings shows that the average number
of warm core rings formed annually from 2000 to 2016
was roughly double that for the time period 1977 to 1999
(Monim, 2017). Surprisingly, the annual frequency of
warm core ring formation in the recent period was not
correlated with the North Atlantic Oscillation. This is
in sharp contrast to the earlier period when the number
of rings was well correlated with the phase of the North
Atlantic Oscillation (Chaudhuri et al., 2009).

The westward shift in the destabilization point of
the Gulf Stream and the increasing number of warm
core rings suggest that offshore forcing of the shelf-
break region and increasing frequency of ring-shelf
interactions may be playing a role in the recent warm-
ing of the continental shelf and changes to the conti-
nental shelf and slope ecosystem (Hare et al., 2016).
Consistent with increasing influence from offshore
forcing on the continental shelf, recent hydrographic
observations reveal onshore intrusions of salty waters
that are at the upper limits of observed values or exceed
the range of previously observed values. For example,
Ullman et al. (2014) describe a shoreward intrusion
of salty bottom water that exceeded the range of his-
torical salinity observations in the vicinity by 1.0 psu.
Observations from the Commercial Fisheries Research
Foundation (CFRF) Shelf Research Fleet (http://www.
cfrfoundation.org/shelf-research-fleet) in January 2017
showed salinities in the upper 0.41% of historical obser-
vations between latitudes of 41°N and 41°15'N and lon-
gitudes of 70°W and 72°W (Figure la). The historical
data were compiled by Christopher Linder of Woods
Hole Oceanographic Institution and Maureen Taylor of
the National Marine Fisheries Service and are described
in Linder et al. (2006). This intrusion of ring water is
described further in a later section of this paper.

Since its initial partial deployment in late 2013 and
its subsequent commissioning in January 2016, the
Ocean Observatories Initiative (OOI) Pioneer Array
has collected sufficient observations to begin exam-
ining how various physical processes associated with
shelf-break exchange may be evolving. A description
of the Pioneer Array appears in Smith et al. (2018, in
this issue), and recent work of author Gawarkiewicz



and Al Plueddemann will soon yield a
detailed discussion of both the final con-
figuration of the array and the scientific
motivation for the design choices.
Further
(2017) warm core ring census offers

examination of Monim’s

insight into offshore forcing of the shelf-
break front. In recent years, a large num-
ber of warm core rings, ranging from
four to nine per year from 2006 to 2016,
have passed through the vicinity of the
Pioneer Array (i.e., the ring center was
located north of 39°30'N, and within
70°W to 72°W), frequently affecting the
shelf-break front and jet (Figure 1b). The
average lifetime of rings along the con-
tinental slope (75°W-55°W), including
those passing through the Pioneer Array
region, has increased in recent years
(Figure 1c), allowing for the possibility
of longer duration interactions between
the rings and the shelf-break jet. (See
Gawarkiewicz et al., 2001, for an exam-
ple of a small ring interacting with the
shelf-break jet, and Chen et al., 2014b, for
a detailed analysis of a large ring inter-
acting with the shelf-break front in 2006.)

Here, we present new perspectives
on the changing nature of shelf-break
exchange south of New England. We char-
acterize the mean structure of the shelf-
break front using Pioneer Array glider
observations and compare the mean
during this period to previous studies on
decadal variations in slope water mass
properties. We then focus on a warm core
ring interacting with the shelf-break front
in the spring of 2014 when Pioneer Array
observations captured a new shelf-deep
ocean exchange process (the Pinocchios
Nose Intrusion previously detailed by
Zhang and Gawarkiewicz, 2015b), a sub-
sequent rapid shift in shelf-break front
location and circulation, and a subsurface
filament of shelf-origin water adjacent
to the warm core ring. We next combine
Pioneer Array observations with mea-
surements collected over the continental
shelf by commercial fishermen to charac-
terize the anomalous onshore penetration
of warm core ring waters in early 2017. We
use observations collected routinely since

1981 by the National Marine Fisheries
Service Ecosystem Monitoring (EcoMon)
Program to place September 2014 anom-
alous shelf conditions in a longer-term
context. The final section looks ahead to
possible impacts of future analyses using
Pioneer Array observations.

THE SHELF-BREAK FRONT:

A NEW PORTRAIT USING
PIONEER ARRAY GLIDER
OBSERVATIONS

Before examining recent shelf-break
exchange events, it is instructive to con-
sider the mean cross-shelf structure of
the shelf-break front from April 2014
to December 2016, a period for which
observations from autonomous under-
water gliders are available on the Pioneer
Array Eastern Boundary (EB) line
(Figure 2). The primary science goal of
the EB gliders is to measure the inflow
of shelf and slope waters, which can be
used as upstream boundary conditions

for regional circulation and biogeochem-
ical models. The typical EB glider mis-
sion goes back and forth between the
70 m isobath and the 3,000 m isobath
(roughly 40°24'N to 39°50'N). Individual
cross-shelf transects are completed in
approximately one week. Further details
of the glider missions, their scientific jus-
tification, and technical attributes may be
found in Smith et al. (2018, in this issue)
and are evident in recent work of author
Gawarkiewicz and Al Plueddemann. A
total of 78 distinct glider transects along
the EB line are used here to construct
mean potential temperature, salinity,
and potential density fields. We average
observations from individual glider pro-
files into 5 m vertical bins, then average
individual glider transects into horizontal
bins of 1 min extent by latitude (1 nm, or
1.852 km), and finally average across tran-
sects. The resulting mean fields (Figure 2)
are shown only at latitudes occupied by at
least 50% of individual transects.

FIGURE 2. Mean transects
18 across the Middle Atlantic
Bight shelf break near 70°W
of (a) potential temperature
16 (6), (b) salinity, and (c) poten-
tial density (o) constructed
by averaging observations
14 from gliders surveying along
the Pioneer Array’s Eastern
Boundary line from April 2014

20 10
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12 through December 2016. Mean
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Shoreward of the shelf break, the mean
temperature, salinity, and density fields
from EB glider observations capture
expected features of the Middle Atlantic
Bight shelf-break frontal region. The
shelf-break front itself appears as a tran-
sition from cooler, fresher shelf waters to
warmer, saltier slope waters, with isopyc-
nals sloping upward offshore to form a
retrograde front (i.e., the slope of the iso-
pycnals is in the opposite direction of the

continental slope, the upper 50 m has
the warmest temperatures in the region
(16°-18°C). Beneath this layer, poten-
tial temperatures fall from 16°C to 13°C
toward 200 m depth, and salinities reach
a local maximum of more than 35.7 near
100 m. Wright and Parker (1976) previ-
ously identified these waters as the “upper
slope thermostad,” but found tempera-
tures to be 10°-13°C and salinities to
be 35-35.6. That these waters were on

The increase in temperature and salinity
over the continental slope is consistent with
both the westward shift in the destabilization
point of the Gulf Stream and the increase in the
number of warm core rings since 2000.

slope of the bathymetry). The foot of the
shelf-break front, identified as the loca-
tion at which the 26.5 kg m~ isopyc-
nal (Linder and Gawarkiewicz, 1998)
intersects the seafloor, is found near the
100 m isobath (approximately 40°12'N),
in general agreement with previous,
longer-term climatologies (e.g., Linder
and Gawarkiewicz, 1998). More recent
studies (e.g., Pickart, 2000; Linder et al.,
2004; Fratantoni and Pickart, 2007) sug-
gest that the frontal upwelling associ-
ated with the shelf-break front is cen-
tered on the 26.0 isopycnal, which
intersects the seafloor near the 80 m iso-
bath (approximately 40°20'N). The “cold
pool” (Houghton et al., 1982), a region of
cold water between the seasonal thermo-
cline, the seafloor, and the shelf-break
front is apparent shoreward of 40°15'N
(Figure 2a), with minimum temperature
below 12°C. Salinities within the cold
pool range from 33.7 to 34.5 (Figure 2b),
which is more saline than the typical
salinities near 33 reported previously
(e.g., Linder et al. 2006).

Farther

offshore over the upper

64 Omamﬂmpﬁ)/ | Vol.31, No.1

average warmer and saltier during the
April 2014 to December 2016 period sug-
gests more frequent presence over the
upper continental slope of waters origi-
nating in the Gulf Stream.

The increase in both temperature and
salinity over the upper slope is surpris-
ing. Greene et al. (2013) and Pickart
et al. (1999) describe how two different
source regions, from the subpolar north
and subtropical south, influence upper
slope waters south of New England (see
Figure 1 of Greene et al., 2013, for a sche-
matic of the spatial distribution of the
various water masses over the slope).
The mean fields produced from glider
observations along the Pioneer Array
EB line (Figure 2) suggest that the sub-
tropical waters of Gulf Stream origin
have been dominant over the last sev-
eral years. This has important conse-
quences for zooplankton distributions
and ecosystem dynamics of the shelf-
slope system (e.g., Pershing et al., 2015).
The increase in temperature and salin-
ity over the continental slope is consis-
tent with both the westward shift in the

destabilization point of the Gulf Stream
and the increase in the number of warm
core rings since 2000.

RING INTERACTIONS AND
SHELF-BREAK EXCHANGE
PROCESSES REVEALED

BY PIONEER ARRAY
OBSERVATIONS

The persistent high-resolution obser-
vations provided by the Pioneer Array
reveal new aspects of warm core ring
interactions with outer shelf circulation.
This is illustrated by Pioneer Array obser-
vations during the spring of 2014 when
warm core ring water masses moved
onto the outer continental shelf and shelf
water masses extended over the con-
tinental slope along the periphery of a
warm core ring.

Zhang and Gawarkiewicz (2015b)
demonstrated the great potential of the
observatory for studying a new form of
shelf-break exchange process. By exam-
ining observations from the first Pioneer
Array glider deployment along the
EB line together with satellite-based sea
surface temperature measurements, they
identified a direct intrusion of warm
core ring water onto the outer continen-
tal shelf in April-May 2014. The onshore
intrusion of ring water represented a type
of exchange process that had not been
reported previously in the scientific liter-
ature, although a similar event was appar-
ent in satellite-based sea surface tempera-
ture images from summer 2006. Zhang
and Gawarkiewicz (2015b) named this
process a Pinocchios Nose Intrusion
(PNI), as the intrusion had a unique
elongated pattern in sea surface imagery
that grew in the alongshelf direction.

The Pinocchios Nose Intrusion in
April-May 2014 measured roughly
30 km wide in the cross-shelf direction
and extended at least 150 km alongshelf
in two weeks (e.g., Figure 3a). Glider
measurements captured the subsurface
characteristics of the intrusion, show-
ing that intruding ring water occupied
almost the entire water column over the
outer shelf (e.g., Figure 3c,e) and was not



a surface-trapped feature entrained by
the shelf-break jet. By combining these
observations with idealized numerical
simulations, Zhang and Gawarkiewicz
(2015b) demonstrated that the dynamics
of a PNI are inherently nonlinear and that
it results from topographically induced
vorticity variations of the ring water as it
is carried into shallower water. As the ring
water moves onshore, it is compressed
vertically, and conservation of potential
vorticity dictates that the ring water gains
anticyclonic vorticity. This causes an
enhanced outward-pointing centrifugal
force that pushes the ring water further
onto the shelf and generates the onshore
intrusion. The westward elongation of the
PNI is due to the alongshelf advection
of momentum, as the intrusion does not

form when nonlinear advective terms are
neglected (see details of the momentum
balances in Zhang and Gawarkiewicz,
2015b). This process represents a new
mechanism for warm core rings interact-
ing with the continental shelf circulation.
It is a significant exchange process, as
the associated onshore transport of ring
water is of the same order of magnitude
as shelf-break frontal jet transport. These
intrusions of warm, salty ring water may
have important biogeochemical impli-
cations and could facilitate migration
of subtropical marine species across the
shelf-break barrier and transport low-
nutrient surface Gulf Stream ring water
into the otherwise productive shelf-break
region (Zhang et al., 2013).

A subsequent glider transect along the

50 ¢

Depth (m)
S
o

150

I
May 14-18 —

200

50

Depth (m)
)
o

150

6 8 10

May 18-22 «
40°N 10

12 14 16 18 20 22

SST and 6 (°C)

EB line demonstrates the rapid shifts in
shelf-break hydrography and circula-
tion following the 2014 Pinocchio’s Nose
Intrusion event (Figure 3d,f). Within the
week between repeat glider crossings of
the shelf break near 40°10'N in mid-May
2014, warm salty waters from the PNI
were replaced by typical cool and fresh
waters as the shelf-break front returned
to approximately its mean position
(Figure 3d,f) after having been pushed
shoreward by the PNI (Figure 3c.e).
Vertically averaged currents measured
by the gliders indicate a simultaneous
shift from westward flow within the PNI
near 40°10'N (Figure 3a) to strong east-
ward flow south of 40°N a week later
(Figure 3b) as the anticyclonic flow of the
warm core ring impinged upon the upper

Salinity

FIGURE 3. Rapid evolution of temperature and salinity near the Middle Atlantic Bight shelf break following the Pinocchio’s
Nose Intrusion (PNI) in May 2014. Top panels show (a) sea surface temperature with the 18°C isotherm drawn in white
to delineate warm core ring water and cross-shelf break distributions of (c) potential temperature and (e) salinity from a
Pioneer Array glider while the intrusion was active. PNI denotes the intrusion in (c,e). Lower panels (b,d,f) show the same
properties a few days later. In (a) and (b), the trajectory of the glider along the Eastern Boundary line is shown (green),
with vectors (black) indicating vertically averaged currents along the glider’s trajectory. Gray contours are the 50, 100,
200, and 1,000 m isobaths, with the 200 m isobath bold. In (c—d), isopycnals are shown in gray, with a contour interval of
0.25 kg m—3 and the 26.5 kg m~3 isopycnal bold. Tick marks on the upper axes denote locations of glider profiles, and
arrows show direction of glider motion during the indicated dates.
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FIGURE 4. (a) Sea surface temperature on June 28, 2014, showing a warm core ring present
near the Pioneer Array moorings (diamonds). The location of the Upstream Offshore mooring
is shown in black. Time series of (b) potential temperature, (c) salinity, and (d) dissolved oxy-
gen from the Upstream Offshore mooring during June 16—-21, 2014, as a filament of shelf water
was advected past the mooring. Gray contours in (b—d) are isopycnals, with a contour interval of
0.25 kg m~3 and the 26.5 kg m=3 isopycnal bold.
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continental slope. These observations,
together with those discussed by Zhang
and Gawarkiewicz (2015b), indicate that
the full timescale over which the PNI
affected the shelf-break front was approx-
imately one month.

As the same warm core ring contin-
ued to impinge upon the shelf break
in June 2014, a subsurface filament of
shelf-origin water was advected past the
Pioneer Array moorings by the com-
plex flows over the upper continental
slope that were associated with the warm
core ring-shelf-break front interaction
(Figure 4b-d). Unlike the surface-visible
shelf water streamer transport that is car-
ried around the eastern periphery of the
warm core ring (e.g., near 40°N, 69°20'W
in Figure 4a), this subsurface filament of
shelf water cannot be seen by satellite.

Moored profiler observations from the
upstream-offshore mooring (Figure 4a,
black diamond) show the relatively cold,
fresh, and high-oxygen signature of shelf
waters first reaching the mooring site
near 60 m depth on June 18; it is then
found at subsequently deeper depths until
it arrives at the mooring site near 125 m
depth about 1.5 days later (Figure 4b-d,
dashed lines) as the northwestern edge of
the warm core ring reaches the Pioneer
Array moorings. The relatively low tem-
peratures (<15°C) and salinities (<35)
within the filament indicate that those
waters originated shoreward of the shelf-
break front, and the relatively high dis-
solved oxygen concentration serves as a
useful additional tracer that distinguishes
shelf waters from slope and ring waters.
Note that the upstream-offshore mooring
is located near the 500 m isobath and so
is seaward of where shelf waters are typ-
ically found. The relatively fresh, cold,
and oxygen-rich shelf water is eventually
found beneath the warmer, saltier, and
low-oxygen ring water. The descending
signal of shelf water in Figure 4 crosses
isopycnals, but this should not be inter-
preted as observational evidence of a
water parcel moving downward across
isopycnals. Such cross-isopycnal motion
would require substantial mixing to



modify the density of a parcel; however,
the temperature, salinity, and oxygen sig-
natures of the shelf water remain intact
and do not suggest mixing with adjacent
water masses. A likely explanation for the
observed descending signal of shelf water
is that the mooring sampled the three-
dimensional structure of a tilted shelf-
water filament as that filament was
advected past the mooring by the com-
bined ring shelf-break  flows.
Vertically sheared flow, such as that in
the shelf-break front, in warm core rings,
and in other baroclinic eddies, is effective

and

at producing tilted filaments (e.g., Smith
and Ferrari, 2009).

41°N

A WARM CORE RING
INTRUSION IN WINTER:
COMBINING PIONEER ARRAY
OBSERVATIONS WITH
FISHERMEN-COLLECTED DATA
FOR DEEPER INSIGHTS

A warm core ring intrusion onto the
Middle Atlantic Bight shelf in the winter
of 2017 offered an opportunity to com-
bine Pioneer Array observations with
additional in situ observations to exam-
ine the shoreward extent of anomalously
warm waters over the continental shelf.
Sea surface temperature imagery from
January 25, 2017, showed an intrusion of
warm (10°-11°C) waters as far north as
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40°40'N from a warm core ring centered
near 39°N, 71°20'W (Figure 5a). A sub-
sequent sea surface temperature image on
February 6 indicated that filaments with
surface temperatures of 10°C extended
as far north as 41°15'N, in the vicinity of
Block Island in Rhode Island Sound (not
shown). Block Island is approximately
115 km north of the 100 m isobath, the
long-term mean position of the foot of
the shelf-break front.

In late January 2017, a Pioneer Array
glider surveying along the shelf break
near 40°N (the northern edge of the
Frontal Zone [FZ] glider survey pattern;
Figure 5a) measured temperatures of

0 (°0)

45 30

FIGURE 5. The evolution of anomalous conditions on the Middle Atlantic Bight shelf in winter 2017 resulting from a nearby warm
core ring. (a) Sea surface temperature for the Pioneer Array region on January 25, 2017. The warm core ring is evident along the
southern boundary, with warm water (>12°C) extending north of 40°20’N. (b) Potential temperature 6 (blue) and salinity (red) pro-
files over the shelf north of the Pioneer Array from the Commercial Fisheries Research Foundation (CFRF) Shelf Research Fleet
during January (thick lines) and February (thin lines) 2017. Warm, salty waters extended onto the shelf, particularly near the bottom,
in late January, but not in mid-February. Locations of the CFRF profiles are shown by green circles in (a), with the larger circle cor-
responding to the January profiles. (c—e) Potential temperature (along the shelf break from Pioneer Array gliders during (c) January,
(d) February, and (e) March 2017, showing substantial cooling as the warm core ring influence diminished. Tick marks on the upper
axes in (c—e) denote the locations of individual glider profiles. Glider trajectories, which proceeded westward, are shown in green

in (a). Contour lines denote isopycnals.
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13°-15°C throughout the water column
(Figure 5b). As part of the CFRF Shelf
Research Fleet, Rhode Island fishermen
collected temperature and salinity pro-
files near 40°30'N, 71°30'W on January 29
(Figure 5b; thick profiles). These pro-
files reveal a layer of unusually warm
(10°-11°C) and salty (near 34) water in
the upper 65 m that overlies a very warm
(13.4°C) and salty (35) layer within 10 m
of the seafloor. The near-bottom layer is
slope water, and the sharp thermal gra-
dient is the shelf-break front near the
foot of the front where the high-gradient
region intersects the bottom.

Itis useful to compare a recent monthly,
three-dimensional climatology built from
all observations available from 1864 to
2009 (Fleming, 2016) with the observed
shelf water mass properties in January
2017. The climatological temperature for
the continental shelf for January is 5°C,
and the climatological salinity is 33.0.
Relative to this climatology, the January
2017 ring intrusion resulted in anoma-
lies of 5°-6°C and 0.8-1.1 salinity units
that extended as far north as 41°15'N.
As such, the ring intrusion substantially
impacted both shelf-water temperature
and salinity across virtually the entire
continental shelf.

Subsequent Pioneer Array observa-
tions and shelf profiles from CFRF fisher-
men indicate that shelf water properties
returned toward normal as the winter
of 2017 progressed. By February 14, the
water column near 40°30'N, 71°30'W
over the mid-shelf was well mixed with a
temperature of 7.2°C and salinity of 33.2
(Figure 5b, thin profiles), and a nearly
concurrent reoccupation of the glider
transect along the shelf break (Figure 5d)
showed waters in the upper 50 m around
9°C. Salinity measured at the offshore sur-
face mooring indicated a rapid increase
to 35.5 in early January 2017 that slowly
decreased to 35.0 in mid-February as the
ring intrusion drifted westward toward
Hudson Canyon. By mid-March, another
occupation of the along-shelf break glider
transect showed further cooling through-
out the water column, including a surface
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mixed layer with temperature near 7°C
through the upper 60 m of the water col-
umn (Figure 5e).

One consequence of this warm intru-
sion was the appearance of warm-water
fish species that were presumably carried
onto the continental shelf in January 2017
as part of this event. A Rhode Island fish-
ermen, Michael Marchetti (F/V Mister G,
Point Judith, RI),
tions and photographs of unusual catch

recorded observa-
around Block Island in approximately
30 m of water, well inshore of the shelf
break. Observed species included Gulf
Stream flounder (Citharichthys arctifrons)
and juvenile black sea bass (Centropristis
striata), which are not typically found in
shallow New England waters during the
winter months. Fishermen also reported
dramatic changes in Jonah crab (Cancer
borealis) catch during the warm intrusion.
Standardized fisheries surveys (NOAA
Northeast Fisheries Science Center trawl
survey and Northeast Area Monitoring
and Assessment Program trawl survey) do
not operate in the winter months, and thus
are unable to provide further insights into
the biological impacts of this mid-winter
warm intrusion. Given the scale of the
warm intrusion in January 2017, however,
it is likely that the event had major, short-
term impacts on ecosystem structure
and function. Further research is needed
to substantiate these specific ecosystem
impacts of the ring intrusion.

HOW UNUSUAL ARE THE

RING INTRUSIONS?

The Pioneer Array provides import-
ant new perspectives on shelf-break
exchange, and observations from the
array clearly show that onshore intru-
sions of warm core ring water masses are
penetrating farther onshore than previ-
ously noted in historical data or the sci-
entific literature. This is consistent with
recent studies described earlier that indi-
cate larger-amplitude Gulf Stream mean-
ders and more frequent warm core rings
since the year 2000. However, because the
Pioneer Array has only been collecting
observations since late 2013, it is difficult

to quantify how unusual the recent ring
intrusion events have been since 2013
using Pioneer Array observations alone.

The NOAA National Marine Fisheries
Service’s EcoMon program has been col-
lecting CTD profiles over the Middle
Atlantic Bight shelf between Hudson
Canyon and the eastern end of Long
Island, New York, since 1981; these long-
term measurements allow us to place
recent events in context. EcoMon obser-
vations are mapped onto a cross-shelf
grid based on distance from the 100 m
isobaths. Only observations collected
during the months of September from
1981 to 2010 were used to calculate the
climatological mean values and standard
deviations (Figure 6a,b).

A significant intrusion event was iden-
tified in observations collected during
the September 2014 EcoMon cruise
(Figure 6c¢,d). The 34.0 isohaline out-
cropped at the 50 m isobath, 70 km
shoreward of the shelf break (Figure 6¢).
In contrast, the surface outcrop of the
34.0 isohaline was located 20 km sea-
ward of the shelf break in the EcoMon
climatology (Figure 6a). Note that the
slope of the 34.0 isohaline is in the oppo-
site direction in September 2014 (down-
ward offshore) compared to the climatol-
ogy (upward offshore in the shelf-break
front). The 34.0 isohaline intersected the
seafloor at the 60 m isobath in September
2014, 50 km shoreward of the shelf break
and roughly 30 km shoreward of its cli-
matological position. This shoreward
shift in the isohaline surfaces resulted in
the mid-shelf salinity being five standard
deviations above the climatological mean
value in September 2014.

The shelf waters were also much
warmer than average during the same
time period, with much of the sub-
thermocline water mass ranging from
14°-16°C, compared to climatological
averages of 10°-12°C. Thus, the entire
shelf was substantially warmer and saltier
than average in late summer 2014, con-
sistent with other ring intrusions docu-
mented by the OOI Pioneer Array.



LOOKING FORWARD—FUTURE
IMPLICATIONS OF OOI
PIONEER ARRAY SCIENCE

The OOI Pioneer Array has mea-
sured a number of significant shelf-
break exchange events from the pre-
commissioning deployments in late
2013 to the present. Some of the anom-
alous water mass properties measured
over the continental shelf have rarely
been observed in the past. The significant
onshore penetration of warm core ring
water is particularly likely to have import-
ant impacts on the continental shelf eco-
system and the seasonal movements of
fish. By combining observations from the
Pioneer Array, the CFRF Shelf Research
Fleet, and the EcoMon program, we see

that extreme or outlier events with warm,
salty intrusions onto the shelf are occur-
ring more frequently and penetrating
further onshore than data from histori-
cal hydrographic archives would suggest.

We have presented primarily data
on the thermohaline signatures of the
exchange events. The next stage of
Pioneer Array data analysis and mod-
eling is processing and quality con-
trol of the velocity measurements from
moorings and gliders and the computa-
tion of cross-shelf fluxes to character-
ize heat, salt, and buoyancy fluxes from
these events. The ultimate goal will be
to parameterize these fluxes based on
dynamically important parameters such
as the Rossby and Burger numbers, the
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FIGURE 6. Cross-shelf transects of salinity (left panels) and temperature (right panels) from the
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maximum jet velocity in the shelf-break
jet, and the maximum azimuthal veloci-
ties and spatial scales of warm core rings
(e.g., Cenedese et al., 2013).
Observations from the OOI Pioneer
Array suggest that coastal ocean dynam-

ics are changing rapidly south of

New England, with important implica-
tions for commercial fisheries, ecosys-
tems, and future storm intensities from
both hurricanes and noreasters. There
is an urgent need for focused numeri-
cal modeling studies to investigate the
dynamics of shelf-break exchange. It is
vital to explore the influence of larger,
more frequent, and longer-lived warm
core rings on the shelf-break front and on
continental shelf circulation and ecosys-
tems. Changes to shelf-break exchange
may significantly affect nutrient trans-
port between the deep ocean and the
continental shelf, with consequences for
higher trophic level productivity, includ-
ing commercially harvested fish.
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Observations from the OOl Pioneer Array suggest
that coastal ocean dynamics are changing rapidly
south of New England, with important implications for
commercial fisheries, ecosystems, and future storm
intensities from both hurricanes and nor’easters.

ABSTRACT. Although the continental shelf and slope south of New England have
been the subject of recent studies that address decadal-scale warming and interannual
variability of water mass properties, it is not well understood how these changes affect
shelf-break exchange processes. In recent years, observations of anomalous shelf and
slope conditions obtained from the Ocean Observatories Initiative Pioneer Array and
other regional observing programs suggest that onshore intrusions of warm, salty
waters are becoming more prevalent. Mean cross-shelf transects constructed from
Pioneer Array glider observations collected from April 2014 through December 2016
indicate that slope waters have been warmer and saltier. We examine shelf-break
exchange events and anomalous onshore intrusions of warm, salty water associated
with warm core rings located near the shelf break in spring 2014 and winter 2017
using observations from the Pioneer Array and other sources. We also describe an
additional cross-shelf intrusion of ring water in September 2014 to demonstrate that
the occurrence of high-salinity waters extending across the continental shelf is rare.
Observations from the Pioneer Array and other sources show warm core ring and Gulf
Stream water masses intrude onto the continental shelf more frequently and penetrate
further onshore than in previous decades.

SHELF-BREAK EXCHANGE
AND THE OCEAN
OBSERVATORIES INITIATIVE
PIONEER ARRAY

Shelf circulation south of New England
consists primarily of westward along-
shelf flow bounded on the offshore edge
by the shelf-break front and jet. The shelf-
break front is the boundary between
cool, fresh shelf water and warm, salty
slope water. The shelf-break front is
baroclinically unstable and is frequently
populated by large-amplitude frontal
meanders (Zhang and Gawarkiewicz,

2015a). A number of recent studies doc-
ument decadal- to century-scale warm-
ing of continental shelf and slope waters
in this region, including research in fish-
eries oceanography and meteorology that
focuses on the impacts of warming on
commercial fisheries and the potential for
storms to strengthen.

An important contributing factor to
warming of the continental shelf is the
influence of shelf-break exchange pro-
cesses, particularly those that bring
warm, salty water masses from the Slope
Sea or Gulf Stream warm core rings onto

the continental shelf. These exchange
processes have been difficult to study
because decorrelation scales near the
shelf break are extremely small both spa-
tially (~10 km) and temporally (~1 day),
necessitating high-resolution sampling
in both space and time to capture them
(Gawarkiewicz et al., 2004). Additionally,
variability of the cross-shelf fluxes at the
shelf break is much larger than the long-
term mean (Chen and He, 2010); thus,
long-duration observations are needed
to obtain statistically robust estimates of
heat and salt fluxes between the continen-
tal shelf and the adjoining deep ocean.

Despite its complexity, two import-
ant practical applications make this topic
important: (1) fisheries management, and
(2) storm forecasting and associated pub-
lic warnings/evacuations. Specifically, the
timing and magnitude of episodic warm-
ing related to shelf-break exchange events
or the cumulative impact of a string of
events over a single season could alter
critical habitat and affect recruitment
success of commercially important spe-
cies (Sullivan et al., 2005; Bell et al., 2014).
Likewise, significant cumulative warm-
ing could affect the intensity and severity
of storms striking the eastern seaboard
(Glenn et al., 2016).

The record warm year of 2012 (Mills
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et al,, 2013; Chen et al., 2014a) as well as documented warming over
decadal timescales (e.g., Forsyth et al., 2015; Pershing et al., 2015) in the
Middle Atlantic Bight and Gulf of Maine system raise many important
questions regarding shelf-break exchange processes. Increased shelf-
break exchange can contribute to continental shelf warming. Warming
of the shelf in turn affects cross-shelf density gradients that can change
the nature of individual shelf-break exchange processes. This may
increase the influence of ocean advective processes relative to air-sea
fluxes in contributing to interannual fluctuations of shelf temperatures
(e.g., see the discussion of relative contributions between air-sea flux
anomalies and ocean advective heat flux anomalies in Chen et al., 2016).
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FIGURE 1. (a) A histogram of all salinity observations between 41°N and 41°15'N
and 70°W and 72°W. The vertical red line denotes the salinity measured in January
2017. (b) The number of warm core rings (WCRs) passing through the Pioneer Array
region with a ring center north of 39°30'N and within 70°W to 72°W each year from
2000-2016. This census is derived from the Gulf Stream analysis charts published
each week by Jenifer Clark (http://users.erols.com/gulfstrm). (c) The average life-
span of all rings that pass through the slope region (75°W to 55°W), including the
Pioneer Array, is shown with the standard error of the mean lifespan. Note that the
warm core rings in the middle panel are a subset of all the warm core rings that
were used for the average lifespan computation.
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Ocean warming is not the only factor potentially
affecting the dynamics of shelf-break exchange in this
region. The large-scale spatial pattern of Gulf Stream
meandering has changed over the past 20 years. Andres
(2016) found that the longitude at which meander
amplitudes exceed a specific threshold has been shifting
westward since 1995, and large-amplitude meanders
now frequently influence the upper continental slope
south of New England (e.g., Gawarkiewicz et al., 2012;
Ezer et al, 2013). Similarly, a recent census of Gulf
Stream warm core rings shows that the average number
of warm core rings formed annually from 2000 to 2016
was roughly double that for the time period 1977 to 1999
(Monim, 2017). Surprisingly, the annual frequency of
warm core ring formation in the recent period was not
correlated with the North Atlantic Oscillation. This is
in sharp contrast to the earlier period when the number
of rings was well correlated with the phase of the North
Atlantic Oscillation (Chaudhuri et al., 2009).

The westward shift in the destabilization point of
the Gulf Stream and the increasing number of warm
core rings suggest that offshore forcing of the shelf-
break region and increasing frequency of ring-shelf
interactions may be playing a role in the recent warm-
ing of the continental shelf and changes to the conti-
nental shelf and slope ecosystem (Hare et al., 2016).
Consistent with increasing influence from offshore
forcing on the continental shelf, recent hydrographic
observations reveal onshore intrusions of salty waters
that are at the upper limits of observed values or exceed
the range of previously observed values. For example,
Ullman et al. (2014) describe a shoreward intrusion
of salty bottom water that exceeded the range of his-
torical salinity observations in the vicinity by 1.0 psu.
Observations from the Commercial Fisheries Research
Foundation (CFRF) Shelf Research Fleet (http://www.
cfrfoundation.org/shelf-research-fleet) in January 2017
showed salinities in the upper 0.41% of historical obser-
vations between latitudes of 41°N and 41°15'N and lon-
gitudes of 70°W and 72°W (Figure la). The historical
data were compiled by Christopher Linder of Woods
Hole Oceanographic Institution and Maureen Taylor of
the National Marine Fisheries Service and are described
in Linder et al. (2006). This intrusion of ring water is
described further in a later section of this paper.

Since its initial partial deployment in late 2013 and
its subsequent commissioning in January 2016, the
Ocean Observatories Initiative (OOI) Pioneer Array
has collected sufficient observations to begin exam-
ining how various physical processes associated with
shelf-break exchange may be evolving. A description
of the Pioneer Array appears in Smith et al. (2018, in
this issue), and recent work of author Gawarkiewicz



and Al Plueddemann will soon yield a
detailed discussion of both the final con-
figuration of the array and the scientific
motivation for the design choices.
Further
(2017) warm core ring census offers

examination of Monim’s

insight into offshore forcing of the shelf-
break front. In recent years, a large num-
ber of warm core rings, ranging from
four to nine per year from 2006 to 2016,
have passed through the vicinity of the
Pioneer Array (i.e., the ring center was
located north of 39°30'N, and within
70°W to 72°W), frequently affecting the
shelf-break front and jet (Figure 1b). The
average lifetime of rings along the con-
tinental slope (75°W-55°W), including
those passing through the Pioneer Array
region, has increased in recent years
(Figure 1c), allowing for the possibility
of longer duration interactions between
the rings and the shelf-break jet. (See
Gawarkiewicz et al., 2001, for an exam-
ple of a small ring interacting with the
shelf-break jet, and Chen et al., 2014b, for
a detailed analysis of a large ring inter-
acting with the shelf-break front in 2006.)

Here, we present new perspectives
on the changing nature of shelf-break
exchange south of New England. We char-
acterize the mean structure of the shelf-
break front using Pioneer Array glider
observations and compare the mean
during this period to previous studies on
decadal variations in slope water mass
properties. We then focus on a warm core
ring interacting with the shelf-break front
in the spring of 2014 when Pioneer Array
observations captured a new shelf-deep
ocean exchange process (the Pinocchios
Nose Intrusion previously detailed by
Zhang and Gawarkiewicz, 2015b), a sub-
sequent rapid shift in shelf-break front
location and circulation, and a subsurface
filament of shelf-origin water adjacent
to the warm core ring. We next combine
Pioneer Array observations with mea-
surements collected over the continental
shelf by commercial fishermen to charac-
terize the anomalous onshore penetration
of warm core ring waters in early 2017. We
use observations collected routinely since

1981 by the National Marine Fisheries
Service Ecosystem Monitoring (EcoMon)
Program to place September 2014 anom-
alous shelf conditions in a longer-term
context. The final section looks ahead to
possible impacts of future analyses using
Pioneer Array observations.

THE SHELF-BREAK FRONT:

A NEW PORTRAIT USING
PIONEER ARRAY GLIDER
OBSERVATIONS

Before examining recent shelf-break
exchange events, it is instructive to con-
sider the mean cross-shelf structure of
the shelf-break front from April 2014
to December 2016, a period for which
observations from autonomous under-
water gliders are available on the Pioneer
Array Eastern Boundary (EB) line
(Figure 2). The primary science goal of
the EB gliders is to measure the inflow
of shelf and slope waters, which can be
used as upstream boundary conditions

for regional circulation and biogeochem-
ical models. The typical EB glider mis-
sion goes back and forth between the
70 m isobath and the 3,000 m isobath
(roughly 40°24'N to 39°50'N). Individual
cross-shelf transects are completed in
approximately one week. Further details
of the glider missions, their scientific jus-
tification, and technical attributes may be
found in Smith et al. (2018, in this issue)
and are evident in recent work of author
Gawarkiewicz and Al Plueddemann. A
total of 78 distinct glider transects along
the EB line are used here to construct
mean potential temperature, salinity,
and potential density fields. We average
observations from individual glider pro-
files into 5 m vertical bins, then average
individual glider transects into horizontal
bins of 1 min extent by latitude (1 nm, or
1.852 km), and finally average across tran-
sects. The resulting mean fields (Figure 2)
are shown only at latitudes occupied by at
least 50% of individual transects.

FIGURE 2. Mean transects
18 across the Middle Atlantic
Bight shelf break near 70°W
of (a) potential temperature
16 (6), (b) salinity, and (c) poten-
tial density (o) constructed
by averaging observations
14 from gliders surveying along
the Pioneer Array’s Eastern
Boundary line from April 2014

20 10

40°N

12 through December 2016. Mean
values are shown only at loca-
355 tions where at least 50% of
identified glider transects
35.0 yielded observations. Gray
- contours in all panels are iso-
345 *é’ pycnals, with a contour inter-
E val of 0.25 kg m=3 and the
340 26.5 kg m~3 isopycnal bold.
’ The inset in panel a shows the
trajectories of the gliders from
33.5 which observations were used.
27.0
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Shoreward of the shelf break, the mean
temperature, salinity, and density fields
from EB glider observations capture
expected features of the Middle Atlantic
Bight shelf-break frontal region. The
shelf-break front itself appears as a tran-
sition from cooler, fresher shelf waters to
warmer, saltier slope waters, with isopyc-
nals sloping upward offshore to form a
retrograde front (i.e., the slope of the iso-
pycnals is in the opposite direction of the

continental slope, the upper 50 m has
the warmest temperatures in the region
(16°-18°C). Beneath this layer, poten-
tial temperatures fall from 16°C to 13°C
toward 200 m depth, and salinities reach
a local maximum of more than 35.7 near
100 m. Wright and Parker (1976) previ-
ously identified these waters as the “upper
slope thermostad,” but found tempera-
tures to be 10°-13°C and salinities to
be 35-35.6. That these waters were on

The increase in temperature and salinity
over the continental slope is consistent with
both the westward shift in the destabilization
point of the Gulf Stream and the increase in the
number of warm core rings since 2000.

slope of the bathymetry). The foot of the
shelf-break front, identified as the loca-
tion at which the 26.5 kg m~ isopyc-
nal (Linder and Gawarkiewicz, 1998)
intersects the seafloor, is found near the
100 m isobath (approximately 40°12'N),
in general agreement with previous,
longer-term climatologies (e.g., Linder
and Gawarkiewicz, 1998). More recent
studies (e.g., Pickart, 2000; Linder et al.,
2004; Fratantoni and Pickart, 2007) sug-
gest that the frontal upwelling associ-
ated with the shelf-break front is cen-
tered on the 26.0 isopycnal, which
intersects the seafloor near the 80 m iso-
bath (approximately 40°20'N). The “cold
pool” (Houghton et al., 1982), a region of
cold water between the seasonal thermo-
cline, the seafloor, and the shelf-break
front is apparent shoreward of 40°15'N
(Figure 2a), with minimum temperature
below 12°C. Salinities within the cold
pool range from 33.7 to 34.5 (Figure 2b),
which is more saline than the typical
salinities near 33 reported previously
(e.g., Linder et al. 2006).

Farther

offshore over the upper
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average warmer and saltier during the
April 2014 to December 2016 period sug-
gests more frequent presence over the
upper continental slope of waters origi-
nating in the Gulf Stream.

The increase in both temperature and
salinity over the upper slope is surpris-
ing. Greene et al. (2013) and Pickart
et al. (1999) describe how two different
source regions, from the subpolar north
and subtropical south, influence upper
slope waters south of New England (see
Figure 1 of Greene et al., 2013, for a sche-
matic of the spatial distribution of the
various water masses over the slope).
The mean fields produced from glider
observations along the Pioneer Array
EB line (Figure 2) suggest that the sub-
tropical waters of Gulf Stream origin
have been dominant over the last sev-
eral years. This has important conse-
quences for zooplankton distributions
and ecosystem dynamics of the shelf-
slope system (e.g., Pershing et al., 2015).
The increase in temperature and salin-
ity over the continental slope is consis-
tent with both the westward shift in the

destabilization point of the Gulf Stream
and the increase in the number of warm
core rings since 2000.

RING INTERACTIONS AND
SHELF-BREAK EXCHANGE
PROCESSES REVEALED

BY PIONEER ARRAY
OBSERVATIONS

The persistent high-resolution obser-
vations provided by the Pioneer Array
reveal new aspects of warm core ring
interactions with outer shelf circulation.
This is illustrated by Pioneer Array obser-
vations during the spring of 2014 when
warm core ring water masses moved
onto the outer continental shelf and shelf
water masses extended over the con-
tinental slope along the periphery of a
warm core ring.

Zhang and Gawarkiewicz (2015b)
demonstrated the great potential of the
observatory for studying a new form of
shelf-break exchange process. By exam-
ining observations from the first Pioneer
Array glider deployment along the
EB line together with satellite-based sea
surface temperature measurements, they
identified a direct intrusion of warm
core ring water onto the outer continen-
tal shelf in April-May 2014. The onshore
intrusion of ring water represented a type
of exchange process that had not been
reported previously in the scientific liter-
ature, although a similar event was appar-
ent in satellite-based sea surface tempera-
ture images from summer 2006. Zhang
and Gawarkiewicz (2015b) named this
process a Pinocchios Nose Intrusion
(PNI), as the intrusion had a unique
elongated pattern in sea surface imagery
that grew in the alongshelf direction.

The Pinocchios Nose Intrusion in
April-May 2014 measured roughly
30 km wide in the cross-shelf direction
and extended at least 150 km alongshelf
in two weeks (e.g., Figure 3a). Glider
measurements captured the subsurface
characteristics of the intrusion, show-
ing that intruding ring water occupied
almost the entire water column over the
outer shelf (e.g., Figure 3c,e) and was not



a surface-trapped feature entrained by
the shelf-break jet. By combining these
observations with idealized numerical
simulations, Zhang and Gawarkiewicz
(2015b) demonstrated that the dynamics
of a PNI are inherently nonlinear and that
it results from topographically induced
vorticity variations of the ring water as it
is carried into shallower water. As the ring
water moves onshore, it is compressed
vertically, and conservation of potential
vorticity dictates that the ring water gains
anticyclonic vorticity. This causes an
enhanced outward-pointing centrifugal
force that pushes the ring water further
onto the shelf and generates the onshore
intrusion. The westward elongation of the
PNI is due to the alongshelf advection
of momentum, as the intrusion does not

form when nonlinear advective terms are
neglected (see details of the momentum
balances in Zhang and Gawarkiewicz,
2015b). This process represents a new
mechanism for warm core rings interact-
ing with the continental shelf circulation.
It is a significant exchange process, as
the associated onshore transport of ring
water is of the same order of magnitude
as shelf-break frontal jet transport. These
intrusions of warm, salty ring water may
have important biogeochemical impli-
cations and could facilitate migration
of subtropical marine species across the
shelf-break barrier and transport low-
nutrient surface Gulf Stream ring water
into the otherwise productive shelf-break
region (Zhang et al., 2013).

A subsequent glider transect along the
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EB line demonstrates the rapid shifts in
shelf-break hydrography and circula-
tion following the 2014 Pinocchio’s Nose
Intrusion event (Figure 3d,f). Within the
week between repeat glider crossings of
the shelf break near 40°10'N in mid-May
2014, warm salty waters from the PNI
were replaced by typical cool and fresh
waters as the shelf-break front returned
to approximately its mean position
(Figure 3d,f) after having been pushed
shoreward by the PNI (Figure 3c.e).
Vertically averaged currents measured
by the gliders indicate a simultaneous
shift from westward flow within the PNI
near 40°10'N (Figure 3a) to strong east-
ward flow south of 40°N a week later
(Figure 3b) as the anticyclonic flow of the
warm core ring impinged upon the upper

Salinity

FIGURE 3. Rapid evolution of temperature and salinity near the Middle Atlantic Bight shelf break following the Pinocchio’s
Nose Intrusion (PNI) in May 2014. Top panels show (a) sea surface temperature with the 18°C isotherm drawn in white
to delineate warm core ring water and cross-shelf break distributions of (c) potential temperature and (e) salinity from a
Pioneer Array glider while the intrusion was active. PNI denotes the intrusion in (c,e). Lower panels (b,d,f) show the same
properties a few days later. In (a) and (b), the trajectory of the glider along the Eastern Boundary line is shown (green),
with vectors (black) indicating vertically averaged currents along the glider’s trajectory. Gray contours are the 50, 100,
200, and 1,000 m isobaths, with the 200 m isobath bold. In (c—d), isopycnals are shown in gray, with a contour interval of
0.25 kg m—3 and the 26.5 kg m~3 isopycnal bold. Tick marks on the upper axes denote locations of glider profiles, and
arrows show direction of glider motion during the indicated dates.
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FIGURE 4. (a) Sea surface temperature on June 28, 2014, showing a warm core ring present
near the Pioneer Array moorings (diamonds). The location of the Upstream Offshore mooring
is shown in black. Time series of (b) potential temperature, (c) salinity, and (d) dissolved oxy-
gen from the Upstream Offshore mooring during June 16—-21, 2014, as a filament of shelf water
was advected past the mooring. Gray contours in (b—d) are isopycnals, with a contour interval of
0.25 kg m~3 and the 26.5 kg m=3 isopycnal bold.
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continental slope. These observations,
together with those discussed by Zhang
and Gawarkiewicz (2015b), indicate that
the full timescale over which the PNI
affected the shelf-break front was approx-
imately one month.

As the same warm core ring contin-
ued to impinge upon the shelf break
in June 2014, a subsurface filament of
shelf-origin water was advected past the
Pioneer Array moorings by the com-
plex flows over the upper continental
slope that were associated with the warm
core ring-shelf-break front interaction
(Figure 4b-d). Unlike the surface-visible
shelf water streamer transport that is car-
ried around the eastern periphery of the
warm core ring (e.g., near 40°N, 69°20'W
in Figure 4a), this subsurface filament of
shelf water cannot be seen by satellite.

Moored profiler observations from the
upstream-offshore mooring (Figure 4a,
black diamond) show the relatively cold,
fresh, and high-oxygen signature of shelf
waters first reaching the mooring site
near 60 m depth on June 18; it is then
found at subsequently deeper depths until
it arrives at the mooring site near 125 m
depth about 1.5 days later (Figure 4b-d,
dashed lines) as the northwestern edge of
the warm core ring reaches the Pioneer
Array moorings. The relatively low tem-
peratures (<15°C) and salinities (<35)
within the filament indicate that those
waters originated shoreward of the shelf-
break front, and the relatively high dis-
solved oxygen concentration serves as a
useful additional tracer that distinguishes
shelf waters from slope and ring waters.
Note that the upstream-offshore mooring
is located near the 500 m isobath and so
is seaward of where shelf waters are typ-
ically found. The relatively fresh, cold,
and oxygen-rich shelf water is eventually
found beneath the warmer, saltier, and
low-oxygen ring water. The descending
signal of shelf water in Figure 4 crosses
isopycnals, but this should not be inter-
preted as observational evidence of a
water parcel moving downward across
isopycnals. Such cross-isopycnal motion
would require substantial mixing to



modify the density of a parcel; however,
the temperature, salinity, and oxygen sig-
natures of the shelf water remain intact
and do not suggest mixing with adjacent
water masses. A likely explanation for the
observed descending signal of shelf water
is that the mooring sampled the three-
dimensional structure of a tilted shelf-
water filament as that filament was
advected past the mooring by the com-
bined ring shelf-break  flows.
Vertically sheared flow, such as that in
the shelf-break front, in warm core rings,
and in other baroclinic eddies, is effective

and

at producing tilted filaments (e.g., Smith
and Ferrari, 2009).

41°N

A WARM CORE RING
INTRUSION IN WINTER:
COMBINING PIONEER ARRAY
OBSERVATIONS WITH
FISHERMEN-COLLECTED DATA
FOR DEEPER INSIGHTS

A warm core ring intrusion onto the
Middle Atlantic Bight shelf in the winter
of 2017 offered an opportunity to com-
bine Pioneer Array observations with
additional in situ observations to exam-
ine the shoreward extent of anomalously
warm waters over the continental shelf.
Sea surface temperature imagery from
January 25, 2017, showed an intrusion of
warm (10°-11°C) waters as far north as
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40°40'N from a warm core ring centered
near 39°N, 71°20'W (Figure 5a). A sub-
sequent sea surface temperature image on
February 6 indicated that filaments with
surface temperatures of 10°C extended
as far north as 41°15'N, in the vicinity of
Block Island in Rhode Island Sound (not
shown). Block Island is approximately
115 km north of the 100 m isobath, the
long-term mean position of the foot of
the shelf-break front.

In late January 2017, a Pioneer Array
glider surveying along the shelf break
near 40°N (the northern edge of the
Frontal Zone [FZ] glider survey pattern;
Figure 5a) measured temperatures of

0 (°0)

45 30

FIGURE 5. The evolution of anomalous conditions on the Middle Atlantic Bight shelf in winter 2017 resulting from a nearby warm
core ring. (a) Sea surface temperature for the Pioneer Array region on January 25, 2017. The warm core ring is evident along the
southern boundary, with warm water (>12°C) extending north of 40°20’N. (b) Potential temperature 6 (blue) and salinity (red) pro-
files over the shelf north of the Pioneer Array from the Commercial Fisheries Research Foundation (CFRF) Shelf Research Fleet
during January (thick lines) and February (thin lines) 2017. Warm, salty waters extended onto the shelf, particularly near the bottom,
in late January, but not in mid-February. Locations of the CFRF profiles are shown by green circles in (a), with the larger circle cor-
responding to the January profiles. (c—e) Potential temperature (along the shelf break from Pioneer Array gliders during (c) January,
(d) February, and (e) March 2017, showing substantial cooling as the warm core ring influence diminished. Tick marks on the upper
axes in (c—e) denote the locations of individual glider profiles. Glider trajectories, which proceeded westward, are shown in green

in (a). Contour lines denote isopycnals.
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13°-15°C throughout the water column
(Figure 5b). As part of the CFRF Shelf
Research Fleet, Rhode Island fishermen
collected temperature and salinity pro-
files near 40°30'N, 71°30'W on January 29
(Figure 5b; thick profiles). These pro-
files reveal a layer of unusually warm
(10°-11°C) and salty (near 34) water in
the upper 65 m that overlies a very warm
(13.4°C) and salty (35) layer within 10 m
of the seafloor. The near-bottom layer is
slope water, and the sharp thermal gra-
dient is the shelf-break front near the
foot of the front where the high-gradient
region intersects the bottom.

Itis useful to compare a recent monthly,
three-dimensional climatology built from
all observations available from 1864 to
2009 (Fleming, 2016) with the observed
shelf water mass properties in January
2017. The climatological temperature for
the continental shelf for January is 5°C,
and the climatological salinity is 33.0.
Relative to this climatology, the January
2017 ring intrusion resulted in anoma-
lies of 5°-6°C and 0.8-1.1 salinity units
that extended as far north as 41°15'N.
As such, the ring intrusion substantially
impacted both shelf-water temperature
and salinity across virtually the entire
continental shelf.

Subsequent Pioneer Array observa-
tions and shelf profiles from CFRF fisher-
men indicate that shelf water properties
returned toward normal as the winter
of 2017 progressed. By February 14, the
water column near 40°30'N, 71°30'W
over the mid-shelf was well mixed with a
temperature of 7.2°C and salinity of 33.2
(Figure 5b, thin profiles), and a nearly
concurrent reoccupation of the glider
transect along the shelf break (Figure 5d)
showed waters in the upper 50 m around
9°C. Salinity measured at the offshore sur-
face mooring indicated a rapid increase
to 35.5 in early January 2017 that slowly
decreased to 35.0 in mid-February as the
ring intrusion drifted westward toward
Hudson Canyon. By mid-March, another
occupation of the along-shelf break glider
transect showed further cooling through-
out the water column, including a surface

68 OCmm)ﬂmp/i)/ | Vol.31, No.1

mixed layer with temperature near 7°C
through the upper 60 m of the water col-
umn (Figure 5e).

One consequence of this warm intru-
sion was the appearance of warm-water
fish species that were presumably carried
onto the continental shelf in January 2017
as part of this event. A Rhode Island fish-
ermen, Michael Marchetti (F/V Mister G,
Point Judith, RI),
tions and photographs of unusual catch

recorded observa-
around Block Island in approximately
30 m of water, well inshore of the shelf
break. Observed species included Gulf
Stream flounder (Citharichthys arctifrons)
and juvenile black sea bass (Centropristis
striata), which are not typically found in
shallow New England waters during the
winter months. Fishermen also reported
dramatic changes in Jonah crab (Cancer
borealis) catch during the warm intrusion.
Standardized fisheries surveys (NOAA
Northeast Fisheries Science Center trawl
survey and Northeast Area Monitoring
and Assessment Program trawl survey) do
not operate in the winter months, and thus
are unable to provide further insights into
the biological impacts of this mid-winter
warm intrusion. Given the scale of the
warm intrusion in January 2017, however,
it is likely that the event had major, short-
term impacts on ecosystem structure
and function. Further research is needed
to substantiate these specific ecosystem
impacts of the ring intrusion.

HOW UNUSUAL ARE THE

RING INTRUSIONS?

The Pioneer Array provides import-
ant new perspectives on shelf-break
exchange, and observations from the
array clearly show that onshore intru-
sions of warm core ring water masses are
penetrating farther onshore than previ-
ously noted in historical data or the sci-
entific literature. This is consistent with
recent studies described earlier that indi-
cate larger-amplitude Gulf Stream mean-
ders and more frequent warm core rings
since the year 2000. However, because the
Pioneer Array has only been collecting
observations since late 2013, it is difficult

to quantify how unusual the recent ring
intrusion events have been since 2013
using Pioneer Array observations alone.

The NOAA National Marine Fisheries
Service’s EcoMon program has been col-
lecting CTD profiles over the Middle
Atlantic Bight shelf between Hudson
Canyon and the eastern end of Long
Island, New York, since 1981; these long-
term measurements allow us to place
recent events in context. EcoMon obser-
vations are mapped onto a cross-shelf
grid based on distance from the 100 m
isobaths. Only observations collected
during the months of September from
1981 to 2010 were used to calculate the
climatological mean values and standard
deviations (Figure 6a,b).

A significant intrusion event was iden-
tified in observations collected during
the September 2014 EcoMon cruise
(Figure 6c¢,d). The 34.0 isohaline out-
cropped at the 50 m isobath, 70 km
shoreward of the shelf break (Figure 6¢).
In contrast, the surface outcrop of the
34.0 isohaline was located 20 km sea-
ward of the shelf break in the EcoMon
climatology (Figure 6a). Note that the
slope of the 34.0 isohaline is in the oppo-
site direction in September 2014 (down-
ward offshore) compared to the climatol-
ogy (upward offshore in the shelf-break
front). The 34.0 isohaline intersected the
seafloor at the 60 m isobath in September
2014, 50 km shoreward of the shelf break
and roughly 30 km shoreward of its cli-
matological position. This shoreward
shift in the isohaline surfaces resulted in
the mid-shelf salinity being five standard
deviations above the climatological mean
value in September 2014.

The shelf waters were also much
warmer than average during the same
time period, with much of the sub-
thermocline water mass ranging from
14°-16°C, compared to climatological
averages of 10°-12°C. Thus, the entire
shelf was substantially warmer and saltier
than average in late summer 2014, con-
sistent with other ring intrusions docu-
mented by the OOI Pioneer Array.



LOOKING FORWARD—FUTURE
IMPLICATIONS OF OOI
PIONEER ARRAY SCIENCE

The OOI Pioneer Array has mea-
sured a number of significant shelf-
break exchange events from the pre-
commissioning deployments in late
2013 to the present. Some of the anom-
alous water mass properties measured
over the continental shelf have rarely
been observed in the past. The significant
onshore penetration of warm core ring
water is particularly likely to have import-
ant impacts on the continental shelf eco-
system and the seasonal movements of
fish. By combining observations from the
Pioneer Array, the CFRF Shelf Research
Fleet, and the EcoMon program, we see

that extreme or outlier events with warm,
salty intrusions onto the shelf are occur-
ring more frequently and penetrating
further onshore than data from histori-
cal hydrographic archives would suggest.

We have presented primarily data
on the thermohaline signatures of the
exchange events. The next stage of
Pioneer Array data analysis and mod-
eling is processing and quality con-
trol of the velocity measurements from
moorings and gliders and the computa-
tion of cross-shelf fluxes to character-
ize heat, salt, and buoyancy fluxes from
these events. The ultimate goal will be
to parameterize these fluxes based on
dynamically important parameters such
as the Rossby and Burger numbers, the
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FIGURE 6. Cross-shelf transects of salinity (left panels) and temperature (right panels) from the
Ecosystem Monitoring (EcoMon) cruises from NOAAs Northeast Fisheries Science Center.
(a—b) Climatological mean fields constructed using observations collected from September cruises
from 1981 to 2010. (c—d) Observations collected in September 2014. Gray contours are isopycnals
with a contour interval of 0.25 kg m=3 and the 26.5 kg m=3 isopycnal bold.

maximum jet velocity in the shelf-break
jet, and the maximum azimuthal veloci-
ties and spatial scales of warm core rings
(e.g., Cenedese et al., 2013).
Observations from the OOI Pioneer
Array suggest that coastal ocean dynam-

ics are changing rapidly south of

New England, with important implica-
tions for commercial fisheries, ecosys-
tems, and future storm intensities from
both hurricanes and noreasters. There
is an urgent need for focused numeri-
cal modeling studies to investigate the
dynamics of shelf-break exchange. It is
vital to explore the influence of larger,
more frequent, and longer-lived warm
core rings on the shelf-break front and on
continental shelf circulation and ecosys-
tems. Changes to shelf-break exchange
may significantly affect nutrient trans-
port between the deep ocean and the
continental shelf, with consequences for
higher trophic level productivity, includ-
ing commercially harvested fish.
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