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Abstract

The Gulf Stream, the western boundary current of the subtropical North Atlantic,
plays a key role in the Earth’s climate system with its poleward volume and heat
transports being major components of the upper limb of the Atlantic Meridional
Overturning Circulation. Extensive observations collected using Spray autonomous
underwater gliders from 2004 through 2020 fill a 1500-km-long gap in longer-term sus-
tained subsurface measurements of the Gulf Stream. The gliders provide concurrent,
high-resolution measurements of Gulf Stream hydrography and velocity over more
than 15 degrees of latitude between Florida and New England. These observations
are used to characterize the along-stream evolution of Gulf Stream volume transport;
its long-known poleward increase is shown to result primarily from entrainment of
subthermocline waters. Antarctic Intermediate Water, which makes up the deepest
waters within the Gulf Stream in the Florida Strait, is eroded through both vertical
mixing and lateral stirring as it flows downstream. Satellite-based observations of sea
surface height coincident with the glider observations are used to evaluate the efficacy
of inferring Gulf Stream transport from remotely sensed measurements. The detailed
analyses of Gulf Stream transport and water property evolution herein provide targets
for regional and global circulation models to replicate.
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Chapter 1
Introduction

The Gulf Stream is a fast (O(1) m s7!) and narrow (O(100) km) oceanic current that
originates in the Florida Strait as a continuation of the Gulf of Mexico Loop Current.
It flows along the eastern coastline of the United States before separating from the
coast near Cape Hatteras and heading towards Europe. As the western boundary
current of the subtropical North Atlantic Ocean (i.e., a current that flows along the
western side of the North Atlantic Ocean basin), the Gulf Stream carries warm, salty
waters from the tropics to higher latitudes (Fig. 1-1), thereby playing a crucial role in
poleward heat transfer (e.g., Wunsch 2005; Cunningham et al. 2007) and regional and
global climate (e.g., Kwon et al. 2010). The Stream affects regional sea level through
changes in its strength, position, and eddy shedding (e.g., Blaha 1984; Noble and
Gelfenbaum 1992; Vellinga and Wood 2008; Ezer 2016). Moreover, the Gulf Stream
influences marine ecosystems and consequently plays a role in the global carbon cycle
through the redistribution and upwelling of nutrients associated with its front, eddies,
and rings (e.g., Redfield 1936; Yoder et al. 1983; Lee et al. 1991; Palter and Lozier
2008; Schmittner and Galbraith 2008; Hoarfrost et al. 2019). As a large reservoir of
kinetic energy, the Gulf Stream stirs the ocean on a variety of scales and is therefore
important for the ocean energy budget (e.g., Wyrtki et al. 1976). Along its way (i.e.,
in the along-stream direction), the Gulf Stream traverses different regions that affect
its dynamics, stability, and properties.

Using a large set of observations collected by autonomous underwater vehicles
called Spray gliders (Sherman et al. 2001) in combination with other observations,

this thesis investigates how the Gulf Stream evolves in the along-stream direction.
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In particular, the work focuses on the along-stream evolution of Gulf Stream volume
transport (Chapters 2 and 4) and the corresponding changes in the properties of the
waters making up the poleward flow (Chapters 2 and 3). This introduction provides
the overall scientific context and motivation for this thesis. Section 1.1 reviews western
boundary current theories that explain the existence of the Gulf Stream and the Deep
Western Boundary Current that it interacts with. Section 1.2 presents a brief overview
of how the Gulf Stream has historically been observed, while section 1.3 identifies
open questions in the scientific literature that motivate this thesis. The main data
sets analyzed in this thesis, particularly the glider observations, are introduced in

section 1.4. Section 1.5 lays out a road map for the remaining chapters.
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Figure 1-1: Satellite image of sea surface temperature in the western North Atlantic.
Red colors indicate warmer temperatures (e.g., the Gulf Stream) and blue colors
indicate colder temperatures. This image is a composite of cloud-free NASA MODIS
data from 13 to 21 May 2006 with any remaining missing data replaced by a monthly
composite. Figure from Williams (2012).
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1.1 The Gulf Stream: a western boundary current

The large-scale ocean circulation significantly influences global climate through the
redistribution of heat and salt (e.g., Wunsch 2005) and its effects on the carbon
cycle (e.g., Schmittner and Galbraith 2008). The global ocean circulation is driven
by two main forcing mechanisms: wind and buoyancy. The wind-driven circulation
is dominated by the prevailing global wind pattern consisting of polar easterlies,
midlatitude westerlies, and easterly trade winds in the tropics. Changes in buoyancy
caused by evaporation, precipitation, brine rejection, and surface cooling at higher
latitudes lead to thermohaline overturning and drive a flow called the Meridional
Overturning Circulation (MOC, or AMOC in the Atlantic).

Both the wind-driven and the overturning circulation require strong and narrow
currents along the basin’s western boundary for dynamic consistency. In both Stom-
mel’s (1948) and Munk’s (1950) theories of the wind-driven circulation, the interior
ocean is assumed to be in Sverdrup balance (Sverdrup 1947). Strong western bound-
ary currents are needed to balance the wind stress curl over the rest of the ocean
basin. While Stommel’s solution dissipates energy in the western boundary current
via bottom friction, Munk suggests lateral friction as the acting dissipative mecha-
nism. Stommel and Arons’s (1959) theory for the abyssal circulation also invokes
western boundary currents at depth to close the circulation. Specifically, Stommel
and Arons predict abyssal poleward flow towards deep water sources in the interior
ocean basins based on vertical stretching caused by deep water formation. To satisfy
continuity requirements and conservation of a dynamical tracer called potential vor-
ticity, the flow needs to be balanced by an equatorward directed western boundary
current.

These simplified theories capture large-scale ocean circulation patterns quite well:
western boundary currents are indeed observed in all ocean basins in both hemi-
spheres. However, Munk’s and Stommel’s models underestimate western boundary
current transports. Furthermore, both models assume a homogeneous ocean with a

flat bottom and only describe steady circulations without the consideration of insta-
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bilities. Theories predicting the structure and transport of western boundary currents
can be improved by considering nonlinear inertial boundaries (Fofonoff 1954; Char-
ney 1955), stratification and bathymetry (Holland 1972), or an unstable jet with
eddy recirculations (Rhines and Holland 1979; Holland and Rhines 1980). More-
over, Parsons’s (1969) simple two-layer model with a surfacing isopycnal provides an
explanation for the observed separation of western boundary currents from the coast.

In the North Atlantic, the wind-driven circulation forms both a subtropical and
a subpolar gyre. The thermohaline circulation consists of cold, deep water formed at
high latitudes in the Labrador, Greenland, Iceland, and Norwegian Seas that is trans-
ported equatorward and replaced by a warm return flow at the surface. There are
several western boundary currents in the North Atlantic, including the Gulf Stream
and the Labrador Current (which both balance the wind-driven Sverdrup circulation
and are the western boundary currents of the subtropical and subpolar gyres, re-
spectively), and the Deep Western Boundary Current (which is often abbreviated as
DWBC and balances the thermohaline circulation).

The AMOC consists of both deep and surface boundary currents. The Gulf Stream
is a major component of the upper limb of the AMOC in the subtropical gyre, car-
rying warm, saline waters poleward as it follows the eastern seaboard of the U.S.
before separating from the continental margin near Cape Hatteras, North Carolina.
The Labrador Current reaches from Baffin Bay and Hudson Strait to the tail of the
Grand Banks of Newfoundland and transports cold and relatively low salinity water
southward at the surface. The DWBC is a deep limb of the AMOC that carries cold
water masses that are collectively termed North Atlantic Deep Water (NADW) from
the tail of the Grand Banks of Newfoundland equatorward (Pickart and Watts 1990).

The Gulf Stream and the DWBC carry waters that originate in widely sepa-
rated source locations and that consequently have different properties and ages. The
NADW in the DWBC is comprised of Labrador Sea Water (LSW; an intermediate
water mass that is formed by deep convection in the Labrador Sea) and denser, deeper
Overflow Waters (Andres et al. 2018). Among the waters carried by the Gulf Stream

is an intermediate water mass (i.e., a water mass that is found at middepths in the
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ocean) called Antartic Intermediate Water (Tsuchiya 1989; Szuts and Meinen 2017),
which originates in the polar southern hemisphere as the name suggests. Shallower
water masses in the Gulf Stream are entrained from the surrounding areas like the
subtropical gyre and the shelf and slope regions (e.g., Ford et al. 1952; Worthington
1959; Talley and McCartney 1982; Toole et al. 2011; Qu et al. 2013).

Where the DWBC encounters the Gulf Stream, waters of different properties and
origins interact with and influence each other. The DWBC crosses underneath the
Gulf Stream at Cape Hatteras, where part of it is entrained back into the abyssal
interior (Bower and Hunt 2000a,b; Pickart and Smethie 1993) with the balance con-
tinuing to flow equatorward along the western boundary (Hogg and Stommel 1985).
Interactions between the Gulf Stream and the DWBC and the associated pathways
and mechanisms have long been the focus of a variety of studies, both at Cape Hat-
teras and elsewhere (e.g., Talley and McCartney 1982; Thompson and Schmitz 1989;
Spall 1996a,b; Bower and Hunt 2000a,b; Pickart and Smethie 1993; Toole et al. 2011;
Rhein et al. 2015; Andres et al. 2018). Since the Gulf Stream is a surface intensi-
fied current while the DWBC is a deep current, the shallowest layer of the DWBC
(namely Labrador Sea Water) may be prone to interactions with the Gulf Stream
through mixing and entrainment. Underwater gliders surveying the upper kilometer
of the Gulf Stream frequently observe the upper layer of Labrador Sea Water (uLL.SW)
along most of the U.S. East Coast, suggesting interactions between the Gulf Stream
and the DWBC. Among the water masses that uLSW may interact with is Antarctic

Intermediate Water, since they are both found at similar depths.

1.2 History of Gulf Stream observations

Mariners have known about the existence of a strong current in the western North At-
lantic since the 16th century due to its effects on navigation (MacLeish 1989; Richard-
son and Adams 2018). The earliest known chart of the Gulf Stream (Fig. 1-2) was
created by Benjamin Franklin based on the reports of Captain Folger, a whaler from

Nantucket who informed him about the “course, strength, and extent” of the current.
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Figure 1-2: Early chart of the Gulf Stream by Franklin (1786). Retrieved from the
Library of Congress (https://lccn.loc.gov/2004627238).

The diagram appeared in the Transactions of the American Philosophical Society
around 1786. Franklin noted that the Gulf Stream is characterized “by the warmth
of the water, which is much greater than that of the water on each side of it”.

Since Franklin’s time, our knowledge of the Gulf Stream has vastly expanded,
making it one of the best studied ocean currents on Earth. For many years, most
Gulf Stream studies were limited to short-term experiments in isolated locations and
shipboard transects across the current (e.g., Webster 1961, 1965; Oort 1964; Knauss
1969; Brooks and Niiler 1977; Rossby 1987). Over the last few decades, there have
been several long-term observational programs surveying the Gulf Stream (observa-
tional transects corresponding to these programs are indicated in red in Fig. 1-3).
Examples are the PEGASUS program at 73°N (1980-1983; Halkin and Rossby 1985),
the SYNoptic Ocean Prediction (SYNOP) moored arrays between Cape Hatteras and
the Grand Banks (1987-1990; Hogg 1993; Johns et al. 1995; Shay et al. 1995; Watts
et al. 1995), the Gulf Stream Observations (GUSTO) mooring at 68°W (1982-1983;
Hall and Bryden 1985; Hogg 1992), and Line W. The Line W mooring and hydro-
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graphic line at 39°N monitored the DWBC and Gulf Stream from 2004 to 2014 (Toole
et al. 2011, 2017).

Statistics as of 2020-12-11:
Missions: 40
Crossings: 225
4 Dives: 28,758
25°N 9 Glider-days: 3,319
| - B, URNS Distance: 114,530 km

80°W 70°W 60°W

Figure 1-3: Trajectories of all Spray glider missions in and near the Gulf Stream
that are used in this thesis (orange). Locations of in situ Gulf Stream observations
from other long-term programs (red): the Florida Cable (FC) and routinely occupied
ship transect of the Western Boundary Time Series (WBTS), the CMV Oleander
line, the AX10 line, the PEGASUS line near 73°W, and Line W. The mean 40-cm
SSH contour averaged over 17 calendar years (1 January 2004-31 December 2020)
represents the mean Gulf Stream position and provides an along-stream coordinate
system (black with dots every 250 km). Blue lines delineate different dynamical
regions: the Florida Strait (FS), South Atlantic Bight (SAB), and Middle Atlantic
Bight (MAB). The white star denotes the location of the Charleston Bump. From
south to north, Florida, North Carolina, and the New England states are highlighted
in dark gray, and important locations are indicated with arrows. Glider mission
statistics are displayed in the inset box in the lower right.
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Sustained, subsurface measurements of the Gulf Stream are currently only con-
ducted in three locations along the U.S. East Coast: in the Florida Strait, along
the CMV Oleander line between New Jersey and Bermuda, and along the AX10 line
between Puerto Rico and New York (also indicated in red in Fig. 1-3). Voltage differ-
ences along submerged submarine telephone cables that span the Florida Strait near
26.5°N have been used to infer daily transports of the Florida Current (the upstream
predecessor of the Gulf Stream) since 1982 (Baringer and Larsen 2001). These es-
timates are combined with a routinely occupied transect of nine CTD and Lowered
Acoustic Doppler Current Profiler (LADCP) stations at 27°N to estimate property
transports as part of the Western Boundary Time Series (WBTS), also known as the
Florida Current Transport Time Series (Shoosmith et al. 2005). Repeat transects by
the container vessel CMV Oleander have provided temperature profiles from eXpend-
able BathyThermographs (XBTs) since 1978 and velocities in the upper few hundred
meters from a shipboard ADCP since 1992 (Flagg et al. 2006). Similar to the CMV
Oleander line, the AX10 program has used a ship of opportunity to collect upper
ocean XBT temperature profiles since 1992 (Goni et al. 2010; Molinari 2011). Both
the CMV Oleander and AX10 lines cross the Gulf Stream downstream of its sepa-
ration from the continental margin at Cape Hatteras. Historical estimates of Gulf
Stream volume transport from a variety of these long-term observational programs
are shown in Fig. 1-4.

Satellites can sample the surface of the global ocean over much broader scales in
relatively short time periods compared to in situ instrument systems. Satellite remote
sensing started about half a century ago in the 1970s (Fu and Cazenave 2001; Minnett
et al. 2019) and has since been in integral part of many Gulf Stream studies (e.g.,
Bane et al. 1981; Brooks and Bane 1983; Hood and Bane 1983; Lee et al. 1981, 1991).
It added a new layer to our understanding of the spatial complexity and variability
of its surface signature (Legeckis 1975; Minnett et al. 2019), especially in terms of its
meandering and shedding of warm and cold core rings downstream of Cape Hatteras.
High resolution images of sea surface temperature (SST) obtained with satellite-based

infrared and microwave radiometers show the rich meso-to-submesoscale structure

26



120 | .

92112 '82-'83
100 - Rossby et al. (2014) Hog.g(1992)7
- '80 - '83
> '88 -'90
@/ Leaman et al. (1989) . Johns et al. (1995)
£ 80r [ | A
o
o
] |
c
© '03 - '14
S
= 60 - Andres et al. (2020) |
()
€
=}
o
L '82-'08 _
> 40 Meinen et al. (2010)
'84 - '86
‘ . Leaman et al. (1989)
Leaman et al. (1989)
20 N
0 I

| | |
500 1000 1500 2000
Along-stream Distance (km)

Figure 1-4: Historical estimates of Gulf Stream volume transport from observational
programs lasting at least a year (in Sverdrup, where 1 Sv = 10° m?® s7!). Plotted as
a function of along-stream distance using the black coordinate system based on the
mean 40-cm SSH contour in Fig. 1-3. Black squares indicate transport estimates to
1000-m depth or the bottom where the ocean is shallower than 1000 m, while gray
squares show transport estimates to different depths. The time periods of the obser-
vations and the corresponding references are listed next to the squares. The transport
estimates use data from the following observational programs: Meinen et al. (2010)
— Florida Cable; Leaman et al. (1989) — three different PEGASUS lines, including
the one near 73°W shown in Fig. 1-3; Rossby et al. (2014) — CMV Oleander line;
Andres et al. (2020) — Line W; Johns et al. (1995) — SYNOP; Hogg (1992) — GUSTO

mooring.

and strong gradients associated with the Gulf Stream and its eddies (e.g., Fig. 1-1).
Satellite altimeters provide estimates of sea surface height (SSH) that can be used to
derive geostrophic ocean surface currents. Satellites have been continually sampling
the ocean providing near-global coverage since 1982 for SST (Strong et al. 2000) and
1991 for altimetry (Fu and Ubelmann 2014). They have been essential components
of the Global Ocean Observing System (GOOS) since its formation in 1991.
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1.3 Motivation for this thesis

The Gulf Stream is characterized by large cross-stream property gradients and high
flow velocities (O(1) m s~1). Consequently, high-resolution hydrographic and velocity
measurements are required to capture Gulf Stream dynamics. To resolve the Gulf
Stream’s evolution along the U.S. East Coast, observational programs need to span
multiple regions of the Gulf Stream that are governed by different dynamical regimes
(separated by blue lines in Fig. 1-3): the Florida Strait (FS), the South Atlantic
Bight (SAB), and the Middle Atlantic Bight (MAB). In the Florida Strait, the Gulf
Stream flows through a channel between Florida and the Bahamas as a fairly straight
meridional jet. As the current flows onto the relatively shallow (O(800) m) Blake
Plateau in the South Atlantic Bight, it is still topographically stabilized and thus
continues to flow as a relatively straight jet, except for some meandering downstream
of the Charleston Bump (white star in Fig. 1-3), an underwater topographic feature
(Bane and Dewar 1988; Gula et al. 2015). Once the Gulf Stream detaches from the
continental slope at Cape Hatteras and enters the Middle Atlantic Bight, it becomes
a freely meandering current that sheds warm and cold core eddies (e.g., Fig. 1-1).

Although the Gulf Stream has been studied for a very long time (section 1.2),
observational campaigns have typically been conducted only at isolated locations
and/or for relatively short periods of time, providing individual snapshots of Gulf
Stream properties that are widely separated in space and/or time (e.g., Fig. 1-4).
The wide variety of sampling methods employed further complicates intercomparison
of various observational results. Moreover, contemporaneous measurements often
stem from different dynamical regions in the Gulf Stream. While satellite remote
sensing provides large-scale coverage of the surface expression of the Gulf Stream
over relatively short time periods, it fails to capture the subsurface structure of the
current.

In the Gulf Stream along the U.S. East Coast, an extensive field program using
Spray autonomous underwater gliders (Fig. 1-5) provides regular, finescale, subsur-

face measurements of hydrography and velocity in the upper 1000 m of the ocean
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spanning more than 15° of latitude and filling in the 1500-km-long gap between the
sustained subsurface Gulf Stream measurements in the Florida Strait and along the
CMV Oleander/AX10 lines (see the black line with dots in Fig. 1-3 for distances,
which represents an along-stream coordinate system based on the mean 40-cm SSH
contour). These novel glider observations provide a unique opportunity to examine
the evolution of Gulf Stream transport and water properties along the entirety of the
U.S. East Coast.

The looming threat of changes to the Meridional Overturning Circulation as a
consequence of anthropogenic climate change further motivates efforts to understand
the current state and dynamics of the Gulf Stream. Climate forecasts predict a slow
down of the AMOC under future climate scenarios (e.g., IPCC 2013, and references
therein). While in situ measurements cannot yet detect any such slowdowns (Rossby
et al. 2014), proxy-based reconstructions of past climate indicate likely slowing of
the AMOC over the past century (e.g., Piecuch 2020; Caesar et al. 2021) and re-
cent observational efforts have detected shifts in the Gulf Stream’s meander envelope
downstream of Cape Hatteras. Andres (2016) documented a recent upstream and

westward shift of the location at which the Gulf Stream begins to meander down-

Figure 1-5: A Spray glider in the Gulf Stream. Image courtesy of Robert E. Todd,
Woods Hole Oceanographic Institution.
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stream of Cape Hatteras. As this destabilization point moves westward, the mean-
dering Gulf Stream comes closer to the Middle Atlantic Bight continental margin
and the equatorward currents that lie there, including the DWBC and the Middle
Atlantic Bight shelfbreak jet (e.g. Linder and Gawarkiewicz 1998; Gawarkiewicz et al.
2018). Occasional strong deviations from mean meander tracks both upstream and
downstream of Cape Hatteras have been detected (Gawarkiewicz et al. 2012; Zeng
and He 2016). Gangopadhyay et al. (2019) additionally reported an increase in the
frequency of Gulf Stream Warm Core Ring formation since the year 2000. These
documented changes in Gulf Stream behavior, which increase the likelihood and fre-
quency of the Gulf Stream directly impacting the Middle Atlantic Bight continental
shelf, may have major impacts on regional climate, commercial fisheries, and other
societally relevant issues. Together with other components of the observing system,
the multi-year, broad-scale sampling by gliders in the Gulf Stream is providing key
observations that allow us to understand the current state of the Gulf Stream system
and will, if continued, capture future changes to the system. This thesis examines
the glider observations to present a detailed overview of the Gulf Stream’s structure
and mean characteristics, as well as its spatial evolution in terms of volume transport

and water properties.

1.4 Observations used in this thesis

The focus of this thesis is primarily on in situ observations collected by autonomous
underwater gliders (section 1.4.1). These are complemented by ship-based observa-
tions collected along Line W and satellite-based measurements of sea surface height

(section 1.4.2).

1.4.1 Glider observations

The Spray glider (Sherman et al. 2001; Rudnick et al. 2016) observations used in this
thesis are part of an ongoing multi-year observational program examining the finescale

structure and dynamics of the Gulf Stream. The gliders have routinely surveyed the
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Gulf Stream between Florida and New England since April 2015 (details in Heiderich
and Todd 2020, i.e., Chapter 2). The basic observational goal of this program is
to maintain two gliders sampling in or near the Gulf Stream at all times, ideally
one upstream and one downstream of Cape Hatteras, to ensure sufficient seasonal
coverage. Observations from additional Spray gliders surveys of the Gulf Stream
between 2004 and 2009 (Todd et al. 2016) and along the continental margin near Cape
Hatteras (Todd 2020) are also included. Summary statistics for all glider missions in
this large observational data set can be found in Fig. 1-3.

Spray gliders are buoyancy-driven autonomous underwater vehicles (Davis et al.
2002; Rudnick et al. 2004; Rudnick 2016) that fly through the water column in a
sawtooth pattern using volume adjustments and shifting ballast, meaning that the
gliders are not equipped with a propeller. Instead, the gliders change their volume
while keeping their mass constant by pumping oil from an internal to an external
bladder. This changes the buoyancy, which results in vertical displacement that is
translated into forward momentum through two wings. During a typical dive cycle
(Fig. 1-6), a glider receives a predive GPS fix and any commands and waypoints sent
via the Iridium satellite system before descending to a maximum depth of 1000 m at a
typical vertical speed of 0.1 m s™!. At maximum depth (or on approach to the bottom
in shallower regions), the glider pumps oil into the external bladder, increasing its
displacement and allowing it to ascend at a similar vertical speed back to the surface,
where it the receives another GPS fix and transmits data to shore. The near-real-
time data transmitted via satellite have a lower resolution than the data logged on
board, which can be accessed after glider recovery for postprocessing. Throughout
the dive, movable battery packs are used to control pitch and roll, enabling horizontal
movement relative to the water at about 0.25 m s~! and directional control. A dive
to 1000 m usually takes about 6 hours and covers about 5 km horizontally through
the water; shallower dives take less time and cover less distance. At the surface, the
glider rolls to one side to lift a wing that contains an antenna out of the water; this
is the only time to communicate with them from shore via satellite.

Autonomous underwater gliders enable long-duration monitoring of the ocean; a
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Figure 1-6: Illustration of a Spray glider dive cycle. Image courtesy of Jack Cook,
Woods Hole Oceanographic Institution.

typical Spray glider mission in the Gulf Stream lasts approximately 120 days. During
this time, a glider deployed from Miami, Florida, crosses the Gulf Stream about 10
times as it is carried downstream toward recovery in Cape Cod, Massachusetts. Glider
deployments occur approximately every two months to ensure the observational target
of two gliders in the Gulf Stream at a time. Deployment and recovery operations are
typically conducted from small vessels during day trips from local ports. The gliders
are commanded to fly perpendicular to the measured depth-average currents. Since
the depth-average currents in the Gulf Stream often exceed 1 m s™!, the gliders are
advected downstream and cross the Gulf Stream obliquely, typically at angles of 25° —
40° to the left or the right of the flow. A variety of shark attacks, mechanical failures,
and instrument failures have shortened some glider missions.

Each Spray glider measures temperature, salinity, and pressure using a pumped
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Figure 1-7: Local streamwise coordi-
nate system used for the analysis of
glider data. The measured vertically
averaged current (dark blue) at each
dive defines the downstream direction v,
which is oriented at an angle ¢ counter-
clockwise from east. R, the radius of
curvature of the flow (light blue), can be
estimated from the dive-to-dive change
in orientation of the flow. Figure from

Todd et al. (2016).

Yy, v

east

z,u =0

Sea-Bird Scientific 41CP conductivity-temperature-depth (CTD) instrument. The
difference between GPS-measured and dead-reckoned displacements provides an esti-
mate of depth-average current velocities as described in Rudnick et al. (2018). Glid-
ers deployed since July 2015 have also been equipped with 1-MHz Nortek acous-
tic Doppler dual current profilers (AD2CPs) and Seapoint chlorophyll fluorometers.
Since October 2018, some gliders have also been outfitted with Sea-Bird 63 dissolved
oxygen sensors. An inverse method is used to estimate absolute horizontal veloc-
ity profiles by combining relative velocity measurements from the AD2CPs with the
depth-average current estimates (Visbeck 2002; Todd et al. 2011, 2017). The AD2CP
also functions as an altimeter during the descent to avoid collision with the seafloor
and provides an in situ measurement of bottom depth. All properties are measured
during the ascending portion of a glider dive to present an undisturbed profile to
the upwards-oriented CTD sensor. For analyses herein, all profiles are processed to
have uniform 10-m vertical resolution. Summary statistics for the subsets of glider
observations used in the analyses herein are given in the individual chapters. Further
details of the data processing, quality control, and selection of cross—Gulf Stream
transects can be found in Heiderich and Todd (2020), i.e., Chapter 2.

Cross—Gulf Stream glider transects are presented in a local streamwise coordinate
system following the method described in Todd et al. (2016). In a coordinate system
moving with the water, the gliders cross the Gulf Stream at approximately right

angles. For each individual glider dive, we define the downstream direction y based on
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the measured depth-averaged current, which is oriented at an angle ¢ counterclockwise
from east (Fig. 1-7). The decomposition of the glider displacement during each dive
into cross-stream (Az) and along-stream components (Ay) allows us to quantify the
change in current direction along a transect. Summing the cross-stream displacements
during a transect results in a new horizontal coordinate, cross-stream distance (e.g.,
Fig. 2-3). Following Todd et al. (2016), we define the origin of this coordinate system
to be the location where the 15°C isotherm is found at a depth of 200 m, a metric
that has long been used to define the position of the Gulf Stream’s North Wall (e.g.,
Fuglister and Voorhis 1965).

1.4.2 Other data sets

We use satellite-based estimates of absolute dynamic topography (ADT) to create an
along-stream coordinate system for the Gulf Stream (Chapters 2-4) and to compare
how well satellite altimetry captures the variability in Gulf Stream transport that
is measured by the gliders (Chapter 4). ADT describes the sea surface height with
respect to the geoid, which is itself the shape that the sea surface would take due
to gravity and Earth’s rotation alone (i.e., without the influence of winds, tides, or
currents). ADT is derived from satellite altimetry in the following way: Altimetry
measures the instantaneous sea surface height (SSH) above a reference ellipsoid, an
arbitrary surface that roughly approximates the shape of the Earth. From SSH, sea
level anomalies (SLA) can be derived by subtracting a multi-year mean sea surface
(MSS). Subtracting the geoid from the temporal mean of SSH (MSS) gives mean
dynamic topography (MDT). Finally, absolute dynamic topography is obtained by
adding the sea level anomalies (SLA) to the estimated mean dynamics topography
(MDT). The specific details of the ADT product used in this thesis and its limitations
are described in more detail in Chapters 2 and 4.

In Chapter 2, ship-based observations collected along Line W (Toole et al. 2011;
Andres et al. 2020) are used to augment the in situ observational glider coverage
downstream of Cape Hatteras. Gliders had lower sampling density in this region

due to some missions ending prematurely. The ship-based sampling using CTDs and
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lowered ADCPs (LADCPs) provides concurrent measurements of water properties

and velocities that can be treated similarly to the glider observations.

1.5 Thesis overview

This thesis contains three different studies that explore the along-stream evolution of
the Gulf Stream using a combination of underwater glider measurements and other
observational data sets. The question at the center of all of these studies is: “How
much water does the Gulf Stream carry, and what are the characteristics of that
water?” Though this is an age-old question that many previous studies have addressed
(see Sec. 1.2), the large glider data set allows us to address it in much more detail
than was previously possible. Each of the three studies examines different aspects
of the along-stream evolution of volume transport and water properties in the Gulf

Stream:

e Chapter 2 characterizes the along-stream evolution of volume transport in the
Gulf Stream between Florida and New England, including examination of the

constituent water properties.

e Chapter 3 investigates the processes, including lateral stirring and vertical mix-
ing, that contribute to an observed along-stream reduction in the volume trans-
port of Antarctic Intermediate Water as the Gulf Stream flows between Florida
and the Carolinas. Furthermore, the mechanisms leading to the observed en-
trainment of upper Labrador Sea Water into the Gulf Stream far south of Cape

Hatteras are examined.

e Chapter 4 explores how well satellite altimetry estimates of sea surface height

capture the variability in Gulf Stream transport observed by gliders.

The results in these three studies are summarized in Chapter 5, followed by a discus-

sion of their implications and possible directions for future research.
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Chapter 2

Along-stream evolution of Gulf Stream

volume transport

This chapter was originally published as: Heiderich, J., and R. E. Todd, 2020: Along-
Stream Evolution of Gulf Stream Volume Transport. Journal of Physical Oceanogra-
phy, 50 (8), 2251 — 2270, doi: 10.1175/JP0O-D-19-0303.1. (C) American Meteorological

Society. Used with permission.

Abstract

The Gulf Stream affects global climate by transporting water and heat poleward.
The current’s volume transport increases markedly along the U.S. East Coast. An
extensive observing program using autonomous underwater gliders provides finescale,
subsurface observations of hydrography and velocity spanning more than 15° of lati-
tude along the path of the Gulf Stream, thereby filling a 1500-km-long gap between
long-term transport measurements in the Florida Strait and downstream of Cape
Hatteras. Here, the glider-based observations are combined with shipboard measure-
ments along Line W near 68°W to provide a detailed picture of the along-stream
transport increase. To account for the influences of Gulf Stream curvature and ad-
jacent circulation (e.g., corotating eddies) on transport estimates, upper and lower
bound transports are constructed for each cross—Gulf Stream transect. The upper
bound estimate for time-averaged volume transport above 1000 m is 32.9 £+ 1.2 Sv
(1 Sv = 10° m?® s7') in the Florida Strait, 57.3 + 1.9 Sv at Cape Hatteras, and
75.6 + 4.7 Sv at Line W. Corresponding lower bound estimates are 32.3 + 1.1 Sv in
the Florida Strait, 54.5 £ 1.7 Sv at Cape Hatteras, and 69.9 £ 4.2 Sv at Line W.
Using the temperature and salinity observations from gliders and Line W, waters are
divided into seven classes to investigate the properties of waters that are transported
by and entrained into the Gulf Stream. Most of the increase in overall Gulf Stream
volume transport above 1000 m stems from the entrainment of subthermocline waters,
including upper Labrador Sea Water and Eighteen Degree Water.
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2.1 Introduction

The Gulf Stream is the subtropical western boundary current of the North Atlantic
and thus redistributes heat, salt, and carbon in the global climate system (Wunsch
2005; Schmittner and Galbraith 2008; Kwon et al. 2010). As a principal component
of the upper limb of the Atlantic meridional overturning circulation, the Gulf Stream
contributes significantly to poleward heat and volume transport (Cunningham et al.
2007). This strong, narrow current carries warm, saline waters from the tropics
to higher latitudes, thereby balancing equatorward transport in the ocean interior,
including both wind-driven equatorward transport in the upper ocean (Sverdrup 1947;
Stommel 1948; Munk 1950) and equatorward thermohaline flow at depth (Stommel
and Arons 1959; Wunsch and Roemmich 1985).

The Gulf Stream flows along the U.S. East Coast before separating from the conti-
nental margin near Cape Hatteras, North Carolina, encountering different dynamical
regimes on its way north. The current transitions from a strong, relatively straight jet
in the confined channel of the Florida Strait (FS) to a topographically stabilized jet
along a boundary in the South Atlantic Bight (SAB) upstream of Cape Hatteras, and
finally to a free, meandering, eddy-shedding jet downstream of Cape Hatteras in the
Middle Atlantic Bight (MAB) and farther downstream. Gulf Stream structure and
transport evolve markedly across these differing dynamical regimes (e.g., Meinen and
Luther 2016). It has long been known that Gulf Stream volume transport increases
in the downstream direction (Knauss 1969); transport approximately triples between
the Florida Strait and the open North Atlantic downstream of Cape Hatteras (Lea-
man et al. 1989). Estimated full-depth transport increases from about 32 Sv (1 Sv
= 10° m® s7!) in the Florida Strait (Meinen et al. 2010), to about 94 Sv near Cape
Hatteras (Leaman et al. 1989), and to at least 150 Sv near 60°W (Hogg 1992). Mean-
ders north of Cape Hatteras generally grow in the downstream direction (Watts and
Johns 1982), although a local minimum in meander amplitude is found between the
CMV Oleander survey line near 70°W and Line W near 68°W (Cornillon 1986; Joyce
et al. 2000; Andres et al. 2020).
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Statistics as of 2020-01-14:
Missions: 27
: Dives: 17,022
25°N = Glider-days: 2,121
N Distance: 81,257 km ‘

80°wW 70°W 60°W

Figure 2-1: Trajectories of Spray glider missions in the Gulf Stream (blue). Locations
of sustained in situ Gulf Stream observations from other programs (red): the Florida
Cable (FC) a part of the Western Boundary Time Series; the Oleander line; and Line
W. The mean 40-cm SSH contour averaged over 16 calendar years (1 January 2004-31
December 2019) represents the mean Gulf Stream position and provides an along-
stream coordinate system (black with dots every 250 km). Orange lines delineate
different dynamical regions: the Florida Strait (FS), South Atlantic Bight (SAB),
and Middle Atlantic Bight (MAB). The orange triangle indicates the location of “The
Point” near Cape Hatteras, and the orange square shows the northwesternmost point
of Little Bahama Bank at the 500-m isobath. The yellow star denotes the location
of the Charleston Bump. The PEGASUS line near 73°W is shown in maroon. From
south to north, Florida, North Carolina, and the New England states are highlighted
in dark gray, and important locations are indicated with arrows. Glider mission
statistics are displayed in the lower right.

39



Many observational campaigns have focused on capturing Gulf Stream dynam-
ics at fixed stations or with repeat ship-based transects. A variety of Gulf Stream
transport estimates have been produced from observational efforts at certain positions
along the Gulf Stream’s path and with relatively short temporal extent (e.g., Halkin
and Rossby 1985; Hall and Bryden 1985; Leaman et al. 1989; Hogg 1992; Johns et al.
1995). Measurements of Gulf Stream transport spanning a decade or longer are only
available for three locations in the Gulf Stream: at the Florida Cable (FC) in the
Florida Strait since 1982 (Baringer and Larsen 2001; Shoosmith et al. 2005; Meinen
et al. 2010), along the Oleander line since 1992 (Flagg et al. 2006; Andres et al. 2020),
and at Line W from 2004 to 2014 (Toole et al. 2011, 2017; Andres et al. 2020). These
long-term observations are separated by more than 1500 km in the along-stream di-
rection (Fig. 2-1) and thus do not resolve the space-time evolution of Gulf Stream
transport across the varying dynamical regimes along the U.S. East Coast.

Gulf Stream transport variability may not be correlated between different dynam-
ical regions; Sanchez-Franks et al. (2014) found that volume transport in the Florida
Strait is uncorrelated with transport downstream of Cape Hatteras. This lack of cor-
relation indicates varying entrainment along the Gulf Stream’s path and points to the
importance of recirculation gyres (e.g., Johns et al. 1995; Andres et al. 2020). Large,
eddy-driven recirculations at depth exist both north (Richardson 1985; Hogg 1992)
and south (Worthington 1976) of the Gulf Stream, contributing 20-40 Sv to the total
transport (Hogg et al. 1986; Johns et al. 1995). Smaller upper-ocean recirculation
cells have also been observed just downstream of the Gulf Stream’s separation point
at Cape Hatteras (Csanady and Hamilton 1988; Andres et al. 2020). The Antilles
Current, which joins the Gulf Stream just north of the Bahamas, is another highly
variable source of waters that are entrained into the Gulf Stream (Meinen et al. 2019).

Studies at isolated locations along the U.S. East Coast reveal differences in the
properties of waters constituting the Gulf Stream. Meinen and Luther (2016) noted
distinct upper and lower layers in the Florida Strait and three distinguishable layers
downstream of Cape Hatteras when comparing full-depth observations from both

locations. Farther downstream, at 42°N near the Southeast Newfoundland Ridge,
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the Gulf Stream structure returns to two distinguishable layers (Meinen and Luther
2016). Among the water masses advected and modified within the Gulf Stream
are intermediate waters, including Antarctic Intermediate Water and Labrador Sea
Water. Labrador Sea Water is formed through deep convection in the Labrador Sea
and is transported southward in the uppermost layer of the Deep Western Boundary
Current (DWBC; Le Bras et al. 2017). The shallowest component of Labrador Sea
Water, often called upper Labrador Sea Water, is prone to interactions with the Gulf
Stream when the DWBC encounters the Gulf Stream near Cape Hatteras (Pickart
and Smethie 1993; Spall 1996a; Bower and Hunt 2000a). AAIW is formed remotely
at high southern latitudes and reaches the Gulf Stream through the Florida Strait.
Szuts and Meinen (2017) classified the volume transport through the Florida Strait
based on water masses, but the along-stream evolution of water mass transport and
the details of the varying inputs to total Gulf Stream transport remain unknown
downstream of the Florida Strait.

Due to the large gradients and relatively small horizontal scales of the Gulf Stream,
concurrent, high-resolution observations of hydrography and velocity are necessary to
examine how different water masses contribute to total Gulf Stream transport. In the
Gulf Stream along the U.S. East Coast, an extensive field program using autonomous
underwater gliders (Todd et al. 2016; Todd 2017; Todd and Locke-Wynn 2017; Todd
et al. 2018) provides routine, finescale, subsurface measurements of hydrography and
velocity over more than 15° of latitude. These observations provide a detailed picture
of the upper kilometer of the Gulf Stream’s structure and fill the gap between long-
term measurements in the Florida Strait and downstream of Cape Hatteras (Fig. 2-1).

Here we examine the along-stream evolution of Gulf Stream volume transport
across different dynamical regimes along the U.S. East Coast. The transport esti-
mates presented here are derived from a combination of glider-based observations and
shipboard measurements along Line W that are described in section 2.2. Section 2.3.1
explains how we estimate volume transport from the observations, then discusses the
along-stream increase in total volume transport with comparisons to previous studies.

Section 2.3.2 focuses on the contributions of waters with various properties to Gulf
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Stream transport. Section 2.4 summarizes the results and implications.

2.2 Observations

2.2.1 Glider missions

Spray autonomous underwater gliders (Sherman et al. 2001; Rudnick et al. 2016) have
repeatedly surveyed the Gulf Stream along the U.S. East Coast over the course of
27 missions since 2004 (Fig. 2-1). Between 2004 and 2009, four missions sampled
exclusively downstream of Cape Hatteras (details in Todd et al. 2016). Since 2015,
23 missions have sampled along the U.S. East Coast between Miami, Florida, and
New England. For the ongoing sampling program, gliders are deployed offshore of
Miami near 25°45'N; 80°W approximately every two months (Fig. 2-2a) to ensure
sufficient seasonal coverage (Fig. 2-2b). During a typical 120-day mission, a glider
crosses the Gulf Stream approximately 10 times between the Florida Strait and the
continental shelf south of Cape Cod, Massachusetts, while profiling along a sawtooth
path through the water column. Since June 2018, gliders have had clearance to enter
Bahamian waters, allowing occupation of complete transects across the Florida Strait.
Some missions ended early due to shark attacks and instrument failures, leading to
reduced observation density downstream of Cape Hatteras (Fig. 2-2). This analysis
uses observations from Gulf Stream glider missions completed through January 2020;
summary mission statistics are included in Fig. 2-1.

The horizontal speed of the gliders through the water is approximately 0.25 m s™1,

but depth-average Gulf Stream speeds often exceed 1 m s~!.

The gliders are thus
advected downstream while they steer perpendicular to the observed depth-average
currents. Resulting trajectories over the ground are typically oriented at angles of
25°-40° to the left or right of the local flow while crossing the Gulf Stream (Fig. 2-1;
Todd et al. 2016). Gliders are often commanded to loop upstream on the flanks of

the Gulf Stream to achieve denser along-stream resolution.

Each glider carried a pumped Sea-Bird 41CP CTD to measure temperature, salin-
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Figure 2-2: Spray glider sampling in the Gulf Stream as a function of along-stream
distance from 25°N and time. (a) Sampling from Apr 2015 through Jan 2020. (b)
All sampling since 2004 as a function of time of year instead of measurement date.
Vertical and horizontal dashed lines delineate seasons and dynamical regions (FS,
SAB, MAB), respectively. Points are colored by cross-stream position relative to
where the 15°C isotherm is found at a depth of 200 m, except for part of one glider
mission in late 2016 when the CTD failed (gray).

ity, and pressure. We estimate depth-average current velocities vpa based on the
difference between dead-reckoned and GPS-measured glider displacements (Rudnick
et al. 2018). For the 22 missions since July 2015, the gliders have also been equipped
with 1-MHz Nortek acoustic Doppler dual current profilers (AD2CPs) and Seapoint
chlorophyll fluorometers. Some gliders began carrying Sea-Bird 63 dissolved oxygen
sensors in October 2018. Chlorophyll and oxygen measurements are not discussed
further here. We estimate absolute horizontal velocity profiles by combining the ve-
locity shear measured by the AD2CPs with estimates of depth-average currents and
surface drift velocities using an inverse method (Todd et al. 2017). The AD2CPs
also function as altimeters and are used to avoid collisions with the seafloor during
the descending phase of each glider dive. Profiles at nominal vertical speeds of 0.1
m s~ ! reach to maximum depths of 1000 m or to within a few meters of the seafloor

when the bottom is shallower than a kilometer. All quantities are measured during

the ascending phase of each glider dive. Cross-Gulf Stream transects usually have a
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Figure 2-3: Example Spray glider transects across the Gulf Stream during spring 2019:
(a)—(c) potential temperature 6, (d)—(f) salinity, and (g)—(i) downstream velocity
(i.e., velocity parallel to the measured depth-average current). Black contours are
isopycnals with a spacing of 0.5 kg m~3 and the 26.0 kg m~2 isopycnal bold. Tick
marks on the upper axes indicate the locations of individual profiles. The bathymetry
as measured by the glider’s AD2CP is shaded gray. From left to right, transects are
representative of the FS; SAB, and MAB dynamical regions. Inset maps in (a)—(c)
show the location of each transect in red in relation to the complete mission trajectory

(gray).
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cross-stream resolution of 5 km or finer (e.g., Fig. 2-3).

Glider observations are automatically and manually quality-controlled using es-
tablished postprocessing routines for Spray gliders (e.g., Rudnick et al. 2017, 2018).
We ensure that accurate predive and postdive locations and times are available for
each dive and adjust the heading records for each dive using heading-dependent com-
pass calibrations and local magnetic variations. CTD profiles are examined visually
and quality flags are assigned manually; usable data are then averaged into 10-m ver-
tical bins for subsequent analyses. Raw AD2CP data are processed as described in
Todd et al. (2017) to produce 10-m-resolution profiles of absolute horizontal velocity
with two key changes that serve to admit more data into the velocity calculation.

I to

First, we increase the maximum velocity accepted as good from 0.5 to 5 m s~
avoid filtering out good data in regions of large shear (mainly around the thermo-
cline). Second, we reduce the signal-to-noise ratio (SNR) below which measurements
are excluded from 20 to 1. For two missions, loss of instruments before recovery led
to no raw AD2CP data being available for quality control of individual samples; only
the shear profiles processed on board the gliders and transmitted in near-real time
via the Iridium satellite network are available for those missions.

The accuracy of the transport estimates that follow depends in part on the ac-
curacy of individual velocity estimates. Velocity profiles are constrained by both the
depth-average velocity estimates and estimates of surface velocity from glider drift
during communications (Todd et al. 2017). Depth-average velocity estimates have
root-mean-square errors (RMSEs) of about 0.01 m s~ and insignificant bias (Rud-
nick et al. 2018). Surface velocity estimates have accuracies of about 0.05 m s~! (Todd
et al. 2017). To estimate additional errors in depth-dependent velocities derived from
AD2CP measurements, we follow Todd et al. (2017) and consider the profiles of veloc-
ity variance for each glider mission with an AD2CP (Fig. 2-4a). A velocity variance
profile in the ocean is expected to have high variance near the surface due to upper
ocean variability and to generally decrease with depth. However, the glider-based
variance profiles often exhibit a minimum at middepth. The increase in variance be-

low this middepth minimum in the glider velocity solutions is attributed to random
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Figure 2-4: (a) Vertical profiles of velocity variance for the 22 Gulf Stream glider
missions with AD2CPs from the surface to the maximum depth for which at least 40
dives contribute to the variance. Red indicates missions where raw data are not avail-
able due to instrument losses. (b) Histogram of the root-mean-square error (RMSE)
in velocity profiles for all Gulf Stream missions shown in (a). The mean and median
RMSEs for missions with raw data are shown. Color coding is as in (a).

errors (e.g., due to reduced acoustic scatterers at depth). We estimate the root-mean-
square error associated with the depth-dependent velocity profiles from a mission as
the square root of the difference between the minimum variance and the maximum
variance below the depth of minimum variance. Here, the variance profiles taken into
account extend down to the maximum depth sampled during at least 40 glider dives
over the course of each mission. For 9 of 22 missions, minimum variance is at the bot-
tom of the profile. The two updates to AD2CP processing since Todd et al. (2017)
(i.e., reduction of SNR ratio and increase of maximum velocity accepted as good)
admit more data into the estimate, thereby reducing profile-to-profile variability, es-
pecially at depth. Increases in velocity variance at depth and resulting estimates of
root-mean-square errors in depth-dependent velocity are reduced from the 0.24 m s=1

estimate for a Gulf Stream mission in Todd et al. (2017) to less than 0.18 m s~ for all

missions with raw AD2CP data available (Fig. 2-4b, blue). The two missions without
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raw AD2CP data exhibit higher variance and consequently higher root-mean-square
errors (Fig. 2-4, red). One mission had very low variance at the surface due to many
shallow dives over the continental shelf. For missions with raw AD2CP data avail-
able, the mean error associated with the depth-dependent, AD2CP-derived velocity
profiles is 0.05 m s~ and the median is 0.04 m s~!. Considering these various sources
contributing depth-dependent and absolute errors, we will assume that 0.1 m s~! is
an appropriate typical value for the error in individual glider-based absolute velocity
profiles in the transport estimates that follow.

For the five missions without AD2CPs, depth-dependent, cross-transect velocities
are estimated from geostrophic shear referenced to the cross-track component of the
depth-average current following Todd et al. (2011). We use an objective mapping
routine with a 50-km Gaussian length scale (Bretherton et al. 1976) to filter signals
with periods shorter than a day, such as internal waves and tides (Rudnick and Cole
2011; Todd et al. 2011), when estimating along-track density gradients at the original
profile locations. Temperature and salinity for these transects are mapped similarly.
We mask objectively mapped fields where the normalized mean square error of the
objective map exceeds 0.1. Despite difficulties near the edges of transects due to the
along-track scale of the mapping, comparisons of AD2CP-based and geostrophic ve-
locity estimates for missions with AD2CPs give us confidence that transport estimates

derived from geostrophic velocities are useful for analysis.

2.2.2 Line W observations

To supplement the glider observations, we use ship-based CTD and lowered ADCP
(LADCP) measurements from 13 cruises along Line W. These observations help to
constrain transport estimates in a region of reduced glider sampling downstream of
Cape Hatteras (Fig. 2-2). Between November 1994 and May 2014, repeated cruises
provided simultaneous full-depth observations of hydrographic properties and current
velocities along Line W (Fig. 2-1; Toole et al. 2011; Andres et al. 2020). For our
analysis, we require that the ship transects crossed the entire Gulf Stream and did

not have large sampling gaps within the current. This leaves us with cruise data from
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the following times: 2003 (November), 2004 (May and September), 2005 (April), 2006
(October), 2007 (April and October), 2008 (May), 2009 (September), 2010 (October),
2011 (July), 2012 (August), 2013 (May). The Line W transects are of lower horizontal

resolution than the glider transects, with station spacing of about 30 km in the Gulf

Stream (e.g., Fig. 2-5). In order to treat Line W transects in a manner analogous

to the glider transects, we interpolate the Line W data in the upper kilometer to

the glider depths and calculate the depth-average current as the mean LADCP-based

velocity in the upper 1000 m. Asin Andres et al. (2020), near-surface gaps in LADCP

profiles are filled with the shallowest valid measurement. Toole et al. (2011) report

uncertainties of 0.02-0.05 m s~! in the LADCP velocities at Line W, comparable to

the error estimates for glider-based velocities.
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2.2.3 Sea surface height

Satellite-based observations of sea surface height (SSH) provide spatially broad con-
text for the in situ observations from gliders and Line W. We use the absolute dynamic
topography provided by the EU Copernicus Marine Environment Monitoring Service.
Daily delayed-time products are available until 13 May 2019. Near-real-time products

are used for more recent times.

2.3 Results and discussion

2.3.1 Transport estimates

Our goal is to characterize the time-mean spatial evolution of Gulf Stream vol-
ume transport above 1000 m along the U.S. East Coast using the observations from
both Spray gliders and Line W. To estimate transport from this collection of cross—
Gulf Stream transects we must overcome several challenges, including defining “Gulf
Stream transport” and estimating the associated transport errors. In this section,
we first describe how we identify cross-Gulf Stream transects (section 2.3.1.1), then
we construct upper and lower bound estimates of Gulf Stream transport in order to
characterize errors in transport estimates (section 2.3.1.2), and finally we discuss the

along-stream evolution of the volume transport (section 2.3.1.3).

2.3.1.1 Transect identification and along-stream coordinate system

Our Gulf Stream transport estimates are based on estimates of transport through
individual cross—Gulf Stream transects occupied by gliders throughout the domain or
by a ship along Line W. Identifying discrete cross-Gulf Stream transects is the first
step in our analysis. Operationally, a glider’s cross-stream direction relative to the
Gulf Stream is changed when the glider reaches the 100-m isobath or when depth-
average currents reverse direction, allowing for navigation upstream relative to the
Gulf Stream (e.g., looping glider tracks in Fig. 2-1). These piloting choices define ini-

tial endpoints for individual glider-based transects. For the shipboard observations
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Figure 2-6: Histogram of the along-stream distances covered during all glider (orange)
and Line W (red) transects that are used for transport calculations. The mean,
median, and standard deviation of along-stream extent are given in the upper-right
corner.

along Line W, initial transects comprise all profiles from a given cruise. To refine the
individual transects from both platforms, we further require that each transect pro-
ceeds monotonically in the cross-stream direction defined by the local upper-1000-m
depth-average current. The only exceptions are isolated midtransect glider dives that
proceed in the opposite direction due to piloting mishaps. Transects are also visually
inspected (in conjunction with contemporaneous SSH) to ensure that they cross the
entirety of the Gulf Stream and to exclude adjacent non-Gulf Stream features.
Among the glider transects excluded from this analysis are those that only crossed
part of the Florida Strait prior to receipt of Bahamian clearance and those south of

New England that were cut short near the ends of the missions due to limits on mission
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endurance. Furthermore, one glider mission starting in November 2016 is excluded
entirely due to a CTD failure before completion of a full Gulf Stream crossing. In
total, 155 glider transects and 13 Line W transects are used for transport estimates.
Of the glider transects, 142 have AD2CP-based velocity estimates and 13 only have
geostrophic velocity estimates.

Following Todd et al. (2016), a local streamwise coordinate system is constructed
for each glider and Line W transect with the cross-stream origin located where the
15°C isotherm is found at a depth of 200 m, a common definition of the Gulf Stream’s
North Wall (Fuglister and Voorhis 1965). The along-stream extent of each transect is
computed as the sum of the along-stream displacements relative to the depth-average
current during each dive in a transect. The typical along-stream extent of a glider-
based cross-Gulf Stream transect is about 200 km (orange bars in Fig. 2-6). The
along-stream extent of Line W transects is often much shorter (red bars in Fig. 2-6)
because Line W is oriented approximately perpendicularly to the Gulf Stream in most
cases. The mean along-stream extent across all transects is 210 km, the median is
205 km, and the standard deviation is 74 km.

We define an along-stream coordinate system based on the 40-cm SSH contour
averaged over 16 calendar years that cover almost the entire observation period (1
January 2004-31 December 2019). The long-term mean position of the 40-cm SSH
contour is treated as a representative streamline that traces the Gulf Stream continu-
ously from Florida to beyond Cape Hatteras (Fig. 2-1). Other SSH contours that are
frequently used to track the Gulf Stream [e.g., the 25-cm SSH contour in Lillibridge
and Mariano (2013) and Andres (2016)] are not continuous over the entire glider
sampling domain. The intersection of the 40-cm SSH contour with 25°N, a point in
the Florida Strait close to the typical launch site for gliders, is taken as the origin
of our along-stream coordinate system. Projecting the midpoint of a transect onto
the along-stream coordinate system gives a measure of the approximate along-stream
position of each Gulf Stream transect, though it should be reiterated that glider-
based transects typically have along-stream extents of 200 km. The along-stream

distances of other important geographic locations and transport measurement sites
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(Fig. 2-1) are defined as the intersection with the along-stream coordinate system for
lines (e.g., the Florida Cable, the PEGASUS line near 73°W, the Oleander line, and
Line W) or the projection onto the along-stream coordinate system for points |e.g.,
the Charleston Bump (CB), a ridge and trough feature in the continental slope near
31°30'N, 79°W indicated as a yellow star in Fig. 2-1]. To distinguish the different geo-
graphical regions (F'S, SAB, MAB), we project the northwestern-most tip of the Little
Bahama Bank at the 500-m isobath (27°41'N, 79°14'W, orange square in Fig. 2-1)
and “The Point” at Cape Hatteras (CH; 35°33'N, 74°48'W, orange triangle in Fig. 2-
1) onto the along-stream coordinate system. The resulting along-stream distances
of those two locations are 304 km and 1366 km, respectively. Transects with along-
stream distances smaller than that of the Little Bahama Bank are considered Florida
Strait transects (10 transects used in the transport calculations). Transects with
along-stream distances larger than that of the Little Bahama Bank and smaller than
that of The Point are considered SAB transects (111 transects). The rest are MAB
transects (47 transects). The along-stream extent of glider transects creates ambigu-
ity in their positioning, particularly in classification between geographic regions; for
example, initial transects from Miami sometimes extend north of the Little Bahama
Bank and capture flow of the Antilles Current that joins the Gulf Stream downstream
of the Florida Strait, yet the midpoint of the transect is within the Florida Strait.
The impact of this ambiguity is reduced by averaging transport estimates from many

transects in section 2.3.1.3.

2.3.1.2 Gulf Stream transport calculations

The Gulf Stream volume transport 71" through any given cross-Gulf Stream transect

is defined as the area integral of the velocity v, that is perpendicular to the transect

T://Awm, (2.1)
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Figure 2-7: (a) Example transect from a mission near 31°N during July 2015. Gray
line segments correspond to the glider displacements Al during each dive with loca-
tions of GPS fixes denoted by crosses. Depth-average currents vpy for each dive are
shown as red arrows. The dive with the maximum transport per unit distance for
the entire transect v, is highlighted in black. A unit arrow is shown for scale in
the lower-right corner. (b) Zoomed version of (a) showing only a single glider dive to
highlight the vectors and angles used to calculate transport. The vector v represents
the local current, « is the angle of the glider displacement, ¢ is the angle of the lo-
cal depth-average current, and 3 is the angle corresponding to v... All angles are
measured counterclockwise from east.

where the region A defines the Gulf Stream. For discrete sampling, T is estimated as

T=) > T (2.2)

the sum of the transports 7;; through each measurement cell within the bounds of
the Gulf Stream. Our coordinate system is such that 7;; is positive downstream for
the Gulf Stream; we include only 7;; > 0 in our summation.

The fundamental challenge in estimating the transport of the Gulf Stream (or any
other particular current) lies in defining the portion of the total transport through

a transect that is to be included in the summation in Eq. (2.2) (see also Knauss
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1969; Rossby et al. 2010). The Gulf Stream can exhibit substantial curvature in
its path (e.g., Hansen 1970; Levine et al. 1986; Johns et al. 1989), while corotating
eddies are frequently located along the edges of the current (Lee and Atkinson 1983;
Glenn and Ebbesmeyer 1994). In several cases, the direction of the depth-average
flow curves more than 90° over the span of a glider transect (e.g., Fig. 2-7a). These
large curvatures are often encountered downstream of Cape Hatteras, as well as in
the area around the Charleston Bump (e.g., Fig. 2-7a). The Charleston Bump has
been shown to play a role in turning the Gulf Stream through bottom pressure torque
(Gula et al. 2015). Curvature is a challenge because defining a single “downstream”
direction becomes problematic for transects that are not oriented perpendicular to
the Gulf Stream, whether due to platform advection as for gliders or meandering of
the current relative to the fixed Line W location. Similarly, corotating eddies are a
challenge because we need to decide which portion of the flow contributes to poleward
transport or “throughput.” To overcome these difficulties, we construct upper and
lower bound estimates for the Gulf Stream transport through each transect.

For an upper bound estimate of volume transport, we aim to include the maximum

possible transport, so we simply define

CZﬂij,upper = Vlij All AZ, (23)

where vy;; = |v;;|sin(¢;; — ;) denotes the component of the measured velocity that
is perpendicular to the local transect segment Al; (see Fig. 2-7b); Al; is the length
of Al;. The angles ¢ and « are measured counterclockwise from east to the local
current direction v and the transect segment Al respectively. Az = 10 m is the
vertical extent of each sampling bin. To compute transport as a function of density
rather than depth, we linearly interpolate v, to isopycnal surfaces with a spacing
of 0.05 kg m™ and replace Az with Ac = 0.05 kg m™ in Eq. (2.3). For the glider
observations, Al is the displacement between the GPS fixes recorded at the beginning
and end of a dive. For Line W data, we calculate the displacement Al from mid-points

between the stations that serve as artificial predive/postdive locations. This upper
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bound is equivalent to cross-stream integration of all flow parallel to the local depth-
average current for each profile (e.g., integrating Figs. 2-3g—i). All flow constituting a
curved Gulf Stream is included (e.g., all transport in the direction of the red arrows in
Fig. 2-7a), but flow as part of nearby eddies, including flow not in the same direction as
the Gulf Stream, is also included when those eddies remain within selected transects.

For a lower bound estimate of volume transport, we seek to exclude the contribu-
tions due to adjacent eddies and flow in directions other than that of the Gulf Stream.
We accomplish this by scaling each T;; ypper based on the angle between the local flow

and a chosen representative orientation of the Gulf Stream for that transect. We

define
Tijjower = Tijupper cos(dy; — B), (2.4)

where (3 is the orientation of vy.., the depth-average current for the profile with the
maximum transport per unit along-track distance for a given transect (e.g., black
arrow in Fig. 2-7). Transport per unit along-track distance is simply the depth-
average speed |vpy| times the profile depth H. For transects in which the depth-
average current is strongest in shallow regions near the edges of the transect and the
Gulf Stream is curved (e.g., Fig. 2-7a), this definition of v, better captures the
direction of the core of the Gulf Stream than choosing the direction of the maximum
depth-average current to define 5. We use this technique for our lower bound estimate
since it guarantees a smaller total transport [cos(¢;; — ) < 1] than the upper bound,
whereas attempting to compute transport in a streamwise coordinate system may
lead to larger or smaller transport estimates when nonparallel flow exists (see Halkin
and Rossby 1985). The lower bound at least partially excludes contributions from
corotating eddies, since only transport into the direction of the Gulf Stream core
(i.e., Vimax) is considered. Flow that is oriented more than 90° from v,., makes no
contribution to the lower bound transport estimate.

Having estimated the T;; for both our upper and lower bound transports, we
next determine the limits of integration |area A in Eq. (2.1)]. We look for a 4-

connected region (i.e., pixels share adjoining edges) of T;; > 0 using edge-finding
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Figure 2-8: Step-by-step example illustrating the procedure for determining limits
of integration for transport calculations in Eq. (2.1). The bathymetry as measured
by the glider’s AD2CP is shaded light gray. Dark gray indicates regions where there
are no data. (a) Tjjiower for the transect shown in Fig 2-7a. (b) Binary matrix that
has value 1 (white) when T;; > 0 and 0 otherwise (black). Top/bottom/left/right
edges of regions of positive T;; are drawn in indicated colors. (¢) Connected regions
of positive T;; and their correspondingly colored edges. The orange region with the
largest transport is the Gulf Stream, the magenta region contains the second largest
transport. Regions with smaller transports are shown in yellow. As in (b), black
indicates regions where T;; is negative. (d) 7j; as in (a) with the resulting integration
boundary of the Gulf Stream in black.
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methods adapted from image processing. Figure 2-8 shows a step-by-step example of
the process by which we determine the integration limits. From the T;; (Fig. 2-8a),
we create a binary matrix that has value 1 when 7;; > 0 and 0 otherwise (Fig. 2-8b).
Horizontal and vertical differences of this matrix allow for unambiguous identification
of sampling cells (pixels) that are along the edges of connected regions; each pixel is
labeled with a binary code describing whether it is a left, right, top, and/or bottom
edge of, interior to, or exterior to a connected region of T;; > 0 (Fig. 2-8b). We
then trace and label edge pixels while requiring 4-connectivity (i.e., pixels have to
be connected to their regions through at least one edge and not only a corner).
Starting from an identified edge pixel, we determine the location of the next connected
edge pixel based on the label of the current pixel. After completing a circuit along
connected edges, we assign a unique label to the resulting connected region. The
process is repeated starting from an uncategorized edge pixel until all pixels with
Ti; > 0 are assigned to connected regions (Fig. 2-8c). The region with the largest
transport within a transect is taken to be the Gulf Stream and its edge is the limit
of integration for the Gulf Stream transport estimate (Fig. 2-8d).

Two example transects illustrate the effect of the upper and lower bound def-
initions on volume transport estimates (Fig. 2-9). For a transect with almost no
curvature in the Florida Strait (Fig. 2-9a), the T}, ypper and Tj; jower are essentially the
same (Figs. 2-9c,e) and the resulting upper and lower bound transport estimates of
36.8 and 36.4 Sv, respectively, are almost equal. On the other hand, for a transect
with strong curvature near 31°N in the vicinity of the Charleston Bump (Fig. 2-
9b), the two Tj; fields and the corresponding integration limits differ substantially
(Figs. 2-9d,f), resulting in volume transport estimates that differ by about 15 Sv.

Upper and lower bound volume transport estimates are computed for each indi-
vidual glider and Line W transect following the procedure above (circles and squares
in Fig. 2-10). We use AD2CP-based velocities for the glider transport calculations
when available (142 transects; filled circles) and geostrophic velocity estimates other-
wise (13 transects; open circles). Line W transport estimates are based on velocities

measured by LADCPs (13 transects; squares).
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Figure 2-9: Two example transects across the Gulf Stream (left) from the Florida
Strait and (right) in the vicinity of the Charleston Bump (same transect as shown
in Figs. 2-7 and 2-8). (a),(b) Speed (blue) and direction clockwise from east (¢;
red) of depth-average currents. The location of v, is indicated by dashed vertical
black lines. (c),(d) Upper bound of the transport through each cell (T;;upper)- (€),(f)
Lower bound of the transport through each cell (Tjjiower). In (c)—(f), the black line
outlines the region of integration for transport calculations. Light gray indicates
the bathymetry as measured by the glider’s AD2CP, while regions without data are
dark gray. Corresponding volume transport estimates are shown in the lower right of

(e)~(f).
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Figure 2-10: Gulf Stream volume transport estimates in the upper 1000 m as a func-
tion of along-stream distance from 25°N for both the upper and the lower bound
(see legend in the lower right). Individual transport estimates (symbols) are from
glider transects across the full width of the Gulf Stream (using either direct veloc-
ity measurements from AD2CPs or mapped geostrophic velocities) and from ship-
board LADCP casts along Line W. A Gaussian-weighted running mean with 200-km
scale (lines) and the bootstrapped standard error of the weighted mean (shading)
are shown. Mean volume transport estimates from cable measurements as part of
the Western Boundary Time Series in the Florida Strait (Meinen et al. 2010) and
from Line W as calculated in Andres et al. (2020) are shown as black squares with
whiskers indicating the standard error of the mean. The standard error of +0.2 Sv
from Meinen et al. (2010) is too small to be visible. Black triangles on the upper axis
indicate the along-stream distances of important geographic locations and sustained
transport measurement sites: Florida Cable (FC), Charleston Bump (CB), The Point
at Cape Hatteras (CH), PEGASUS line near 73°W, Oleander line, and Line W. The
dashed vertical lines distinguish the three different dynamical regions with boundaries
as defined in the text: FS, SAB, MAB (from left to right).
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To assess the effect of instrumental errors on our transport estimates, we propa-
gate the 0.1 m s™! errors on glider-based velocity profiles (see section 2.2.1) and the
0.05 m s~! errors on Line W LADCP profiles (section 2.2.2) through the transport
estimates for each transect. The resulting mean and standard deviation of errors is
0.4 + 0.1 Sv for both types of estimates and both bounds. Although the uncertainty
in LADCP velocity estimates is smaller than the uncertainty in glider-based AD2CP
velocities, the larger station spacing results in similar transport errors. These instru-
mental errors are small compared to the magnitudes of the transports in question.
Defining the Gulf Stream and its edges/integration bounds likely presents a larger
source of uncertainty in transport estimates that is more difficult to quantify. Our
construction of upper and lower bounds of transport estimates seeks to ameliorate
this difficulty. Variability in transport on time scales shorter than the 5 days typi-
cally required to occupy a transect is not resolved. Glider-based measurements will
underestimate Gulf Stream transport when the gliders did not reach the edge of the
Gulf Stream, such as in cases for which the 100-m isobath defines the inshore edge for
operational reasons. However, transport contributions on the shelf are minimal even
for high current velocities due to the shallow depths. Assuming current velocities of

1

1 m s™, missing 10 km of Gulf Stream width in water shallower than 100 m would

underestimate the transport by less than 1 Sv.

2.3.1.3 Along-stream evolution of volume transport

When volume transport is plotted as a function of the along-stream position for each
transect, the well-known increase in volume transport between the Florida Strait and
New England becomes apparent (circles and squares in Fig. 2-10). However, both
upper and lower bound transport estimates exhibit significant variation between tran-
sects at similar along-stream positions. As Rossby et al. (2010) noted, interpreting
transport variations between successive transects is difficult if the transects do not
reach the physical boundaries of a basin or channel. This transect-to-transect vari-
ability at fixed along-stream positions, noted early on by Iselin (1940), is attributable

to eddy activity, inherent Gulf Stream variability, and other variable forcing including
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hurricanes (e.g., Todd et al. 2018).

To estimate time-mean Gulf Stream transport as a function of along-stream dis-
tance, we smooth over the transect-to-transect variability using a running weighted
mean with a Gaussian window that has a characteristic length scale of 200 km. This
along-stream smoothing scale is chosen based on the typical along-stream extent of
individual cross-Gulf Stream glider transects (Fig. 2-6), which sets a lower limit on
the along-stream resolution of our transport estimates. This 200-km scale is con-
sistent with previous estimates of typical length scales in the Gulf Stream from a
satellite altimetry-assimilating model (Mellor and Ezer 1991). Along-stream length
scale estimates purely based on observations are lacking since there are no continu-
ous subsurface measurements with high enough spatial resolution. By applying the
sliding window, we obtain upper- and lower-bound estimates of volume transport as
a function of along-stream distance (lines in Fig. 2-10). The standard errors of the
weighted means (shading in Fig. 2-10) are obtained by bootstrapping following Gatz
and Smith (1995) and give an indication of how sensitive the time means are to any
one transect. The bootstrapped errors are generally less than 5 Sv.

Glider-based volume transport estimates at key locations (Table 2.1) agree well
with independent estimates at those locations. The upper and lower bound estimates
of 329 + 1.2 Sv and 32.3 £ 1.1 Sv, respectively, in the Florida Strait agree to
within error bars with estimates from the Western Boundary Time Series; Meinen
et al. (2010) estimated a long-term-mean transport of 32.1 4+ 0.2 Sv from motionally-
induced voltage differences in a submarine cable across the Florida Strait referenced
to repeat ship-based observations (FC in Figs. 2-1 and 2-10). Our estimates for the
Florida Strait include some transport contribution from the Antilles Current north
of the Bahamas, which explains the slightly higher transport values compared to
Meinen et al. (2010). Leaman et al. (1989) estimated a Gulf Stream transport of
86.8 Sv through the PEGASUS line near 73°W (maroon line in Fig. 2-1). Glider-based
estimates of volume transport in the upper 1000 m at the same along-stream distance
(about 1500 km) capture 70%—74% of the transport measured over the upper 2000 m
by Leaman et al. (1989). Andres et al. (2020) used shipboard ADCP data to estimate
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Table 2.1: Volume transport by water class at selected locations: Florida Cable (FC), Charleston Bump (CB), The Point at
Cape Hatteras (CH), PEGASUS line near 73°W, Oleander line, and Line W. The total corresponds to the lines in Fig. 2-10. For
each location and water class (see classifications in Fig. 2-13), the upper row shows the absolute transport (Sv) and the fraction
of the total transport (%) for the upper bound. The lower row (italic) corresponds to the lower bound. The individual water
class transports do not exactly sum up to the total because a few transects with multiprofile gaps in CTD data are excluded
from the water class analysis.

FC CB CH PEGASUS Oleander Line W
Total 3294+ 1.2 44.0 £ 1.8 573+ 1.9 64.1 £+ 2.8 73.8 £29 75.6 £ 4.7
32,8+ 1.1 377+ 1.2 54.5 £ 1.7 60.5+ 2.2 671+ 2.7 69.9 + 4.2

MABW  0.1+£00 0% 0.1+£00 0% 03+01 0% 06 £02 1% 22+04 3% 28 £04 4%
0100 0% 0100 0% 02+01 0% 05+02 1% 1.7£03 3% 25x04 4%

SW 574+ 0.6 17% 494+ 04 11% 224+05 4% 20+0.7 3% 20+ 0.6 3% 254+06 3%
5.6 0.6 17% 4.4+£04 12% 21+£05 4% 20+06 3% 1.8+05 3% 28+06 3%
W 86 £0.7 26% 12.0+0.8 28% 1394+09 25% 150+1.1 24% 145+12 20% 131+12 1™%

844 0.7 26% 104+ 0.5 28% 134+ 0.9 25% 144+ 1.1 2{% 135+ 1.2 20% 124+ 1.2 18%
EDW 124 +0.6 38% 181408 41% 251+ 1.0 44% 285+ 1.4 45% 343+ 16 47% 384 +3.0 51%
12.24 0.6 38% 154+ 0.6 41% 237+ 0.9 J4% 266+ 1.2 J4% 307+ 1.6 47% 352+ 2.6 51%
W 30+£03 9% 47403 11% 71+03 13% 84405 13% 102405 14% 104 +0.8 14%
29+02 9% 8.9+02 10% 67+08 12% 7.8+ 04 13% 9.2+ 0.5 1% 9.6+ 07 L%
uL.SW 00£00 0% 10£02 2% 69+05 12% 81+£07 13% 914+09 12% 7.6+1.1 10%
0.0+£00 0% 07+01 2% 66+05 12% 78+ 06 13% 84+09 13% 7.2+ 1.1 10%
AAIW  29+03 9% 29403 7% 12402 2% 1.0£02 2% 06+01 1% 05+02 1%
2.8+ 0.3 9% 25+02 1% 1.2+02 2% 1.0+02 2% 06+01 1% 05+02 1%
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Gulf Stream transports of 60.6 Sv in the upper 600 m along the Oleander line, which is
82%-90% of our estimate of transport for the upper 1000 m (Table 2.1). Andres et al.
(2020, their Table A1) estimated an upper-1000-m transport of 69.3 £+ 5.5 Sv using
only Line W observations, similar to our upper and lower bound transport estimates
of 75.6 £ 4.7 Sv and 69.9 4 4.2 Sv, respectively, from the combination of Line W and
glider-based observations. However, Andres et al.’s estimates for individual Line W
transects may differ from our estimates, in part because they computed transports in
a cross-line coordinate system with a single downstream direction for each transect
defined by the maximum near-surface velocity and included some profiles that we
exclude based on the orientation of depth-average flow. Andres et al. (2020) also
reported independent transport estimates from two moorings that observed the Gulf
Stream at Line W between 2010 and 2014. Their mooring-based transport estimate
of 78.2 Sv is slightly higher than our estimate but is based on construction of a
time-mean Gulf Stream transect from which transport is computed. Overall, the
comparison with independent estimates shows that gliders are well suited to measure
transport in western boundary currents.

Volume transport increases relatively steadily between the northern end of the
Florida Strait (along-stream distance of about 300 km) and Line W (along-stream
distance of about 2000 km). Assuming linear growth and averaging the upper and
lower bound slopes, transport in the upper kilometer increases by about 2.4 Sv every
100 km between those two locations. For comparison, Knauss (1969) estimated that
full-depth transport increases at a rate of “7% over 100 km over a distance of 2000 km
downstream of the Florida Straits.”

Differences between the upper and lower bound transport estimates are largest
offshore of South Carolina (along-stream distance of about 750 km), a region that is
known for curvature and meanders caused by instabilities in the lee of the Charleston
Bump (Gula et al. 2015; Zeng and He 2016). Downstream of Cape Hatteras (>1366 km),
the errors on mean transports grow due to a combination of reduced sampling and
high Gulf Stream variability. Nevertheless, it appears that differences between upper-

and lower-bound transports are elevated in this area where the lack of a stabilizing
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Figure 2-11: Vertical structure of volume transport in the FS, MAB, and SAB as
a function of (a) depth and (b) potential density op. The shading indicates the
respective standard error of the mean.

topographic slope allows for the formation of large meanders and eddies.

Following the procedure described in section 2.3.1.2 without integrating in depth,
we estimate the vertical transport profiles for individual transects in both depth and
density coordinates. To examine the Gulf Stream structure and transport in the dif-
ferent dynamical regions, we compute the mean of transport profiles within the FS,
SAB, and MAB regions (Fig. 2-11). The transport in the upper 1000 m increases
barotropically (i.e., uniformly throughout the water column) over the three differ-
ent regions (Fig. 2-11a); transport is highest at the surface and decreases relatively
linearly with depth. Near-surface waters become denser as the Gulf Stream flows
northward and cools, so most of the transport occurs in denser water classes in the
MAB (Fig. 2-11b). Our observations agree with Hogg (1992), who also observed a
downstream barotropic transport increase and nearly constant baroclinic transport
in direct velocity observations downstream of Cape Hatteras.

The along-stream increase in Gulf Stream transport must be due to a combination
of deepening, acceleration, and /or broadening of the Gulf Stream. Many observational

campaigns have shown that the Gulf Stream indeed reaches deeper as the seafloor
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deepens downstream of Cape Hatteras; it extends to the seafloor in waters greater
than 4000 m deep (e.g., Hall and Bryden 1985; Johns et al. 1995; Andres et al. 2020).
We capture the depth-related increase in transport as the Gulf Stream moves from the
Florida Strait, over the Blake Plateau, and into deeper water at Cape Hatteras (Fig. 2-
11), but since the gliders only sample the upper kilometer of the ocean, our analysis
cannot fully address increases in transport due to the Gulf Stream reaching deeper
than 1000 m. To address whether Gulf Stream speeds increase in the downstream
direction, we compute a transport-weighted velocity ((v) = > T;;v;;/ > Ti;) using
the individual upper- and lower-bound transport measurements 7;; as weights for
all transects with Doppler current profiler data. We apply the Gaussian weighted
mean and bootstrapping described in section 2.3.1.3 and then take the magnitude
of the result as the transport-weighted speed (Fig. 2-12a). The time-average Gulf
Stream speed is relatively constant along the U.S. East Coast, suggesting that the
along-stream transport increase above 1000 m is due to an along-stream increase in
Gulf Stream cross-sectional area. We note, however, that Andres et al. (2020) found
a significant change in Gulf Stream speed between the Oleander line and Line W,
which are separated by too short of a distance for such a difference to be resolved
by our analysis. Unfortunately, directly estimating Gulf Stream cross-sectional area
from the available observations is not possible since transects are oriented obliquely
and the Gulf Stream curves and evolves along its path. However, we can estimate
the Gulf Stream area by dividing our time-average transport estimate by the time-
average speed estimate (Fig. 2-12b). This calculation provides a rough estimate of
the along-stream increase in Gulf Stream cross-stream area; addressing these changes
more accurately requires a numerical model that can be sampled orthogonal to the
local flow. Nevertheless, it is clear that most of the along-stream transport increase
in the Gulf Stream stems from broadening and deepening of the current, rather than

from increasing current speeds.
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Figure 2-12: (a) Transport-weighted speed and (b) inferred Gulf Stream area above
1000 m as functions of along-stream distance. Colors, lines, symbols, vertical dashed
lines, and location indicators as in Fig. 2-10. The shading is the standard error of
the weighted mean velocity and assumes that all of the error in velocity is due to an
error in speed and not direction.
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Table 2.2: Potential temperature @, salinity S, and potential density oy of labeled
water class box vertices in Fig. 2-13.

Vertex # 6 (° C) S oy (kg m™?)

1 4.05  34.76 27.6
2 9.15  35.16 27.2
3 11.47  35.40 27.0
4 17.35  35.75 26.0

2.3.2 Water class contributions

With concurrent measurements of water properties and currents distributed along
the Gulf Stream’s path, the combined glider and Line W observations are uniquely
suited to examine the characteristics of waters transported in the Gulf Stream, where
they are entrained, and how they contribute to the Gulf Stream’s time-mean increase
in along-stream transport. We divide the total volume transport for each transect
(Fig. 2-10) into multiple water classes based on potential temperature 6, salinity, and
potential density oy (Fig. 2-13, Table 2.2). These water classes are more broadly
defined than typical for specific “water masses” so as to include all observed water
properties in a manageable number of categories. Water classes are chosen to allow
direct comparison between our results and those of Szuts and Meinen (2017) in the
Florida Strait, but with additional divisions in #-S space to account for the larger
region and wider range of water properties in our observations. We distinguish the

following water classes:

e high-salinity, near-surface Gulf Stream waters (SW; Szuts and Meinen 2017);

e warm, salty Gulf Stream thermocline waters (TW) including Salinity Maximum

Water (Toole et al. 2011; Qu et al. 2013);

e Eighteen Degree Water (Worthington 1959; Talley and McCartney 1982) and
related waters below the thermocline (EDW);

e fresher, near-surface waters from the Middle Atlantic Bight shelf and the Slope
Sea (MABW), including the Ford Water (Ford et al. 1952);
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e upper Labrador Sea Water (uLSW);
e Antarctic Intermediate Water (AAIW);
e and other intermediate waters (IW).

Surface waters (SW) are lighter than 24 kg m™ and middepth waters (TW and
EDW) are between 24 and 27 kg m~? (Szuts and Meinen called these intermediate wa-
ters). We subdivide the middepth waters into TW and EDW based on the 26 kg m—3
isopycnal. MABW was not encountered in Szuts and Meinen’s observations in the
Florida Strait. We define MABW to be lighter than 27 kg m™ and fresher than
35.75 except at potential densities greater than 26 kg m~2, where we require it to
be progressively fresher with increasing density in order to distinguish it from EDW
(Fig. 2-13). Our definition of MABW includes a wide range of properties. At po-
tential densities greater than 27.2 kg m~3, two distinct modes are apparent in the
6-S distribution (Fig. 2-13), motivating our distinction between saltier uLSW and
fresher AAIW. Following Pickart and Smethie (1993), we take uLSW to be denser
than 27.4 kg m™3. Based on where the two modes of the #—S distribution merge
(vertex 2 in Fig. 2-13), we define AAIW to be colder than 9.15 °C. Similar to the
distinction between MABW and EDW, we also use a linear function in 6—S space
to separate uLSW and AAIW based on the appearance of the two distinct modes.
Details of the linear functions that are used to delineate water classes can be found
in Table 2.2, which contains coordinates of the numbered vertices in Fig. 2-13. Re-
maining waters denser than 27 kg m™ are then simply categorized as IW. Szuts and
Meinen (2017) classified all waters denser than 27 kg m~3 as AATW; uLSW was not
encountered in their observations in the Florida Strait and they did not distinguish
between IW and AAIW based on temperature.

For each cross-Gulf Stream transect, every transport element 7T;; is assigned to a
water class based on measured water properties. We then compute the upper and
lower bounds of time-mean volume transport as a function of along-stream distance
separately for each water class, following the method described in section 2.3.1. The

results (Fig. 2-14a) elucidate the spatially dependent contributions of each water
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Figure 2-13: Joint probability density function for potential temperature 6 and salin-
ity using all available glider observations. Gray contours are isopycnals with a contour
interval of 0.5 kg m~—3 and the 24.0 and 27.0 kg m~3 isopycnals bold. Black regions
delineate the following water classes: Gulf Stream surface water (SW); Gulf Stream
thermocline waters (TW); Eighteen Degree Water and related subthermocline waters
(EDW); upper Labrador Sea Water (uLSW); Antarctic Intermediate Water (AAIW);
other intermediate waters (IW); and fresher waters that have been influenced by the
Middle Atlantic Bight shelf waters (MABW). The MABW region extends to much
lower salinities than shown to capture the freshest waters encountered. Coordinates
of the numbered vertices used to delineate water classes are given in Table 2.2. Water
class boundaries not including numbered vertices either follow isolines of potential
density oy, potential temperature 8, or salinity, or they are arbitrarily positioned
outside of the range of observed water properties.
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class to Gulf Stream volume transport. We also compute the fractional contribution
of each water class to total transport (Fig. 2-14b). Since the upper and lower bound
volume transport estimates by water class are similar, we only show the upper bound
estimates in Fig. 2-14. Table 2.1 provides both upper and lower bound transport
estimates at selected locations. The sum of transports in distinct water classes in
Fig. 2-14a approximates the upper bound total transport (blue line in Fig. 2-10), but
the two estimates do not agree exactly because five transects with multiprofile gaps
in the CTD data had to be excluded from the water class analysis (see Table 2.1).
Most of the along-stream increase in Gulf Stream volume transport is due to
entrainment of EDW and, to a slightly lesser extent, uLSW and IW (Fig. 2-14, Ta-
ble 2.1). Transport of EDW increases by about 25 Sv between the Florida Strait and
Line W. Entrainment of uLSW becomes more prominent near the Charleston Bump

(along-stream distance of about 750 km). At Line W, uLSW contributes approxi-
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(as defined in Fig. 2-13) using the upper bound transport estimates. (a) Stacked area
plot of absolute volume transport for each water class. (b) Volume transport by water
class as a fraction of the total transport. Vertical dashed lines and triangular tick
marks on the upper axes are as in Fig. 2-10.
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mately 7-8 Sv or about 10% of the total transport above 1000 m. While the fraction
of EDW transported in the Gulf Stream increases, the relative transport contribution
of uLSW also becomes more important downstream (Fig. 2-14b). It is interesting to
note that the glider observations allow us to identify poleward-flowing uLSW in the
Gulf Stream well south of Cape Hatteras, suggesting a process driving entrainment
from the DWBC into the Gulf Stream south of Cape Hatteras. The transport of
waters classified as IW increases by about a factor of 3 downstream in concert with
increases in EDW and uLLSW transport, as would be expected for these waters that
lie on a mixing line between adjacent water classes.

As anticipated, MABW is only encountered north of Cape Hatteras (>1366 km,
Fig. 2-14). It makes up only a small fraction of total Gulf Stream transport (3 Sv, 4%
at Line W), but this is notably more than the typical < 1 Sv of transport encountered
on the MAB shelf (Linder and Gawarkiewicz 1998; Lentz 2008; Todd 2020) due to
mixing with Slope Sea and Gulf Stream waters during entrainment.

The absolute and fractional transport of AAITW within the Gulf Stream decreases
downstream (Fig.2-14). The AAIW signature in 6-S space is eroded as the Gulf
Stream flows northward from the Florida Strait, in part due to near-bottom mixing
over the Blake Plateau (Todd 2017), but can be traced at least as far as Line W.
Previous studies have identified AAIW at different locations in the Gulf Stream using
its unique nutrient, oxygen, and silica signatures [e.g., Atkinson (1983) at 31°N and
Tsuchiya (1989) at 60°N]|. Combined with our observations, these studies suggest that
AAIW is likely carried far downstream in the Gulf Stream but modified along the
way.

The transport of waters classified as SW also decreases downstream (Fig. 2-14).
The combination of heat loss to the atmosphere, which leads to cooling and reclassi-
fication as TW, and mixing with entrained MABW likely accounts for this decrease
despite the increase in transport in the downstream direction at all depths (Fig. 2-11).

Our transport estimates by water class agree well with prior results from Szuts and
Meinen (2017) in the Florida Strait. They estimated that 14% of the Florida Current

transport comes from AAIW, similar to our estimate of 18% for the combination of
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AAIW and IW. Szuts and Meinen observed a larger fraction of surface waters (27% vs
our 17%). Consequently, the fraction of waters with properties last set in the North
Atlantic (a combination of EDW and TW) is slightly lower in Szuts and Meinen than

for the glider-based estimates presented here (55% vs our 64%).

2.4 Summary and conclusions

Using a combination of glider-based cross—Gulf Stream transects and shipboard obser-
vations along Line W, this analysis characterizes the time-mean along-stream evolu-
tion of Gulf Stream volume transport in the upper kilometer of the ocean. Using two
different definitions of Gulf Stream transport, we provide both an upper and a lower
bound for Gulf Stream transport in the different dynamical regimes along the U.S.
East Coast (Fig. 2-10). Our analysis confirms the well-known along-stream increase
in Gulf Stream volume transport, filling in the large spatial gaps between existing
estimates of Gulf Stream transport. The transport estimates reported here are aver-
ages of the transport through individual transects; they are not directly comparable
to estimates of transport through streamwise mean sections because of the variable
width of the Gulf Stream. The concurrent hydrographic and velocity measurements
used here additionally allow us to examine how waters of various properties contribute
to the Gulf Stream’s evolving flow along the U.S. East Coast. Subthermocline waters
are the leading contributors to the Gulf Stream’s added transport as it flows from the
Florida Strait into the open North Atlantic (Fig. 2-14).

Recently detected changes in the behavior of the Gulf Stream (Andres 2016) and
other western boundary currents (e.g., Beal and Elipot 2016; Yang et al. 2016), as well
as the projected shifts in meridional overturning as a consequence of anthropogenic
climate change (e.g., IPCC 2013, and references therein) highlight the importance of
understanding the structure, dynamics, and variability of western boundary currents
under climatological conditions for improving forecasts. Autonomous underwater
gliders enable long-duration, high-resolution monitoring of the upper kilometer of

western boundary currents (Davis et al. 2012; Rainville et al. 2013; Rudnick et al.
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2013; Schaeffer and Roughan 2015; Schoénau et al. 2015; Todd et al. 2016; Krug
et al. 2017; Todd 2017). This study presents a first detailed look at the evolution
of Gulf Stream transport along the U.S. East Coast, emphasizing the potential of
underwater gliders to continuously monitor western boundary currents as the Global
Ocean Observing System expands its coverage of ocean boundaries (Todd et al. 2019).

Details of the modification of water masses transported in the Gulf Stream remain
to be investigated, particularly in the areas around the Charleston Bump, where near-
bottom mixing is enhanced (Todd 2017), and near Cape Hatteras, where the Gulf
Stream encounters the deep western boundary current (e.g., Andres et al. 2018). Fre-
quent occurrences of upper Labrador Sea Water south of Cape Hatteras in the glider
observations leave many open questions about the pathways of this intermediate wa-
ter mass and their persistence. Realistic numerical simulations that capture observed
Gulf Stream properties and provide water mass distributions below 1000-m depth will

be beneficial to such future analyses.
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Chapter 3

Mechanisms affecting the transport and
modification of Antarctic Intermediate

Water within the Gulf Stream

Abstract

Three-dimensional mean fields of the upper 1000 m of the Gulf Stream based on obser-
vations from Spray underwater gliders show Antarctic Intermediate Water (AAIW)
entering the Gulf Stream through the Florida Strait. As the Gulf Stream flows pole-
ward, the low salinity signature of AAIW is eroded away in potential temperature—
salinity (#—S) space until disappearing around the area of the Charleston Bump, an
underwater bathymetric feature on the central Blake Plateau in the South Atlantic
Bight. Using a Reynolds-averaged advection-diffusion model, the salt fluxes through
the boundaries of three different control volumes are estimated to gain a better under-
standing of the mechanisms contributing to the erosion of AAIW in the Gulf Stream.
They reveal that both lateral stirring and vertical mixing likely play important roles.
Previous observations have shown that upper Labrador Sea Water (the shallowest
water mass transported by the Deep Western Boundary Current which is found in
a similar density range as AAIW, but is saltier) is entrained into the Gulf Stream
much further south than originally thought. Here, we show that variable flow (e.g.,
due to the highly variable Antilles Current) allows uLSW to cross isobaths and reach
the relatively shallow Blake Plateau, where it is entrained into the Gulf Stream and
contributes to the erosion of AAIW. In the future, combining these observations with
numerical simulations will shine more light on the persistence of uLSW pathways and
allow for the estimation of vertical turbulent diffusive fluxes within the Gulf Stream
using the outlined analysis.
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3.1 Introduction

The Gulf Stream is a strong western boundary current in the North Atlantic that
plays an important role in the redistribution of different water masses, heat, salt, and
carbon in the global climate system. As part of the upper limb of the Atlantic Merid-
ional Overturning Circulation (AMOC), it carries warm, salty water masses from the
tropics to higher latitudes. On its way northward, the water mass composition of the
Gulf Stream changes (e.g., Chapter 2, hereinafter referred to as Heiderich and Todd
2020). Among the water masses advected and modified within the Gulf Stream are
two intermediate water masses that are found at middepths in the ocean: Antarc-
tic Intermediate Water (AAIW) and upper Labrador Sea Water (uLSW). AATW and
uLLSW are formed remotely at high southern and northern latitudes, respectively, and
enter the Gulf Stream at disparate locations. AAIW is eroded as the Gulf Stream
flows poleward, while uLSW and other shallower subthermocline waters become en-
trained (Heiderich and Todd 2020). Here we focus on the erosion of AAIW, aiming
to understand how this water mass is modified within the Gulf Stream system. As
we show below, one of the processes contributing to the erosion is lateral mixing
with uLSW and related waters. These related waters are also salty, but slightly less
dense than uLLSW and were classified more generally as “intermediate waters” (IW)
in Heiderich and Todd (2020).

After flowing through the channel of the Florida Strait, the Gulf Stream enters the
South Atlantic Bight where it continues to flow over the relatively shallow (<1000 m)
outer continental shelf region called the Blake Plateau. In this region, the Gulf Stream
encounters the Charleston Bump, a bathymetric ridge and trough feature near 31.5°N
(black star in Fig. 3-1a), before it leaves the continental margin at Cape Hatteras,
North Carolina, veers off into the deep ocean and heads towards Europe. Using a
set of underwater glider observations, Heiderich and Todd (2020) estimated a joint
probability density function of potential temperature 6 and salinity S that exhibits
two distinct tails representing AAIW and uLSW. In the Gulf Stream, AAIW appears

as relatively fresh water at potential temperatures of about 6-9 °C and potential
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Figure 3-1: (a) Map of the locations of all glider profiles entering the mean fields (red
dots). The thick black lines delineate the lateral sides of three control volumes: a
southern one (S), a central one (C), and a northern one (N). The upstream boundary
of the southern control volume, offshore boundary of the central control volume, and
downstream boundary of the northern control volume are annotated with arrows.
The thin black lines are the 100-m isobath. The black star indicates the location
of the Charleston Bump. The latitude of 31.5°N is shown as a blue line. (b) Joint
probability density function of potential temperature 6 and salinity S of all glider
observations north of 31.5°N. The black outlines delineate two water masses, Antarctic
Intermediate Water (AAIW) and upper Labrador Sea Water (uLSW) as defined in
Heiderich and Todd (2020). (c) Same as (b), but for all observations south of 31.5°N.

densities between 27.1 and 27.5 kg m™3 (see the black outline in Figs. 3-1b,c that
follows the water class definitions in Heiderich and Todd (2020)). uLSW is found in
a similar potential density range (>27.4 kg m~2), but is notably saltier than AATW
(also indicated with a black outline in Fig. 3-1b,c). The less dense extension of the
uLL.SW tail (i.e., any water in the upper-right corner of the #—S diagrams that is
outside of the black outlines) is what Heiderich and Todd (2020) classified as IW.
6-S diagrams computed analogously to Heiderich and Todd (2020) using more glider
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observations north and south of the latitude of the Charleston Bump (blue line in
Fig. 3-1a) clearly show the downstream modification of AAIW. South of 31.5°N, both
the AAIW and uLSW tails are clearly visible with AAIW being more frequently
observed (Fig. 3-1c). North of 31.5°N, the low salinity signature of AATW fades and
its distinct tail in the -5 diagram is eroded, while the uLSW tail dominates (Fig. 3-
1b). The disappearance of AAIW in 6-S space suggests that any interactions with
other water masses ultimately lead to mixing.

AAIW enters the Gulf Stream through the Florida Strait (Szuts and Meinen
2017), where it contributes around 3 Sv or 9% of total Gulf Stream transport and
constitutes the deepest layer (Heiderich and Todd 2020). Its low salinity, low nutrient,
and low oxygen signature can be identified over the Blake Plateau up to at least 31°N
(Atkinson 1983). Farther north, the low salinity signature of AAIW and thus its
contribution to total Gulf Stream transport fades (Heiderich and Todd 2020), but its
high silica content is still detectable much further downstream in the Gulf Stream and
its extension (also known as the North Atlantic Current) to around 60°N (Tsuchiya
1989).

uLLSW is the shallowest component of Labrador Sea Water (LSW) and typically
found at depths of 750 m to 1160 m at Line W, a former mooring line near 68°W that
also served as a repeat transect for shipboard observations (Toole et al. 2017). LSW
is formed through deep convection in the Labrador Sea and carried southward in the
Deep Western Boundary Current (DWBC). The DWBC is a deep limb of the AMOC
that carries cold water masses from the tail of the Grand Banks of Newfoundland
equatorward (Pickart and Watts 1990). These cold water masses are collectively called
North Atlantic Deep Water (NADW) and include both LSW and denser Overflow
Waters below. Near Cape Hatteras, the DWBC crosses underneath the Gulf Stream.
This crossover and the associated pathways of deep and intermediate waters have
been the subject of a variety of observational and modeling studies (e.g., Talley and
McCartney 1982; Hogg and Stommel 1985; Pickart and Watts 1993; Spall 1996a;
Bower and Hunt 2000a,b). Most of these studies suggest that the deeper layers of
the DWBC are able to pass by Cape Hatteras and continue to flow equatorward as a
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subsurface-intensified flow along the continental slope of the western boundary, while
the shallower layers become entrained into the Gulf Stream and are therefore diverted
into the abyssal interior. However, there is observational evidence that the shallower
layers of the DWBC (namely uLSW) can also pass by Cape Hatteras without much
mixing with other water masses (e.g., Rhein et al. 2015; Andres et al. 2018). Heiderich
and Todd (2020) detected uLSW in the Gulf Stream just north of the Florida Strait,
implying that at least some of it is able to continue to flow along the continental
margin south of Cape Hatteras. In order to become entrained in the Gulf Stream this
far south, uLSW subsequently has to cross isobaths and move up onto the relatively
shallow Blake Plateau. Since uLSW and AAIW are found at similar depths and
densities, the influx of salty uLSW into the Gulf Stream contributes to the erosion of
AATIW.

A variety of processes occurring on the Blake Plateau may contribute to the pole-
ward erosion of the distinct AAIW signature, including topographically controlled
processes, lateral processes (e.g., eddy stirring or along-isopycnal mixing), and verti-
cal mixing. Topographic effects are both vertical (e.g., mixing) and horizontal (e.g.,
eddy formation, transport, steering; Gula et al. 2019) and likely play an important
role, since AAIW encounters the Charleston Bump as it flows northward over the
Blake Plateau. This area is well-known for elevated near-bottom mixing and large
internal waves in the lee of the Bump. Estimates of energy extraction in this region
exceed 4000 J m~2 and are related to the conversion of kinetic energy from the Gulf
Stream into potential energy in thick bottom mixed layers (Todd 2017). Moreover,
lateral mixing with saltier uLSW on the offshore side of the Gulf Stream may also
lead to the erosion of AAIW. That uLSW is found in the Gulf Stream far upstream
of Cape Hatteras (Heiderich and Todd 2020) indicates that this water mass is able
to cross isobaths (and thus f/H contours) and suggests that dynamical features like
eddies or other variable flows may play a role.

In this chapter, we characterize how AAIW is modified within the Gulf Stream us-
ing observations collected by Spray underwater gliders. Motivated by our observation

of the erosion of AAIW near the Charleston Bump, we set up control volumes and
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use salinity as a passive tracer in a time-averaged, Reynolds-decomposed advection-
diffusion equation to investigate whether AAIW is eroded through vertical mixing
or through lateral processes (e.g., through mixing with the saltier uLSW offshore).
Details of the glider observations can be found in section 3.2.1 and the temporal
averaging algorithm used to construct the three-dimensional mean fields is outlined
in section 3.2.2. Section 3.2.3 briefly summarizes how an along-stream coordinate
system is constructed from sea surface height data. In section 3.3.1, we discuss the
spatial distribution of AAIW and uLSW in our mean fields and in section 3.3.2 we
investigate the processes leading to the erosion of AAIW. Our findings and their

implications are summarized in section 3.4.

3.2 Observations and methods

3.2.1 Spray glider observations

In this analysis, we use observations of hydrography and water velocity that were col-
lected between July 2015 and June 2020 using Spray autonomous underwater gliders
(Sherman et al. 2001; Rudnick et al. 2016). Over the course of 31 missions, gliders
have surveyed the Gulf Stream along the U.S. Eastern Seaboard as part of an ongo-
ing sampling program since 2015 (details in Heiderich and Todd 2020; Todd 2021)
and near Cape Hatteras, North Carolina as part of the “Processes Driving Exchange
at Cape Hatteras” (PEACH) project during 2017-2019 (details in Todd 2020). All
gliders were equipped with pumped Sea-Bird Scientific 41CP CTDs, returning 22,330
profiles of temperature and salinity. All gliders also carried 1-MHz Nortek acoustic
Doppler dual current profilers (AD2CPs; Todd et al. 2017), which provide 20,525 pro-
files of absolute velocity. Observations used here have been gridded to uniform 10-m
vertical resolution. For the Gulf Stream missions, most of the profiles either cover
the upper 1000 m of the ocean or extend to within a few meters above the seafloor
in shallower areas. For most PEACH missions, maximum profile depth was 500 m

(Todd 2020).
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3.2.2 Temporal averaging algorithm

In the analyses below, we consider both mean values and covariances (eddy fluxes) of
properties observed by the gliders. To do so, we make use of the temporal averaging
algorithm developed by Todd (2021) that produces temporal averages of observed
quantities on a 0.1°x0.1°x10-m grid (latitude x longitude x depth increment) that
spans the Gulf Stream region along the U.S. East Coast. The reader is referred to
Todd (2021) for full details, but, in brief, the averaging algorithm, denoted by (-}, de-
termines the time-averaged value at a particular grid point via weighted least-squares
fitting of a plane to observations at the depth of the grid point. The weight function
is a two-dimensional Gaussian with anisotropic and inhomogeneous length scales to
account for both the mean flow and variable sampling density. The same set of glider
observations used in Todd (2021) are used here, so the parameters determining the
weight function here are identical to those in Todd (2021). Deviations from mean
quantities, denoted by ', are determined by interpolating the mean fields to the ob-
servation locations and differencing. Products of these deviations are then passed to
the averaging algorithm to estimate covariances and eddy fluxes. For two missions,
the loss of raw data for postprocessing leads to noisy velocity profiles which are only
used to compute the mean velocity (v), but not v'. For illustrative purposes, we
interpolate all of the three-dimensional mean fields (including products of deviations)
to isopycnals of potential density at og = 0.025 kg m~2 intervals and denote those
fields as (+),.

The temporal averaging algorithm computes a local average and is not designed
to ensure volume conservation, which is needed to construct a control volume in
section 3.3.2. Here, we give a brief summary of how we ensure volume conservation
in the mean fields. For more details, see appendix 3.A. We assume that the mean
fields describe an A-grid (Arakawa and Lamb 1977) in the horizontal: the quantities
at four grid point corners enclose a grid cell. In the vertical, each grid cell has an
extent of 10 m, with the observations centered in depth. In order to calculate the

flux through a face, the quantities at the two grid points enclosing the face in this
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layer are averaged and multiplied with the area of the face and an outward pointing
normal vector. Horizontal non-divergence in each grid cell is ensured by adjusting
the mean velocities using least squares such that the net horizontal transport into
each cell is zero. Adjustments are generally small (almost always less than 0.1 m s™!
and often even smaller, see Appendix 3.A). We ensure non-divergence only in the
horizontal rather than in three dimensions since the time-mean Gulf Stream is in
geostrophic balance to first order, and the mean flow should thus be horizontally
nondivergent. Moreover, the glider observations do not provide usable estimates of
the vertical velocity, so we cannot ensure three-dimensional non-divergence. Note

that we cannot ensure volume conservation for fields that describe deviations from

the mean (the - fields).

3.2.3 Sea surface height (SSH) and the along-stream coordi-

nate system

We use the gridded satellite-based sea surface height (SSH) products from the EU
Copernicus Marine Environment Monitoring Service to create an along-stream co-
ordinate system for the Gulf Stream that provides a continuous streamline along
the entire U.S. East Coast. The daily delayed-time absolute dynamic topography
products are used when available (until 7 March 2020) and near-real-time products
otherwise. Analogous to Heiderich and Todd (2020), we choose the along-stream-
coordinate to be distance along the time-mean 40-cm SSH contour during the time
period of the glider observations (1 July 2015-30 June 2020) and choose 25°N as the

origin of this along-stream coordinate system (dark gray line with dots in Fig. 3-1).

3.3 Results and discussion

3.3.1 Distributions of AAIW and uLSW

An example glider transect from May 2019 that cuts obliquely across the Florida

Strait and continues eastward north of the Bahamas (red line in Fig. 3-2b,c) reveals
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two different water masses at intermediate depths on either side of the Bahamas
(Fig. 3-2a): AAIW flows with the Gulf Stream through the Florida Strait and has
much lower salinities (about 34.9) than the water to the east of the Little Bahama
Bank, which has salinities near 35.3 in the same density range. These saltier waters
further offshore include both uLSW and other slightly less dense intermediate waters
(IW). The mean salinity field interpolated to the 27.25 kg m ™ isopycnal illustrates the
strong along-isopycnal salinity gradient between AAIW in the Gulf Stream and u.SW
on the southern Blake Plateau just offshore of the Gulf Stream (Fig. 3-2b). The low
salinity signature of AATW can be traced from the Florida Strait to approximately the
location of the Charleston Bump. The signal fades farther north, as expected from
the erosion of its distinct tail in the 6-S diagram (Fig. 3-1b). To better visualize
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Figure 3-2: (a) Salinity observations below 500 m from a glider transect from May
2019 along the red line in panel (b). Waters with salinities above 35.5 all have the
same yellow color. The thick black lines indicate the 27 and 27.5 kg m~2 isopycnals
and the thin black line is the 27.25 kg m™ isopycnal used in (b) and (c). The area-
averaged salinity (S), (for the area of all three control volumes combined) on the
27.25 kg m~3 isopycnal is 35.17; it is shown as a white isohaline. (b) Map of salinity
in the three-dimensional mean field interpolated to the 27.25 kg m~2 isopycnal ({S,)).
The 35.17 isohaline is white as in (a). (c¢) Along-isopycnal salinity difference on the
27.25 kg m™? isopycnal (i.e., mean salinity on this isopycnal (S), as in (b) minus
area-averaged salinity in all three control volumes combined on this isopycnal ((S),
= 35.17)). In (b) and (c), the thin and thick black lines and the star are as in
Fig. 3-1(a).
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this along-isopycnal salinity difference, we calculate area-averaged salinity on each
isopycnal (S)y = S Ai;(S)0i;/ S Ay (where A;; is the horizontal area of each grid
cell and 7 and j are latitude and longitude indices; shown as blue line in Fig. 3-3)
and subtract it from the time-mean salinity on isopycnals (S),. Since uLSW is more
frequently observed by the gliders (Fig. 3-3), it dominates the area-average. On the

27.25 kg m~? isopycnal, area-averaged salinity (S), is 35.17 (white lines in Fig. 3-
2a,b), closer to the typical salinity of uLSW. Consequently, AAIW is characterized

by a negative isopycnal salinity anomaly ({S), — (S),), while uLSW has a slightly

positive anomaly.
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Figure 3-3: (a) Joint probability density function of potential temperature (6) and
salinity (S) in the three-dimensional mean Gulf Stream fields. The blue line indicates
the area-averaged salinity on each isopycnal (S),. The gray lines are isopycnals with
0.5 kg m™3 spacing. Additionally, the oy = 27 and 27.5 kg m~2 contour lines are
highlighted in bold, and the 27.25 kg m~2 isopycnal is indicated as a darker gray
bold line. The black rectangle indicates the area that is shown in larger in panel (b).
(b) The black outlines delineate Antarctic Intermediate Water (AAIW) and upper
Labrador Sea Water (uLSW) as in Fig. 3-1. The isopycnal spacing is 0.1 kg m~3 and
the same isopycnals are highlighted in bold as in panel (a).
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3.3.2 Erosion of AATW

3.3.2.1 A Reynolds-averaged advection-diffusion model

The AAIW signature fades as the Gulf Stream flows northward; this erosion in 6—S
space suggests mixing with other water masses. The low salinity signature of AATW
can either be eroded through lateral stirring and subsequent mixing with the saltier
water offshore (uLSW and the related, less dense IW) or through vertical mixing with
shallower salty waters. Due to the shallow bathymetry of the Blake Plateau, mixing
with denser salty waters below is only possible once the Gulf Stream reaches Cape
Hatteras and thus not a major contributor to the observed erosion further upstream.
To understand the processes contributing to the erosion and to investigate the relative
importance of lateral and vertical mixing, we treat salinity as a tracer that evolves
according to an advection-diffusion model. The advection-diffusion equation for a

parcel of water with salinity S is given by:

%+V-VS:V'(/{VS). (3.1)

Here, k is a diffusivity representing unresolved processes that are treated as diffusive.
k is expected to vastly exceed the molecular diffusivity, which we neglect here. We
partition the velocity v and salinity S into time-mean (denoted by (-) and defined
by the least squares averaging operation in Todd (2021)) and fluctuating (denoted by
< and calculated by subtracting the mean fields from the observations) components:
v=(v)+v and S = (S) + 5. Reynolds-averaging of Eq. (3.1) using the mean and

turbulent components results in:

V) -V(S) 4 (V-VS) =V (kV(S)). (3.2)
——— —— N————
(D) mean advection  (2) eddy advection (3) diffusion

If we then consider Eq. (3.2) within a control volume, we can apply the divergence
theorem to derive an equation for the net salt flux into the control volume, which

must be zero in the time-mean. For the diffusion term (3), the divergence theorem
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in vector form gives us: [[f,, V- kV(S)dV = ¢p, kV(S) - ndA. Additionally, we can
use an identity of the divergence theorem for the advection terms. For the mean
advection (1), we obtain [[f;, (v) - V(S)dV = ¢, (v)(S) - idA — [[[,.(S v)dV.
For a control volume that is fixed in time, we can interchange the order of integration
and thus similarly write the eddy advection ) as [[f,,(v/ - V&) dV = ¢, (v'S)

fdA — [[[,,(S'V -v')dV. Using the divergence theorem, rearranging, and assuming

continuity so that the volume integral terms vanish, gives:

0—— %<v><s>.ﬁcm - %féws’yﬁdA +9§éw<s>-ﬁdA.

(& (& /

v~ v~

@ mean advective flux divergence @ eddy advective flux divergence @ diffusive flux divergence

(3.3)
In our definition, the normal vectors fi point out of the control volume. For a control
volume with faces oriented either purely horizontally or purely vertically, we can split

Eq. (3.3) into horizontal and vertical components as:

[ ZCE I [ RIE R

J/

~ -~

. lateral mean advective flux divergence vertical mean advective flux divergence

— // VH l’lHdAL — // <’LU/S,> 'flv dAH
AL AH

vV v
@ lateral eddy advective flux divergence Vertlcal eddy advective flux divergence
AL Ag 8 z
A g
vV
@ lateral diffusive flux divergence vertical diffusive flux divergence

Horizontal faces (i.e., top and bottom) are denoted as Ay. The lateral faces (i.e., east,
west, south, north) are denoted as A; and have a vertical orientation. We consider
vertical and horizontal fluxes rather than isopycnal and diapycnal fluxes because the
glider observations only provide estimates of the horizontal velocity components vy.
Therefore, we can only estimate some of the fluxes. If we assume that the mean
vertical velocity (w) is small, then vanishes. Vertical velocity fluctuations w’

may be larger, especially in the area of the Charleston Bump where large internal
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wave activity has been observed (see Todd 2017). Since we lack usable estimates
of w’, we assume that all vertical eddy advective fluxes can be parameterized
as downgradient diffusion in the form of , thereby treating ky as a vertical eddy
diffusivity that applies over all applicable vertical and temporal scales and eliminating
from further consideration. Since we directly evaluate lateral eddy fluxes through
the Reynolds decomposition, the lateral diffusive flux is due only to unresolved

processes and is assumed to be negligibly small. We are left with three terms that we

can evaluate using the glider observations (, , and to within the unknown

K):
0=— //A {v)(S) Badd - //A (Vi) g4

J/ (. J/
-~

~
. lateral mean advective flux divergence lateral eddy advective flux divergence

//A ) a 5) (3.5)

g

vertical diffusive flux divergence

By applying the temporal averaging algorithm to the glider observations, we obtain
both the mean and fluctuating components of velocity and salinity, so that we can
estimate the lateral mean and eddy advection through the sides of a control volume

[terms and in Eq. (3.5)]. Furthermore, we can construct the vertical mean

salinity gradlent )

at the top and bottom of a control volume [part of the vertical
diffusion term in Eq. (3.5)]. If the terms that we cannot evaluate really are

negligible, one could back out the vertical diffusivity sy .

3.3.2.2 Construction of control volumes

We construct a set of control volumes consisting of whole grid cells, meaning that
the lateral faces are all vertically oriented (i.e., east, west, north, south) and the
top and bottom faces are purely horizontal (Fig. 3-4). Whole grid cells are needed
to compute fluxes because this is how volume is conserved in our three-dimensional

mean fields (see section 3.2.2). Included grid cells are chosen to most closely follow
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Figure 3-4: Three-dimensional views of the three control volumes: (a—b) the northern
control volume, (c-d) the central control volume, and (e-f) the southern control
volume. The transparent gray shading indicates the bathymetry in the region. In
(a,c,e), the faces are colored based on their geographic orientation, and in (b,d,f) the
upstream, downstream, and offshore faces are highlighted (see legend).
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a nominal smooth control volume defined by isopycnals of mean potential density
og (bold isopycnals in Figs. 3-1b—c and 3-2a) and along-stream and cross-stream
distances in the SSH-based coordinate system (black lines in Fig. 3-1a). Additionally,
grid cells are only considered when they have good data at all four corners in a depth
layer. Our control volumes enclose the AAIW in the Gulf Stream south of Cape
Hatteras. We use the oy = 27 kg m™ and oy = 27.5 kg m~3 isopycnals to define the
top and bottom faces of our control volumes, respectively, because they bound both
AAIW and uLLSW. In the Gulf Stream upstream (southwest) of Cape Hatteras, the
top isopycnal shoals to about 160 m along the inshore edge, but 75 km offshore of the
40-cm SSH contour it can reach depths of about 740 m. Over the same region, the
bottom isopycnal deepens from about 460 m to about 980 m in the offshore direction.

We define three control volumes along the mean path of the Gulf Stream (black
outlines in Fig. 3-1) that describe dynamically different regions. For all three control
volumes, the offshore boundary is 75 km from the 40-cm SSH contour (dark gray line
with dots in Fig. 3-1) and the inshore boundary is defined by the region where the
mean is well-estimated based on the metrics in Todd (2021). Each volume extends
for 340 km along the 40-cm SSH contour. The southern control volume captures
the region just north of the Florida Strait, where the Gulf Stream is still a rela-
tively straight jet. The upstream boundary of this control volume is defined as an
along-stream distance of 280 km and the downstream boundary at an along-stream
distance of 620 km. The central control volume encloses the area of the Charleston
Bump (along-stream distances of 620 to 920 km), where internal lee waves and near-
bottom mixing are particularly strong (Todd 2017). In the chosen density range, the
Charleston Bump represents a major barrier that nearly divides the control volume
into distinct volumes (Fig. 3-4c¢,d). The northern control volume covers the remaining
area just south of Cape Hatteras (along-stream distances of 960 to 1300 km).

We identify the upstream, downstream, and offshore boundaries of each control
volume (Fig. 3-4b,d,f) by tracing the outside grid points of the grid cell columns
that have data anywhere in the vertical. The grid points closest to the corners of

the nominal control volumes mark the transitions between the upstream, offshore,
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downstream, and inshore boundaries. Faces at all depth that fall onto this outline
are considered part of the respective boundaries, which closely resemble the nominal
boundaries in Fig. 3-1, except where the seafloor intersects with the nominal boundary
(in particular around the Bahamas and on the inshore boundary). This definition
allows us to examine the fluxes through the outermost faces, excluding any flow

coming in through the faces that are following the top and bottom isopycnals.

Potential
Temperature (0) (°C) Salinity (S)

Bottom:

35  35.1 -0. . 02 04 06 08
Potential Salinity (S)_ (S)y — (S, Speed [(vi)o| (ms™t)
Temperature (0)0 (°C)

Figure 3-5: Maps of different properties in the three-dimensional mean fields inter-
polated to the (top row) top isopycnal (o = 27.0 kg m™3) and (bottom row) bottom
isopycnal of the control volumes (o = 27.5 kg m™3): (a,e) Potential temperature
(0)y, (b,f) salinity (S),, (c,g) along-isopycnal salinity difference (i.e., mean salinity
on this isopycnal (S), as in (b,f) minus area-averaged salinity on this isopycnal ({.S),;
value given in the bottom right corner of the panel) and (d,h) horizontal water veloc-
ity (vg), with the color indicating the speed and black arrows the direction. In all
panels, the thin and thick black lines and the star are as in Fig. 3-1a.
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3.3.2.3 Properties on the periphery of the control volumes

Mean properties interpolated to the nominal smooth isopycnal and lateral boundaries
of the control volumes provide a clean representation of the water types entering the
control volume. The distributions of mean properties interpolated to the two isopyc-
nals defining the top and bottom of the control volume (27 kg m— and 27.5 kg m~3)
show that our choice of control volume encloses AAIW entirely. The lateral tem-
perature and salinity differences are quite small on the top isopycnal (Fig. 3-5a,b),
especially compared to the salinity difference along the 27.25 kg m~2 isopycnal (Fig. 3-
3 and Fig. 3-2b,c). Thus, we mostly see what Heiderich and Todd (2020) classified
as more indistint intermediate waters (IW) on the top isopycnal. However, when
plotting the isopycnal salinity anomaly (S), — m as in Fig. 3-2¢, the fresher AATW
tongue still appears as a negative signal at the very top of the control volume (Fig. 3-
5c), while saltier waters appear offshore and downstream of the Charleston Bump.
Previous studies have shown that the Gulf Stream reaches the bottom over the Blake
Plateau (Pratt 1963; Todd 2017). Similarly, we observe Gulf Stream velocities ex-
ceeding 0.7 m s™! at the depths of our control volumes (Fig. 3-5d). Velocities outside
of the control volumes where uLSW is found are much smaller and the flow direction
deviates from the main Gulf Stream path. Just north of the Bahamas, a westward
mean flow joins the Gulf Stream, a first indication that uLSW may be entrained in
this region as expected based on the analysis of Heiderich and Todd (2020). South
of the Charleston Bump, the bottom isopycnal face of the control volumes intersects
the bathymetry; only the deeper-reaching uLSW can be detected outside of the Gulf
Stream (Fig. 3-be—h). Properties interpolated to the centroid of the top and bottom
faces of the actual control volumes are very similar in most places, except where the
bottom isopycnal intersects the bathymetry and the bottom faces are therefore at
lower densities (not shown).

Mean potential temperature (#) and mean salinity (S) along the lateral faces of
the control volumes show typical Gulf Stream features, including a subsurface salinity

maximum (Fig. 3-6a—f). Since our normal vectors point outward from the control
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Figure 3-6: Several properties of the three-dimensional mean fields interpolated to
the nominal smooth lateral boundaries of different control volumes: the upstream
boundary of the southern control volume (left column), the downstream boundary of
the northern control volume (middle column), and the offshore boundaries of all three
control volumes (right column). The vertical black lines for the offshore boundary
delineate the three different control volumes (from south, to central, to north with
increasing distance along the boundary) and the black star indicates the Charleston
Bump. (a—c) Potential temperature (6), (d-f) salinity (S), and (g-i) water velocity
(vy) normal to the lateral boundaries. (j-1) Joint probability density functions of po-
tential temperature (0) and salinity (5) of the water properties along the three lateral
boundaries, similar to Fig. 3-3. The blue outlines delineate Antarctic Intermediate
Water (AAIW) and upper Labrador Sea Water (uLSW) as in Fig. 3-1. In all panels,
thin black lines indicate isopycnals with 0.5 kg m~2 spacing with the top and bottom
isopycnals of the control volumes (og = 27 and 27.5 kg m™?) highlighted in bold.
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volume, the flow normal to the upstream side of the control volumes is negative (water
is flowing northward or into the control volume) and the flow on the downstream
side is positive (flowing out of the control volume). The upstream boundary for the
southern control volume and the downstream boundary of the northern control volume
are shown as examples in Fig. 3-6g,h. Since the nominal smooth offshore boundaries
of the control volumes are approximately parallel to the axis of the Gulf Stream, the
mean flow through them is generally weak (Fig. 3-61). In the mean, water is slowly
flowing out of the control volume around the Charleston Bump area and just south
of Cape Hatteras and into the control volume everywhere else, again suggesting that
uLLSW enters the Gulf Stream just north of the Bahamas. Joint probability density
functions of potential temperature () and salinity (S) along the lateral boundaries of
our control volumes show that our choice of the control volume clearly separates the
two water masses; the AAIW tail is apparent on the upstream side, but the offshore
and downstream sides are dominated by uLSW and the related IW (Fig. 3-6j-1).
Thus, water entering through the offshore side may be a combination of uLSW and

IW that then mixes with AAIW and leads to its erosion.

3.3.2.4 Fluxes into and out of the control volumes

Evaluating terms and in Eq. (3.5) allows us to consider whether lateral or ver-
tical mixing dominates the erosion of AAIW. If lateral eddy stirring between AATW
and saltier uLSW offshore dominated the erosion of AAIW, then the lateral mean salt
advection would be balanced by the lateral eddy salt advection . If these two
terms do not balance, vertical processes must be important. The totals of the lateral
flux terms integrated over the entirety of each control volume are listed in Table 3.1
and shown schematically in Fig. 3-7. We compute both the net lateral flux into/out
of the control volumes and the fluxes through the upstream, downstream, and off-
shore boundaries as defined in Fig. 3-4b,d,f. The areas corresponding to the different
boundaries and the volume transport through them are also given in Table 3.1. As
for the properties in section 3.3.2.3, lateral fluxes are interpolated to the nominal

smooth lateral boundaries for illustration purposes only (Fig. 3-8). Note that Fig. 3-
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Table 3.1: Lateral fluxes and related properties corresponding to the faces of the southern, central, and northern control volumes.
The reader is referred to the text for explanations of the various terms shown. The fluxes through the upstream, downstream,
and offshore boundaries do not add up to the net, so the residual (i.e. fluxes through inshore faces and faces following the top
and bottom isopycnals) is given in the right column. T The net transport into each control volume is zero to numerical precision
by construction.

Net Upstream Downstreamm Offshore Residual
Southern control volume (S = 35.20)
Area (m?) 4 x 108 6 x 10° 2x 107 5x 107 3 x 108
Transport (m* s™!) — 1 —3 % 10° 5x 106 —1x10° —7x10°
[y, (vir)(S) - figr dA (m® psus™) —2x10*  —1x 108 2% 105 —4x107 —2x 107
Ja, (Vi) (S = So) - iy dAy (m® psus™') =2 x 107 -3 x 10* 2x 105 —1x10° —5x 104
S, (ve'S") - g dAp (m?® psus~t) -5 x 109 —1 x 10* —-2x10% —-7x10* —4x10°
[, V(S) - iy dAL (psu m) 5x 100 —4x 10° 2% 10° 2% 102 —1x10°
K5 (m? s7) —4 % 10° ~1x10° 4% 102
Central control volume (S; = 35.31)
Area (m?) 4 %108 2 x 107 3 x 107 4 % 107 3 x 108
Transport (m3 s™!) 1 —4 x 108 7x 106 —5x10° —2x 10°
S, (ve)(S) - fig dA, (m® psus™') 5 x 103 -2 x 108 2x 108 —2x107 —6x 107
Ja, (vir)(S = So) - iy dAy (m® psus™!) 5% 10° 2 x 10° 3x 10"  —4x 10 3% 10°
M4, (va'S") - i dAL (m® psus™t) 9 x 10° -5 x 10? -2 x 10° 5 x 10* 1 x 108
I, Var(S) - fig dAr, (psu m) 6x10° =2 x 10 -3 x 10° 1 x 102 5 x 102
Ky (m? s71) -3 x 102 —6 x 10 —4 x 10?
Northern control volume (S, = 35.28)
Area (m?) 6 x 108 3 x 107 3 x 107 1x 10% 5x 108
Transport (m* s7!) — 1 —7 % 10° 9x 105  5x10° —2x 108
Q\F (vi)(S) - iy dAp (m? psu s~t) 2 x 10° -2 x 10% 3 x 108 2x 107 —8x 107
[y (vir)(S = So) - figdAy (P psus™)  2x10°  —3x 10° 5x 100 2x10*  3x 108
M4, (va'S') - g dAp (m® psus™?) 9 x 10° 3 x 10° -3 x 10" —5x10? 7 x 109
[, Va(S) - iy dAL (psu m) 9 x 107 2 % 10" 2% 10" 3x10° 5 x 102

Ky (m? s71) —2 x 10* 2x10° 1 x 10
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Figure 3-7: Simplified schematic showing the lateral fluxes into/out of the three con-
trol volumes: the southern control volume (left column), the central volume (middle
column), and the northern control volume (right column). (a—c) Lateral mean advec-
tive flux [f, (vur)(S) - i dAy (all numbers in m? psu s™'), and (d-f) lateral eddy
advective flux [f, (vjyS")-fiy dAp (all numbers in m? psus~). The net lateral fluxes
integrated around all lateral faces are shown in black in the centers of the control vol-
umes. The colors are as in Fig. 3-4b.d,f: the fluxes through the upstream boundaries
are shown in green, the downstream boundaries/fluxes in yellow, the offshore bound-
aries/fluxes in red, and the residual fluxes through the remaining lateral faces are
blue. The arrows show whether a flux is into or out of a control volume (i.e., negative
or positive, respectively) and its relative size compared to the other fluxes. The scale
for the arrows is the same for (a—c). (d—f) uses a different scale for the arrows, since
the fluxes are smaller. In some cases, the fluxes are so small that the arrows are not
visible.
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8 does not show the fluxes that are integrated to arrive at the values in Table 3.1
and Fig. 3-7. Instead, fluxes are integrated over the lateral faces shown in Fig. 3-4 to
ensure non-divergence by incorporating whole grid cells; these fluxes are more diffi-
cult to display because the direction of the normal vectors frequently changes along
the boundary because the faces are purely east-west /north-south oriented. Since the
totals also include fluxes through the inshore boundary of the control volumes (which
are assumed small due to proximity to bathymetry) and any lateral faces along the
top and bottom isopycnal-following boundaries or the bottom where the bathymetry
is shallower than the bottom isopycnal (lateral blue faces in Figure 3-4b.d.f), the
residuals are relatively large (Table 3.1). Table 3.1 lists all values for completeness,
but the following discussion focuses on key values with clear interpretations.
Negative values of ffAL (vi)(S) - iy dAp [term in Eq. (3.5)] indicate that the
mean flow fluxes salt into the control volumes since the normal vectors point out of
the control volumes (indicated in blue in Fig. 3-8), whereas positive values imply that
salt is fluxed out (red in Fig. 3-8). The southernmost control volume is gaining a
small amount of salt due to the mean flow, whereas the other two are both losing
salt (Fig. 3-Ta-c). The net lateral mean advective salt flux [[, (vu)(S) - fiy dAp is
smaller than the lateral mean advective salt flux through the individual boundaries
by at least an order of magnitude for all the different control volumes because the
terms are dominated by the velocity field (e.g., the panels a,d,e in Fig. 3-8 strongly
resemble Fig. 3-6g—i between the thick black isopycnals). Consequently, (vg)(S) - iy
through the upstream and downstream boundaries of each control volume is much
larger than for the corresponding offshore boundaries (Fig. 3-7a—c) due to the Gulf
Stream-following control volume. As already expected from the mean velocity field
(Fig. 3-61), the mean flow fluxes salt into the control volumes through the offshore
boundary in several locations, though those fluxes are small (Fig. 3-8¢). Most notable
is the influx of salt along the entire offshore side of the southern control volume (also
see Fig. 3-7a), indicating that upper Labrador Sea Water is entrained into the Gulf
Stream north of the Bahamas. The residual mean advective fluxes are of comparable

magnitude to the fluxes through the upstream/downstream /offshore sides, indicating
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Figure 3-8: Fluxes and related properties interpolated to the nominal smooth lateral
boundaries of different control volumes: the upstream boundary of the southern con-
trol volume (a,fk,p), the upstream boundary of the central control volume (b,g,1,q),
the upstream boundary of the northern control volume (c,h,m,r), the downstream
boundary of the northern control volume (d,i,n,s), and the offshore boundaries of all
three control volumes (e,j,0,t). The vertical black lines for the offshore boundary
delineate the three different control volumes (from south, to central, to north with
increasing distance along the boundary) and the black star indicates the Charleston
Bump as in Fig. 3-6. All fluxes are normal to the respective boundaries, with the
normal vectors pointing out of the control volumes. In all panels, the vertical co-
ordinate is potential density oy and the fluxes are only shown between the top and
bottom isopycnals of the control volumes (g = 27 and 27.5 kg m—?). (a-e) Lateral
mean advective flux (vy)(S) - iy, (fj) lateral mean advective flux after subtracting
a constant salinity Sy that is the volume average in the respective control volume
((vir)((S) — Sp) - fapy), (k—o), lateral eddy advective flux (v};S’) - iy, and (p-t) the
horizontal salinity gradient (Vg (S) - ).
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that the fluxes through the lateral faces tracing the top and bottom isopycnals, inshore
side and /or bottom (where the bottom isopycnal intersects with the bathymetry) are
not negligible.

To highlight the relative salinity of water flowing through each boundary and
reduce the impact of the mean flow, we subtract the volume-averaged salinity in
each control volume (Sy = > VijuSiju/ > Vijr where V' is the volume and ijk are the
latitude/longitude/depth indices of the grid cells that are considered to be inside of the
respective control volume; see Table 3.1 for values) from the time-mean salinity (5).
So is lowest (35.20) in the southern control volume, and highest (35.31) in the central
control volume, which has the highest proportion of shallower, inshore grid cells with
higher salinities due to its shape around the Charleston Bump. Subtracting a constant
volume-averaged salinity does not change the net salt flux since volume is conserved.
Positive values of [[, (vi) ((S) — Sp) - fig dAy indicate that the mean flow brings in
waters that are fresher than the volume-average or removes waters that are saltier
(red in Fig. 3-8fj). Negative values indicate that the mean flow introduces saltier
than average waters into the control volume or transports fresher waters out (blue in
Fig. 3-8fj). In the southern control volume, there is saltier than average water going
out through the downstream end, nearly balancing the saltier than average water
coming in through the offshore side (both are O(10°) m® psu s™!). There is however
a small (O(10%) m?® psu s™!) flux relative to the mean salinity through the upstream
faces. We know that the AATW coming in through the upstream end is characterized
by its low salinity signature, yet the vertical salinity structure dominates when a
volume-averaged salinity is subtracted (Fig. 3-8f—j). Thus, we only see less salty than
average water entering the control volume in the densest layers at the bottom of the
upstream end of the southern control volume (Fig. 3-8f), leading to a small negative
flux when integrated along the whole upstream boundary. At the upstream and
downstream boundaries of all three control volumes, the deeper waters are less salty
than the volume average for the respective control volume (Fig. 3-8f-i), even at the
downstream boundary of the northern control volume (Fig. 3-8i). Note the opposite

signs compared to the upstream boundaries (Fig. 3-8f~h) due to the opposite direction
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of the normal vector. We do not show the downstream boundaries for the southern
and central control volumes because they are very similar to the upstream boundaries
of the central and northern control volumes, respectively. The main differences are
oppositely directed normal vectors and that they are referenced to a slightly different
volume-averaged salinity because they belong to different control volumes.

The imbalance in the lateral mean advective flux (as is the case for all three control
volumes) must be balanced by the other terms, either the lateral eddy advection or
the vertical diffusion (or noise/error in our estimates, see section 3.3.2.6). If lateral
mixing dominated the erosion of AATW, then the imbalance in the lateral mean salt
advection would be balanced by the lateral eddy salt advection f f A, (vyg'S") -hy dAL.
The net lateral eddy salt fluxes for each of the three control volumes (Fig. 3-7d—e) are
of the same sign and of comparable magnitude to the net lateral mean advective fluxes
and thus do not balance them. Due to the outward pointing normal vectors, positive
values of [[ 4, (vi'S") - ig dAy indicate that the fluctuating flow removes salt from
the control volume, either by bringing in fresher than average waters or by removing
saltier water. In contrast, negative values imply that the fluctuating flow brings salt
into the control volume, either by bringing in saltier waters or by removing fresher
waters. The net effect of the eddies is a salt flux into the southern control volume,
and out of the central and northern control volumes (Fig. 3-7d-f).

As for the mean advective flux, the eddy advective flux [ 4, (va'S") - hp dAy s
negative on the offshore side of the southern control volume (Fig. 3-80 and Fig. 3-7a)
and thus has a sign consistent with a variable current bringing saltier water (i.e.,
uLL.SW and related waters) into the control volume. Time varying flow is a potential
mechanism that can enable uLSW to cross isobaths in order to reach the southern
Blake Plateau and become entrained into the Gulf Stream. This variable current
north of the Bahamas may be related to the subsurface-intensified Antilles current,
a western boundary current which flows northward and northwestward offshore of
the Bahamas before joining the Gulf Stream. The Antilles Current reaches to about
1000 m depth with highest velocities around 400 m depth and is known to be highly

variable in transport (Meinen et al. 2019). As the Antilles Current reaches similar
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depths as uLSW and opposes its general direction, their interaction might lead to
some of the uLSW being entrained into the Gulf Stream. It explains why Heiderich
and Todd’s (2020) water class transports show uLSW getting entrained into the Gulf
Stream just north of the Florida Strait, much further south than previously observed
(see Chapter 2).

While variable flow also brings saltier water into the central and northern control
volumes in several locations along the offshore boundaries (Fig. 3-80), it is fluxed out
in other areas, leading to small salt fluxes out of these two control volumes when
integrating over the entire offshore boundary (Fig. 3-7e,f). The negative lateral eddy
flux through the upstream end of the southern control volume likely reflects variability
in the flow through the Florida Strait with stronger northward flow correlating with
saltier waters and weaker flow being relatively fresher. Such variability in the Florida
Strait may be related to Loop Current variability farther upstream and eddies within
the Florida Strait (Fratantoni et al. 1998; Meinen et al. 2010; Androulidakis et al.
2020).

At the downstream end of the northern control volume [[ A, (vE'S) - g dAg s
negative as well (Fig. 3-8n and Fig. 3-7f). This is where the Gulf Stream crosses over
the DWBC carrying uLSW, so a variable influx of salty water is to be expected in this
area. Similarly, the Gulf Stream is meandering and highly variable downstream of
the Charleston Bump (Bane and Brooks 1979), which is why the eddy salt fluxes on
the upstream boundary of the northern control volume are large (Fig. 3-7f and Fig. 3-
8m). For all three control volumes, the residuals of [ 4, (va'S') - iy dAp have the
same magnitude as the net fluxes, suggesting that the horizontal eddy fluxes through
the lateral faces tracing the the top and bottom isopycnals (or the bottom where the
ocean is shallower than the bottom isopycnal) as well as the inshore boundary are
important contributors to the net lateral eddy fluxes.

Since the net lateral eddy salt flux and net mean advective salt fluxes are of the
same sign in each of the three control volumes, vertical salt fluxes must play an
important role in balancing the salt budget and eroding the 6—S signature of AATW.

Although we do not measure these processes directly, we can verify whether the
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Figure 3-9: Vertical mean salinity gradient in the normal direction of the control
volume multiplied with the area of the corresponding face (% -fi dA) on the (a) top
and (b) bottom faces of the three control volumes. The thin and thick black lines
and the star are as in Fig. 3-1(a).

vertical salinity gradient has the correct sign to allow a downgradient vertical eddy
flux to balance the net lateral salt fluxes. We estimate the vertical salinity gradient
% by first differencing (S) at the grid points, so that the gradient is directly given
at the faces of the control volume. The outermost values are repeated on the top and
bottom faces of the water column. The gradient at the four corners of each face is
then interpolated to the centroid of the face. Assuming an unknown, but constant,
vertical eddy diffusivity ky in Eq. (3.5) for each top or bottom face, we compute

ffAH % -fiy dAy for each face (Fig. 3-9).

This quantity is positive everywhere on the top faces, meaning that saltier water
is found above all of the control volumes. Thus, vertical mixing with the waters above
would lead to an additional salt flux into all of the control volumes. For the central

and northern control volumes, this is the correct sign to balance the net lateral salt

fluxes of salt out of the control volumes. However, for the southern control volume,
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I/ Ay % -y, dA g on the top faces does not have the correct sign to balance the lateral
mean and eddy salt fluxes into the volume. On the bottom faces, f f Ay %? -y dAg
is much smaller and often negative (i.e., waters below are fresher), so it either has
little effect or fluxes salt out. For the southern control volume, the net lateral fluxes
as well as the vertical mixing through the top faces all add salt to the control volume
and thus do not balance.

a(S)

Where [ A,y “dot - By dAp is of the correct sign to balance the lateral fluxes (i.e.,

in the central and northern control volumes), Eq. (3.5) allows us to estimate an
isotropic xy. The resulting estimates, however, are much larger (O(1072) m? s71)
than should reasonably be expected. For comparison, typical directly observed ver-
tical diffusivities are O(107°) m? s™! (Talley et al. 2011). Global-averaged diapycnal
diffusivity above 1000-m depth from a large collection of microstructure profiles is
O(107°) m? s7' (Waterhouse et al. 2014). Even Munk’s (1966) estimate of a glob-
ally averaged vertical eddy diffusivity that accounts for the observed average global
density structure is smaller than these estimates (O(10~*) m? s™). Bottom bound-
aries are regions with rough topography that are known for strong vertical mixing,
but observation-based estimates of vertical diffusivities in these areas are also smaller
(O(107* to 107°) m? s™!) than our estimates (e.g., Polzin et al. 1997; Kunze et al.
2006; Waterhouse et al. 2014). In the southern control volume, application of Eq. (3.5)
would yield a nonphysical negative value of k. These inconsistencies indicate that
other terms in Eq. (3.4) that we cannot evaluate and uncertainties in our estimates

likely play an important role and cannot be neglected. See section 3.3.2.6 for more

information on this and the limitations of this study.

3.3.2.5 Estimates of horizontal diffusivity x};

Since we measure the lateral eddy fluxes, we can also estimate what a bulk horizontal
eddy diffusivity x7; would have to be if these fluxes were parameterized as an eddy

diffusive flux. We equate the lateral eddy advective flux divergence with a lateral
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eddy diffusive flux divergence and assume that xj}; is isotropic in a control volume:

//ALWS’) g dAL = —K} //A Vi (S) - iy dA;. (3.6)

Note that this is not the same as equating and since the scales of interest
are different. represents lateral fluxes at scales smaller than the O(10)-km scale
resolved by our observations, with kg being a horizontal diffusivity appropriate for
those smaller scales. On the other hand, we take x}; to be an eddy diffusivity appro-
priate to the mesoscale and larger features resolved by the glider observations. The
horizontal gradient of salinity is calculated by centered differencing, so that it is given
at the location of the grid points. As for the vertical gradient, the outermost gradient
value is repeated on the next outer face. For each face, only the component of the
horizontal salinity gradient that is normal to it is taken into account. We do not com-
pute kj; locally, but rather obtain a bulk estimate for each upstream, downstream,
and offshore boundary.

Estimates of k7 for the different control volumes and their boundaries, as well
as the corresponding integrated horizontal salinity gradient [[, Vg (S) iy dA; are
given in Table 3.1. Most of our estimates of %, have magnitudes of 10? to 10* m? s~*
and are thus of similar order as canonical estimates for horizontal eddy diffusivity (e.g.,
Talley et al. 2011; Cole et al. 2015). The estimates of large-scale horizontal diffusivities
in the Gulf Stream presented in Klymak et al. (2016) are based on observations
downstream of Cape Hatteras and of comparable magnitude as well (O(10%) m? s71).
In some cases, our estimates of x}; are negative, indicating that parameterizing the
lateral eddy fluxes as downgradient diffusion relative to the time-mean salinity is not
ideal.

At a given depth, mean salinity (S) typically increases offshore, so that the hori-
zontal salinity gradient V4 (S) is directed offshore (Fig. 3-10 and Fig. 3-8t). Stirring
of this mean field would tend to result in a shoreward salt flux (i.e., into the control
volume). However, our estimated lateral eddy fluxes (vgy'S’) often have a large cross-

stream component directed offshore (Fig. 3-11) and are thus directed up the mean
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Figure 3-10: (a) Mean salinity (S) at 500 m depth. The thin and thick black lines
and the star are as in Fig. 3-1. (b) Potential temperature-salinity (6—S) diagram of
glider observations collected along a transect shown in red in (a). The gray lines are
isopycnals with 0.5 kg m~3 spacing and the oy = 27 and 27.5 kg m~2 contour lines
highlighted in bold. In both (a) and (b), the different shades of red correspond to the
cross-stream distance of the observations.

salinity gradient in many locations (i.e., they would “reinforce” the mean gradient).
These large cross-stream salt fluxes are mostly found in areas that are known for high
variability and large Gulf Stream meanders: in the lee of the Charleston Bump (Bane
and Brooks 1979) and near Cape Hatteras where the Gulf Stream encounters the
DWBC. The cross-stream salt fluxes are much larger inside of our control volumes
than along their boundaries, but for the offshore sides of the central and northern
control volumes, they are still mostly directed up the mean salinity gradient (Fig. 3-8o
and Fig. 3-11), resulting in non-physical negative horizontal diffusivities when they
are parameterized as a downgradient diffusion relative to the time-mean salinity. Al-

though the salinity increases offshore in the mean, this gradient can temporarily be
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Figure 3-11: Lateral eddy salt advection (vy'S’) vertically integrated within the top
and bottom isopycnals bordering the control volumes. The thin and thick black lines
and the star are as in Fig. 3-1(a). An arrow for scale is shown in red in the bottom
right.

reversed, as shown in an example transect where the saltier uLSW tail in the po-
tential temperature-salinity (6—S5) plot was found inshore of AAIW (Fig. 3-10b). In
these instances, offshore eddy fluxes would be directed down the temporary gradient
as expected.

Observations of upgradient heat and momentum eddy fluxes in the Gulf Stream
upstream of Cape Hatteras were reported as early as the 1960s (e.g., Webster 1961,
1965; Oort 1964). Many follow-up studies confirmed these results by revisiting the
original Webster data set (Schmitz and Niiler 1969), analyzing independent in situ
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and satellite observations (e.g., Brooks and Niiler 1977; Bane et al. 1981; Brooks
and Bane 1983; Hood and Bane 1983; Lee et al. 1981, 1991), and modeling (Gula
et al. 2015). Most of the observations of upgradient fluxes are in the areas upstream
and downstream of the Charleston Bump and near Cape Hatteras, but also in the
Florida Strait. These are the locations where we also observe strong upgradient
fluxes in our control volumes (Fig. 3-11), albeit at deeper depths than many previous
observations. Rossby (1987) explains how meandering of the Gulf Stream front can
lead to upgradient eddy fluxes in an Eulerian framework and thus should not be

treated as a diffusive process.

3.3.2.6 Limitations

As we already alluded to at the end of section 3.3.2.4, we cannot back out sensible
estimates of vertical diffusivity ky because some of the terms in Eq. (3.4) that we
cannot evaluate using the glider observations likely play an important role and there
are uncertainties in our estimates.

The lateral mean and eddy advective salt fluxes are much better constrained than
the vertical terms, since the glider’s AD2CPs directly measure horizontal velocities.
The glider-based three-dimensional fields capture the Gulf Stream and its associated
horizontal velocities quite well: The mean fields show typical Gulf Stream features
and our estimates of the lateral eddy salt fluxes have a spatial structure that resembles
that of heat and momentum fluxes from independent observations (see section 3.3.2.5).
Moreover, estimates of mean and eddy kinetic energy (MKE and EKE) based on the
same three-dimensional fields as used here compare well with independent satellite-
based estimates of MKE and EKE (Todd 2021). Nevertheless, there are of course
uncertainties in our lateral flux estimates. Measurement errors of the glider instru-
ments are small: Heiderich and Todd (2020) estimate random errors of 0.1 m s™*
for individual glider AD2CP-based absolute velocity profiles and Sea-Bird Scientific
report a conductivity accuracy of £ 0.0003 S m~! corresponding to 4 0.0035 psu for
their 41 CP CTD with a typical conductivity stability of 0.0003 S m~! month~! or

0.0011 psu per year. Propagating the velocity error estimate from Heiderich and Todd
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(2020) through the weighted least-squares scheme used to produce the mean fields
results in random error estimates of less than 0.02 m s™! for (u) and (v) in areas that
are well sampled (Todd 2021). As in Todd (2021), areas with random errors larger
than this threshold or that are not well sampled otherwise (e.g., due to seasonal bias)
are masked in the mean (-) and prime -’ fields used here. Random errors for the mean
salinity fields will be even smaller since CTD measurements are more accurate. In the
following, we will assume random errors of o,y = 0.02 m s™* for the mean velocity
and random errors of o5, = 0.001 psu for salinity, and that salinity and velocity are
independent (which they should be since they are measured by two different instru-
ments). Following standard error propagation and assuming typical mean salinities
of 36 psu and typical current speeds of 0.1 m s™! to 1 m s~!, the random errors for

2 2
the mean lateral advective fluxes will be 2880 — \/<ﬂ> + <G<”>> ~ 107! —-1072,

)(s) — (s) (v)
or a few percent of the mean values. Due to the large amount of observations enter-

ing the mean fields, the random errors are small. However, these estimates do not
take into account any bias in the sampling in both space and time, which is likely
much larger and more difficult to quantify. As mentioned previously, we attempt to
minimize these biases through masking.

Gliders mostly capture mesoscale processes and thus any processes at scales smaller
than a few tens of kilometers (i.e., the submesoscale and below) are not resolved or are
contaminated by high-frequency variability (see Rudnick and Cole 2011). We assume
that these processes can be parameterized as a diffusive flux divergence [term in
Eq. (3.4)] that is negligible, which might not be the case. It is therefore important
to keep in mind that our lateral flux estimates are scale dependent. Here, we are
interested in the large-scale processes that lead to the erosion of AAIW in the Gulf
Stream. Despite the unresolved smaller scale processes, we can still estimate larger-
scale lateral mean and eddy advective fluxes. Since they clearly do not balance in
any of the control volumes, we can still conclude that vertical processes must play an
important role in the erosion for larger scales, even though smaller scale horizontal
processes may also contribute to the overall salt balance.

Residual lateral fluxes are comparable to both the mean and eddy fluxes through
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the vertical sides of the control volumes. A likely contributor to this is mean and
varying flow through the vertical faces of control volume cells that follow the sloping
top and bottom time-mean isopycnals (lateral blue faces in Fig. 3-4b,d,f). In general,
we expect flow to be along isopycnals and thus to have a vertical component when
flowing parallel to a gradient in isopycnal depth (e.g., across a front). Consequently,
lateral flux into (out of) a particular cell would tend to be canceled by vertical flux out
of (into) the same cell. However, we are unable to measure these vertical advective
fluxes. In principle, evaluation of Eq. (3.3) in density coordinates would alleviate this
problem, but it is not feasible to construct mean fields in density coordinates due to
the time-varying position of isopycnals relative to fixed bathymetry.

Since we do not have usable estimates of vertical velocities w, the contribution
of vertical processes to the erosion of AAIW is much harder to assess. In particular,
where isopycnals become steep within the core of the Gulf Stream, any vertical com-
ponent of along-isopycnal flow may be significant. As for the lateral salt fluxes (see
section 3.3.2.5), instantaneous meandering of isopycnals with respect to the top and
bottom of our control volumes (which are defined based on mean isopycnals) may
create fluxes that should not be parameterized as a downgradient diffusion. This
may be particularly important for the vertical eddy advective fluxes (w'S’) [term
in Eq. (3.4)] that we have assumed can be parameterized as a diffusive flux in the
opposite direction of the time-mean vertical salinity gradient in section 3.3.2.1. Since
our control volumes are far away from the surface Ekman layer and the Gulf Stream
is largely geostrophic, the assumption that mean vertical velocities are small and the
vertical mean advective fluxes (w)(S) [term in Eq. (3.4)| are negligible is probably

reasonable.

3.4 Summary

Using three-dimensional fields constructed from Spray underwater glider observations,
we estimate lateral mean and eddy salt fluxes into three control volumes to understand

the mechanisms that lead to the erosion of Antarctic Intermediate Water in the Gulf
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Stream. AAIW enters the Gulf Stream through the Florida Strait and its salinity
signature in potential temperature—salinity (6—S) space is observed to be eroded away
as it flows northward in the Gulf Stream (Fig. 3-1b,c). The low salinity signature of
AAIW disappears around the Charleston Bump (Fig. 3-2), an underwater ridge and
trough feature that is known as an area of enhanced bottom mixing and internal wave
activity (Todd 2017).

Both lateral stirring and vertical mixing likely play a role in supplying the saltier
water with which AAIW ultimately mixes. In all three control volumes, the net lateral
mean and eddy advective fluxes are of the same sign (either adding or removing salt
to the control volume, see Fig. 3-7), indicating that vertical processes must play an
important role in the erosion, though they cannot be quantified based on the glider
observations. In the central control volume where the low salinity signature of AATW
fades near the Charleston Bump, we see an outward flux of salt through lateral
advection which must be balanced by a vertical salt flux down across the top of the
control volume, likely through mixing with the saltier water above. Just north of the
Bahamas, saltier upper Labrador Sea Water and related waters are able to flow up
onto the relatively shallow Blake Plateau and become entrained in the Gulf Stream,
where they subsequently mix with AATW (Fig. 3-8o and Fig. 3-7f). Variable flow
(e.g., eddies which are possibly associated with the Antilles Current), allows uLSW
to cross isobaths, but the exact pathways remain unclear. This mechanism explains
why Heiderich and Todd (2020) found entrainment of uLSW just north of the Florida
Strait in their water class transports. The entrainment occurs much farther south of
Cape Hatteras than previously reported.

We had hoped to obtain an estimate of the vertical diffusivity sy for the Gulf
Stream through this analysis, but since some of the terms that play an important
role in Eq. (3.4) cannot be evaluated from the glider data and noise/errors in our es-
timates may be significant, we cannot back out xy in a meaningful way. Neverless, the
three-dimensional fields at least provide large-scale estimates of the lateral advective
salt fluxes in the Gulf Stream. Unlike observational platforms, numerical simulations,

particularly those constrained to match observations, can be used to evaluate these
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terms and provide estimates of vertical diffusivity in the Gulf Stream using the analy-
sis outlined here. Moreover, modeling studies may elucidate the persistence of uLSW
pathways, the fate of the DWBC below the glider sampling depth, and the processes

governing the evolution of the benthic front between AAIW and uLSW just north of
the Bahamas.
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3.A Appendix

The temporal averaging scheme of Todd (2021) is applied at each individual grid
point and thus is not designed to enforce nondivergence in the mean flow field (v) =
({(u),(v)). Here we adjust the mean flow fields so that there is zero net horizontal
volume flux in each of the M grid cells, each of which is defined by four corner grid

points at a particular depth. We seek a set of horizontal velocity adjustments

Au1

AUN
A’Ul

AUN

where N is the total number of grid points with mean velocity estimates at a particular
depth.
We construct an M x N operator G that computes the net horizontal volume flux

into each grid cell. The horizontal volume flux Tj; into the cell spanning [z;, z;41] X

[Yi, Yig1] 18

T; = —%(Um + Uit1,) (Yir1g — Yi) A2
+%(ui,j+l + Uir141) (Yir1, 541 — Yigr1) Az
—%(Ui,j + 3j41) (@i j+1) (Ti g1 — i) Az
+5 Wiy + Vi) (@i gen = Tivag) Az, (3.8)

where Az =10 m is the vertical extent of each cell and we have omitted the angle

brackets around each mean velocity component for clarity. Rearranging to collect
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coefficients on each velocity component estimate,

T
—Ay; Ui,j
—Ay; WUit1,5
Ayj Ui j+1
Az | Ayjn Uit1,j+1
Ti=5 | ——| | —| (3.9)
—Ax; Vi
—Aux; Vi j+1
Az Vit1,5
Amiyy Vit1,j+1

where Az; = x;,41 — x;; and Ay; = yip1; — ¥i;- We define a single index k =
N, (j—1)+i with N, the number of grid points in latitude, and construct the elements
of G such that

Uy
T
u
G|l—|=] : |. (3.10)
U1
Ty
UN

To find adjustments Av such that there is no net horizontal flux into each grid
cell, we use constrained least squares. We seek to minimize the size of the velocity
adjustments AvTAv while enforcing that GAv, the net flux into each cell due to
the velocity adjustments, exactly cancels G(v), the net flux into each cell due to
the estimated mean velocity field. Using the method of Lagrange multipliers, we

construct a cost function £ as

L =AvIAv + M (GAvV + G(v)). (3.11)

112



Following standard methods, the least-squares solution for Av is
Av = —-GT(GGT)'G(v). (3.12)

These adjustments to the mean flow field are generally small. Over the full three-

dimensional grid, 50% of adjustments have magnitude less than 0.025 m s~!, 81%

1 1

have magnitude less than 0.05 m s™!, and 98% have magnitude less than 0.1 m s™'.
Throughout the main text, (v) represents the end result of averaging individual
velocity estimates using the () operation as in Todd (2021) and then adding the

velocity adjustments Av derived here.
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Chapter 4

Comparing Gulf Stream transport
estimates from underwater gliders and

satellite altimetry

Abstract

Observations from underwater gliders are compared with a gridded satellite altimetry
product to investigate how well satellite-based estimates of cross-stream sea surface
height differences ASSH capture the observed variability in Gulf Stream transport.
For the entire U.S. East Coast, about 50% of the variability in transport is cap-
tured, most of which can be attributed to large-scale spatial variability, suggesting
a barotropic increase in transport as has been previously observed. The gridded
product fails to fully capture the transport variability in individual subregions like
the Florida Strait, the South Atlantic Bight, or the Middle Atlantic Bight and lo-
cal short-term transport fluctuations due to resolution issues. At the surface, ASSH
compares more favorably with transport estimates based on geostrophic velocities
than with transport estimates that are based on velocities that are directly measured
by acoustic Doppler current profilers (AD2CPs) on the gliders. Generally, correla-
tions between ASSH and transport per unit depth are higher further away from the
surface where ageostrophic effects become less prominent. Consequently, correlations
between ASSH and transport integrated from the surface increase with depth because
ageostrophic effects contribute a smaller fraction of the transport. The variability in
water class transport is best captured by altimetry for water classes that are located
below the thermocline (i.e., Eighteen Degree Water, upper Labrador Sea Water, and
other intermediate waters). Since gridded satellite altimetry fails to capture almost
half of the variance in Gulf Stream transport (and even more at small spatial scales), it
cannot replace in situ observational platforms, though there may be the potential for
creating an SSH-based metric to track large-scale changes in Gulf Stream transport
along the entire U.S. East Coast.
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4.1 Introduction

As a strong, narrow western boundary current in the subtropical North Atlantic and
a principal contributor to the upper limb of the Atlantic Meridional Overturning
Circulation, the Gulf Stream transports large amounts of water and heat poleward
(Wunsch 2005; Cunningham et al. 2007). The Stream moves warm and salty waters
from the tropics through the Florida Strait and along the U.S. East Coast veering into
the open ocean near Cape Hatteras, North Carolina, and flowing towards Europe. On
its way to higher latitudes, the Gulf Stream travels through distinct regions that are
governed by different dynamics affecting its structure and transport. In most of the
Florida Strait (FS), the Gulf Stream is confined to a channel and is thus a compar-
atively straight meridional jet. As the Stream continues to flow over the continental
slope in the South Atlantic Bight (SAB), it remains bathymetrically stabilized, but
becomes a freely meandering jet once it detaches from the continental slope near
Cape Hatteras and enters the Middle Atlantic Bight (MAB). It has long been estab-
lished that Gulf Stream transport increases in the along-stream direction (e.g., Knauss
1969; Leaman et al. 1989); it approximately doubles between the Florida Strait and
the Middle Atlantic Bight due to the entrainment of subthermocline waters including
Eighteen Degree Water and upper Labrador Sea Water (Heiderich and Todd 2020).
See Chapter 2 for more details on Gulf Stream transport and water properties.
Monitoring of energetic ocean currents like the Gulf Stream over different time
and spatial scales requires a variety of observational platforms. Long-term time series
of Gulf Stream transport exist in only two portions of the the Gulf Stream: from an
undersea cable as part of the Western Boundary Time Series in the Florida Strait
(Baringer and Larsen 2001; Shoosmith et al. 2005; Meinen et al. 2010) and from
vessel-mounted ADCP measurements taken along the CMV Oleander line (Flagg
et al. 2006; Andres et al. 2020). A large field program routinely surveying the U.S.
East Coast with autonomous underwater gliders since 2015 returns contemporaneous
subsurface measurements of hydrography and velocity (Todd 2017, 2021; Heiderich
and Todd 2020). In combination with earlier pilot glider missions (Todd et al. 2016),
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it allows us to estimate Gulf Stream transport from 185 cross—Gulf Stream transects.
However, only two gliders typically survey the Gulf Stream at any given time, and
they are often separated by several hundred kilometers. The gliders move slowly with
the current, taking several months to sample the Gulf Stream between the Florida
Strait and Cape Cod. Thus, they do not provide synoptic broad-scale coverage of
the Gulf Stream. The Gulf Stream exhibits substantial variability in its position and
strength at timescales from several weeks (e.g. Gawarkiewicz et al. 2012) to years
(e.g., Rossby and Benway 2000; Meinen et al. 2010; Andres 2016). Shorter term
variability on time scales of days to weeks is also significant (e.g., Schott et al. 1988;
Volkov et al. 2020); for example transient reductions in Gulf Stream transport have
been observed after the passing of hurricanes (Ezer et al. 2017; Todd et al. 2018). In
contrast to in situ measurement systems, satellites are able to frequently sample the
Gulf Stream over much broader spatial scales. They have provided reliable, relatively
continuous, gap-free altimetry measurements as part of the Global Ocean Observing
System since 1991 (Fu and Cazenave 2001; Fu and Ubelmann 2014).

Satellite-based estimates of sea surface height (SSH) are directly related to ocean
surface currents through geostrophy. Strong western boundary currents like the Gulf
Stream are, to first order, in geostrophic balance in the cross-stream direction such
that the surface velocity is associated with a cross-stream gradient in sea surface
height. If fluctuations in the surface geostrophic velocity are correlated with fluctua-
tions in velocity throughout the entire water column, then the potential exists to relate
the satellite-based sea level differences across the Gulf Stream to volume transports.
In the Florida Strait, Volkov et al. (2020) found that satellite-derived estimates of
Florida Current transport captured about 60% of the variability observed in concur-
rent estimates derived from motion-induced voltage differences in an undersea cable
(southern red line in Fig. 4-1a). Despite the lower temporal resolution compared to
the cable measurements, satellite altimetry reproduced the seasonal, intra-seasonal,
and inter-annual variability in Gulf Stream transport through the Florida Strait rea-
sonably well; even capturing large short-term transport fluctuations due to hurricanes

(Volkov et al. 2020). Tide gauges and bottom pressure recorders (BPRs) can also be
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Figure 4-1: (a) Map of all glider transects across the Gulf Stream (blue). In the
Florida Strait, glider dives for which no absolute dynamic topography estimates from
satellite altimetry exist are highlighted in dark blue. The red lines indicate the loca-
tions of other sustained Gulf Stream sampling programs: the Florida cable (FC) and
the CMV Oleander line. Statistics for the underwater glider missions including all
dives (not only the ones used for transport calculations) are shown in the box in the
lower right. (b) Absolute dynamic topography (ADT) from satellite altimetry aver-
aged over the years spanning the glider observations (1 January 2004-31 December
2020), using delayed-time data when available (until 7 March 2020) and near-real-
time data otherwise. Mean ADT contours with 10-cm intervals are also shown in
black with the 40-cm contour emphasized in bold. Black dots every 250 km along
the 40-cm SSH contour indicate an along-stream coordinate system originating at
25°N. The white lines separate three different dynamical regions of the Gulf Stream:
the Florida Strait (FS), the South Atlantic Bight (SAB), and Middle Atlantic Bight
(MAB). “The Point” offshore of Cape Hatteras is indicated as a white triangle, and
the northwestern edge of Little Bahama Bank at the 500-m isobath as a white square.

used to infer transport from sea level/pressure differences across the Florida Strait
using geostrophy (e.g., Maul et al. 1985; Schott and Zantopp 1985); this was espe-
cially useful before the era of altimetric satellite observations. Several studies using
tide gauges and BPRs confirm that sea level changes across the Florida Strait are
representative of changes in transport to a certain extent, typically accounting for
about 55%-60% of the variance in transport for time scales ranging from a couple of
days to a year (Maul et al. 1990; Meinen et al. 2021).

Farther downstream in the Middle Atlantic Bight, acoustic Doppler current profil-
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ers (ADCPs) mounted on the container vessel CMV Oleander have provided weekly
transects of upper ocean velocity along a line between New York and Bermuda since
1992 (northern red line in Fig. 4-1a; Flagg et al. 2006; Andres et al. 2020). Altimetry-
based surface geostrophic velocities from the TOPEX/Poseidon-Jason-1 tandem mis-
sions show reasonable agreement with the CMV Oleander velocities (Stammer and
Theiss 2004). For the Gulf Stream portion of the CMV Oleander line, upper ocean
variability is also captured well. Worst et al. (2014) estimate correlation coefficients
of 0.88 between altimeter-based and ADCP-based transport per unit depth near the
surface (i.e., 77% of the variance is explained). However, Worst et al. (2014) note that
the correlation coefficients are sensitive to the endpoints chosen for the flux estimates.

As these previous studies have shown, fluctuations in sea level differences repre-
sent fluctuations in Gulf Stream transport fairly well over various time scales at two
different locations. However, ageostophic effects like centrifugal accelerations due to
curved flow and wind-driven Ekman transport near the surface also play an impor-
tant role, leading to considerable deviations from geostrophy. Here, we assess how
well satellite-altimetry-based estimates of sea surface height capture the variability
in Gulf Stream transport observed by underwater gliders. The large glider data set
allows us to compare transport estimates and SSH along the entire U.S. East Coast.
In particular, we consider the correlation between fluctuations in cross-stream sea
surface height difference ASSH and variations in Gulf Stream transport for full depth
transport, for transport per unit depth at the surface and as a function of depth,
in different geographic regions, and for different water classes. Moreover, we as-
sess whether altimetry primarily captures spatial or temporal variability. The glider
observations and satellite altimetry products used in this analysis are described in sec-
tions 4.2.1 and 4.2.2. Section 4.2.3 briefly summarizes how we estimate Gulf Stream
transport from glider observations, and section 4.2.4 explains how we estimate the
sea level difference ASSH along a glider transect. In section 4.3, we investigate the
correlation between glider-based Gulf Stream transport estimates and satellite-based

ASSH, while section 4.4 reviews our findings and their significance.
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4.2 Observations and methods

4.2.1 Glider observations

We use concurrent observations of hydrography and velocity from a field program that
has been routinely surveying the Gulf Stream along the U.S. East Coast since 2015
using autonomous underwater gliders (Todd 2017, 2021; Heiderich and Todd 2020).
Additionally, we have hydrographic data from four glider missions that sampled the
Gulf Stream in the MAB between 2004 and 2009 (Todd and Owens 2016). Spray
gliders (Sherman et al. 2001; Rudnick et al. 2016) are typically deployed near Miami,
FL, and piloted back and forth across the Gulf Stream until they reach the shelf-
break south of Cape Cod, Massachusetts, approximately 120 days later. The gliders
are advected downstream while they sample the upper kilometer of the ocean in a
sawtooth fashion (or to within a few meters above the bottom where the ocean is less
deep), resulting in approximately 10 oblique crossings of the current per mission. All
gliders carried pumped Sea-Bird 41CP CTDs to collect observations of temperature,
salinity, and pressure. Since July 2015, gliders have also been equipped with 1-MHz
Nortek acoustic Doppler dual current profilers (AD2CPs; Todd et al. 2017) provid-
ing estimates of absolute velocity. All observations are binned to a uniform vertical
grid with 10-m resolution. The data set, continuing field program, sampling process,
quality control, postprocessing, and accuracy of velocity estimates are described in
detail in Heiderich and Todd (2020). Compared to Heiderich and Todd (2020), we
include data from six additional missions completed between February and December
2020, resulting in a total of 225 Gulf Stream crossings from 33 glider missions being
available for this analysis (see Fig. 4-1a for mission statistics). In addition to using
the direct velocity estimates from AD2CPs when available, we estimate geostrophic
velocities for all transects by objectively mapping the along-track density gradient
to the profile locations, deriving the thermal wind velocity profile, and referencing it
to the cross-track component of the depth-average current as in Heiderich and Todd

(2020).
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4.2.2 Satellite altimetry observations of sea surface height

The satellite-based estimates of absolute dynamic topography (ADT) used in this
study were obtained from the EU Copernicus Marine Environment Monitoring Ser-
vice (CMEMS; https://marine.copernicus.eu/). Since we need coverage of the
entire Gulf Stream and glider sampling area, we use the gridded 0.25°x0.25° prod-
uct (Fig. 4-1b) rather than along-track data. We use daily delayed-time products
(SEALEVEL GLO PHY L4 REP OBSERVATIONS 008 047) when available
(until 7 March 2020) during the occupation of an entire glider transect, and we use
near-real time products (SEALEVEL GLO PHY L[4 NRT OBSERVATIONS
008 046) otherwise. ADT is defined as the sea surface height with respect to the
geoid (a gravitational equipotential surface, i.e. the shape of the sea surface only
due to Earth’s rotation and gravity, without the influence of wind, tides, currents, or
other perturbing forces) from the GOCE model. See section 1.4.2 for more informa-
tion on how ADT is derived from altimetry measurements of instantaneous sea surface
height (SSH) above an arbitrary reference ellipsoid. Gridded ADT with respect to
a twenty-year (1993-2012) mean sea surface is computed by merging altimetry data
from all the available satellite missions (Jason-1, Jason-2, Jason-3, Sentinel-3A, HY-
2A, Saral/AltiKa, Topex/Poseidon, ENVISAT, Cryosat-2, GFO, and ERS1/2) using
optimal interpolation (Pujol et al. 2016). The gridded product provides estimates of
ADT at daily resolution, but since a satellite repeats a track approximately every ten
days to a month (ten days for the Jason and Topex/Poseidon satellites and between
14 and 35 days for the other satellites), the daily observations in this highly inter-
polated product are not independent from each other. Depending on the location
and time, different altimeters (and different numbers of altimeters) factor into the
estimate. Since large spatial scales are used in the mapping procedure that produces
the gridded product, it likely underestimates gradients. Gridded ADT only resolves
time scales of about a month and wavelengths of about 200 km (Chelton et al. 2019),

which corresponds to feature radius scales around 50 km (Chelton et al. 2011).
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4.2.3 Estimating Gulf Stream transport from glider observa-

tions

For more details of how Gulf Stream transport is estimated for individual glider
transects, see Heiderich and Todd (2020), i.e., Chapter 2. Here, we only summarize
the key points.

We select cross—Gulf Stream glider transects using the same criteria as in Heiderich
and Todd (2020). A total of 182 out of the 225 available transects fulfill these criteria
and are therefore used for transport calculations (Fig. 4-1a), adding 27 additional
glider transects compared to Heiderich and Todd (2020). Of those transects, 13
only have geostrophic velocity estimates while all others also have direct velocity
estimates from AD2CPs. The transects are placed in a local streamwise coordinate
system following Heiderich and Todd (2020). Along-stream position is determined by
projecting the midpoint of a transect onto an along-stream coordinate system that is
based on the 40-cm ADT contour averaged over 1 January 2004-31 December 2020, a
time frame spanning one more calendar year compared to Heiderich and Todd (2020)
to account for the extended sampling period due to additional glider observations.
The intersection of this contour with 25°N (at 80.05°W) is taken as the origin of
this coordinate system (black line with dots in Fig. 4-1b). As in Heiderich and Todd
(2020), we project the northwestern-most tip of Little Bahama Bank at the 500-
m isobath (white square in Fig. 4-1b) and “The Point" offshore of Cape Hatteras
(white triangle in Fig. 4-1b) to the along-stream coordinate system to find the along-
stream distances that separate the three different dynamical regions (FS, SAB, MAB;
separated by white lines at along-stream distances of 304 and 1367 km in Fig. 4-1b).
11 of the transects used in the transport calculations are in the Florida Strait, 123
are in the South Atlantic Bight, and 48 are in the Middle Atlantic Bight.

For discrete observations, Gulf Stream transport can be computed as the sum of
the downstream transports through each measurement cell 7;; that is considered to be
within the Gulf Stream. As in Heiderich and Todd (2020), we construct upper- and

lower-bound transport estimates for each individual glider transect across the Gulf
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Figure 4-2: Gulf Stream transport and SSH for three example glider transects, one in
the Florida Strait from March 2019 (left column), one in the South Atlantic Bight from
May 2017 (middle column), and one near Cape Hatteras from October/November
2015 (right column). (a—c) Maps of absolute dynamic topography (ADT) averaged
over the time period of the glider transects indicated in red. SSH contours with 10-cm
intervals are shown as thin black lines. The white line shows the path of full mission
corresponding to the transect. (d—f) ADT averaged over the time period of the glider
transect interpolated to the glider transect. The blue lines are averaged over the time
period that it took the glider to complete the transect between the edges of the upper-
bound transport estimate, while the red lines represent ADT averaged over the time
period for the lower-bound transport estimate. In (d) and (f), the red and blue lines
are identical. (g-i) Upper-bound estimate of transport through each measurement
cell. The integration region for the transport estimates is outlined in black. The
bathymetry measured by the glider’s AD2CP is shaded in gray, while regions without
bathymetry data are shown in dark gray. (j-1) Lower-bound transport estimate, using
the same as notation as in (g-i).
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Stream due to the challenges of defining a downstream direction for transects that
do not cross the current perpendicularly and defining “throughput” in the presence of
corotating eddies. The upper-bound estimate captures the maximum possible Gulf
Stream transport (e.g., Figs. 4-2g—i), including all the locally downstream flow in a
curved Gulf Stream and contributions from eddies along the edges of the current, as
long as they fall within the selected transects. Integrating all of the water flowing
parallel to the local depth-average current for each profile in the cross-stream direction
is equivalent to this upper bound. For the lower-bound estimate (e.g., Figs. 4-2j-1),
we scale the upper-bound estimate based on the angle between the local current and
a chosen representative direction of the Gulf Stream to exclude flow in directions
other than that of the Gulf Stream. The limits of integration in each transect (black
outlines in Figs. 4-2g—1) are determined by finding the 4-connected region with the
largest transport using the edge finding algorithm described in Heiderich and Todd
(2020).

4.2.4 Estimating ASSH over a glider transect

For each cross—Gulf Stream glider transect, we calculate the mean absolute dynamic
topography averaged over the time period of the glider transect and interpolate it
to the locations of each glider dive in the transect. Since altimeter observations
near the coast are prone to errors (Vignudelli et al. 2019), the gridded product does
not provide estimates of ADT for some of the inshore glider dives in the Florida
Strait (dark blue in Fig. 4-1 and inshore gap in Fig. 4-2d). If the Gulf Stream were
a purely geostrophic current, the surface transport per unit depth would be directly
proportional to the difference in sea level height between the endpoints bracketing the
Gulf Stream. Since satellite altimetry frequently misses the inner edge of the Gulf
Stream in the Florida Strait, we truncate the glider transects based on where SSH
data are available and recalculate transports as described in section 4.2.3. Comparison
of the full transport estimates with the estimates from the truncated transects shows
that for the 10 transects with AD2CP data in the Florida Strait, the portion of the

transects missed by SSH carries on average about 2.5 Sv (1 Sv = 10° m3 s7!) or 7%
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of the total transport for both the upper- and lower-bound estimates. Upper- and
lower-bound transport estimates are almost identical in the Florida Strait where the
current has basically no curvature and no corotating eddies (e.g., Figs. 4-2g,j). For
the 11 transport estimates based on geostrophic velocities in the Florida Strait, the
missed fraction is slightly higher (3.4 Sv or 10%).

We define the cross-stream sea level height difference ASSH as the difference in
ADT between the first and last dives of the transect that are considered to be within
the respective bounds. Thus, for transects with significant curvature or corotating
eddies where the lower bound is markedly different from the upper bound (e.g., Fig. 4-
2h,k), ASSH will often be smaller because the transect is shorter (e.g., Fig. 4-2e).
Moreover, ASSH is calculated from ADT averaged over a slightly shorter time period
(this is why ADT for the upper and lower bounds in Fig. 4-2e are slightly different).
The core of the Gulf Stream is tilted (Johns et al. 1995) and thus farther offshore at
depth (Fig. 4-2i,1), requiring careful consideration of the endpoints of a transect to
make sure that the Gulf Stream core at depth is included. Our transect endpoints
and integration limits depend on the depth-average and depth-dependent velocity (see
Heiderich and Todd 2020) rather than the surface current. We choose to compute
ASSH over the lateral span of the entire Gulf Stream in our transects instead of
just its surface expression, since surface currents may oppose the mean Gulf Stream
direction (as in Fig. 4-2i,1) due to a variety of factors.

Note that we also estimated ASSH across each transect using each daily ADT
estimate during the transect and then averaging, resulting in basically identical es-
timates of ASSH compared to first averaging the ADT maps in time. Though the
absolute value of ADT at a single dive location can in rare cases vary by up to 60 cm
in the core of the Gulf Stream over the time span of a transect, the net difference in
SSH across the transect normally barely changes. This suggests that the endpoints of
our transects are far enough from the Gulf Stream axis that they are not influenced
by high-frequency cross-stream shifts in SSH within the Gulf Stream (i.e., the end-
points are outside of the range that meandering of the Gulf Stream axis can reach on

the approximately one-week time scale required to complete a single glider transect).
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The ASSH values using the averages of daily estimates are not shown or discussed

further.

4.3 Results and discussion

Having calculated the transport for each transect and the corresponding sea surface
height difference ASSH across each transect, we now consider the correlations between
them to investigate how well satellite altimetry captures the observed variability in
Gulf Stream transport. If the variability in Gulf Stream transport is geostrophic and
barotropic, we would expect ASSH and total transport to be correlated. We will
explore this in section 4.3.1. Section 4.3.2 investigates whether satellite altimetry
mostly captures spatial or temporal variability. In section 4.3.3, we examine the ver-
tical structure of correlations between ASSH and Gulf Stream transport fluctuations.
If the variability in transport was dominated by the first baroclinic mode, we would
still expect correlation, since our Gulf Stream transport estimates exclude any flow in
the opposite direction of the depth-average current by definition. ASSH is related to
the surface geostrophic velocity through geostrophy, but wind-driven ageostrophic ef-
fects like Ekman transport may play an important role in the shallower layers. Lastly,
we also consider the correlations between ASSH and variations in transports of waters

with different properties in section 4.3.4.

4.3.1 Correlation between depth-integrated transport estimates

and sea surface height

Full-depth Gulf Stream transport (or transport in the upper kilometer where the
ocean is deeper than the gliders’ maximum profiling depth) generally increases in the
along-stream direction, but is highly variable from transect to transect (Fig. 4-3, also
see Fig. 2-10 in Chapter 2). Total transport is around 32 Sv in the Florida Strait
and can reach up to 120 Sv in the MAB. Consistent with a geostrophic balance,

SSH generally increases in the offshore direction across the Gulf Stream (e.g., Fig. 4-
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Figure 4-3: Scatter plots of the transport estimates for all the glider transects for
the upper bound (a—) and lower bound (d—f) vs the sea level difference ASSH along
the glider transect. All dots are colored based on the along-stream distance of the
corresponding transect (using the along-stream coordinate system in Fig. 4-1b). (a,d)
show transport estimates from AD2CP data only, (b,e) corresponds to transport esti-
mates from geostrophic velocities, and (c,f) use transport estimates from AD2CP data
when available and geostrophic velocities otherwise. The corresponding coefficient of
determination R? is shown in the top left of each panel.

1b). Moreover, ASSH also generally increases in the along-stream direction, from
about 0.4 meters in the Florida Strait to almost 1.5 m in the MAB (Fig. 4-3). This
indicates that, to first order,the along-stream evolution of ASSH reflects the along-
stream increase in Gulf Stream transport. The 40-cm ASSH between glider transect
endpoints in the Florida Strait based on the mapped ADT product is lower than the
along-track estimates in Volkov et al. (2020) (on average 50 cm and 70 cm for their two

satellite tracks). The satellite tracks examined by Volkov et al. (2020) and the gliders
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both cross the current obliquely, but the gliders cross the current more perpendicularly
than does the altimeter track. In the presence of an along-stream gradient in cross-
stream sea surface height difference, the impact of the oblique crossing will be less for
the gliders, which helps explain the smaller range in ADT that the gliders observe.

Using a linear model, we compute the coefficient of determination R? between
ASSH and full-depth transport estimates derived from AD2CP-based velocities, geo-
strophic velocities, or a combination thereof. Coefficients of determination are high-
est for transport estimates based solely on AD2CP data (Fig. 4-3a,d) for both the
upper-bound and the lower-bound estimates, explaining 48% and 52% of variability,
respectively. Thus, the mapped satellite altimetry product captures fluctuations in
Gulf Stream transport along the entire U.S. East Coast to a similar extent as indepen-
dent estimates assessing temporal variability in isolated locations using along-track
altimetry products (e.g., Volkov et al. 2020) and tide gauges and bottom pressure
recorders (Maul et al. 1990; Meinen et al. 2010). Worst et al. (2014) found higher
correlations (capturing 77% of the variability) at the CMV Oleander line using the
same mapped ADT product as this study, but they compared annual averages and
thus looked at temporal scales that are well resolved by the gridded altimetry prod-
uct. Even for annual averages, the correlation is highly dependent on the endpoints
chosen to bracket the Gulf Stream (Worst et al. 2014). We observe something similar
when comparing our lower- and upper-bound estimates. The lower-bound estimates
are more highly correlated with ASSH than the upper-bound estimates, likely because
they exclude curvature and corotating eddies and better capture the part of the flow
that is in geostrophic balance.

Although satellite altimetry captures geostrophic velocities at the surface, the
correlations with full-depth transport estimates from geostrophic velocities (Fig. 4-
3b,e) are lower than for estimates using the AD2CP, generally explaining about 6%
less of the variability. More discussion on the geostrophic transport estimates, their
limitations and comparability with ASSH can be found in section 4.3.3. Combining
the AD2CP transport estimates with geostrophic estimates when AD2CP data are
not available as we did in Heiderich and Todd (2020) adds information from 13 ad-
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ditional transects (Fig. 4-3c,f), but it does not improve the correlation compared to
the AD2CP-only transects, since the geostrophic velocities are less correlated with
ASSH. In the following discussion, we will generally focus on lower-bound estimates
from AD2CP data only (except for a discussion of the geostrophic transport estimates
in section 4.3.3), since the coeflicient of determination is highest for this combination
(explaining 52% of the variability).

We also calculated correlations between Gulf Stream transport and the cross-
stream difference in sea surface height using a different definition for ASSH: In this
case, we define ASSH as the range in SSH across a transect (i.e., the difference be-
tween maximum and minimum SSH anywhere along the transect where SSH data are
available). For some transects, extrema in SSH occur within the transect rather than
at the endpoints. This is mostly the case for the upper-bound estimates that include
the flow associated with corotating eddies along the margins of the Gulf Stream and
for long or unusually shaped transects that capture significant along-stream variation
in SSH due to the gliders’ oblique crossing. We note that the range in ASSH across
a transect captures the same amount of Gulf Stream transport variability as ASSH
between the endpoints, and thus we will not show this metric. For both the upper and
the lower bound and AD2CP-based or geostrophic-velocity-based transport estimates
(or a combination thereof), the range captures about 1-4% more of the variance in
transport than the endpoints, which is not a substantial difference. The range partic-

ularly improves the correlation for the transport estimates from geostrophic velocities

(4%).

4.3.2 The effect of spatial vs temporal variability on correla-

tions
Coloring the Gulf Stream transport estimates and corresponding sea surface height
difference based their along-stream distance using the SSH-based coordinate system

reveals that there is a strong along-stream trend (Fig. 4-3). This raises the question

whether satellite altimetry mostly captures spatial variability and how much temporal
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variability it reflects.

Satellites and underwater gliders capture different spatial and temporal scales.
Our gliders do not provide time series of transport in any particular location, but
rather transport estimates collected over time scales of about a week (the time that
it takes a glider to complete a Gulf Stream crossing) that are spread all over the
Gulf Stream. Since the gliders are moving with respect to the water, we cannot
completely separate spatial and temporal variability. An individual glider transect
mostly captures local variability in transport, where “local” refers to spatial scales
of O(200) km (the typical along-stream extent of a glider transect, see Chapter 2)
and time scales of about a week (the typical duration of a glider crossing). Since

the collection of transects spans the entire U.S. East Coast, the gliders also provide

80 T T T T T

® Florida Strait
-| @ South Atlantic Bight /
Middle Atlantic Bight

Transport (Sv)
N [ep)
o o

N
o

Transport = 62 x ASSH

O 1 1 1 1 1
0 0.4 0.8 1.2

ASSH (m)

Figure 4-4: Mean transport for all the glider transects in a given region vs mean
ASSH across the glider transects in this region. See legend for regions. The mean
transports are based on the lower-bound estimates of transport from AD2CP data
only. The black line is a trend line forced to go through zero; the corresponding
equation is listed in the lower right.
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information about the along-stream variation in Gulf Stream transport (spatial extent
of O(2000) km). It takes a glider approximately the same time to cross the Gulf
Stream as it takes a Jason or Topex/Poseidon satellite to complete a repeat cycle. The
other satellites with repeat cycles of up to a month might entirely miss a glider crossing
and any short-term transport fluctuations. Since the effective temporal resolution of
the gridded altimetry product is about a month (Chelton et al. 2019), we expect the
satellites to capture more of the spatial (i.e., along-axis) variability than short-term
temporal variability.

In order evaluate the relative contributions of spatial and temporal variability to
the correlations in Fig. 4-3, we first assess the along-stream spatial trend (Fig. 4-4).
Mean transport estimates and the corresponding mean sea surface height difference
ASSH for transects in three individual subregions (the Florida Strait, the South
Atlantic Bight, and the Middle Atlantic Bight) show a clear along-stream trend.
This indicates that the variability captured by the gridded satellite altimetry product
is likely dominated by spatial variability, as already expected from Fig. 4-3. Fitting a
linear model that is forced to go through zero to the regional mean estimates allows
us to express the along-stream increase in transport as a function of ASSH.

To assess how much of the temporal variability in the glider-based transport esti-
mates is reflected in satellite altimetry, we remove the along-stream spatial trends in
both the transport and the ASSH estimates (Fig. 4-5). For the transport estimates,
we simply subtract the Gaussian-weighted mean transport derived in Chapter 2 at the
location of the respective transect. Since we are focusing on the lower-bound trans-
port estimates only based on AD2CP data in the following (the combination with the
highest correlation), we are subtracting the corresponding Gaussian-weighted mean
that is based on the lower-bound transport estimates from glider AD2CPs only. This
keeps comparisons consistent, but it also means the weighted mean in this chapter
is slightly different from the red line shown in Fig. 2-10 in Chapter 2. Differences
between the two weighted means are very small, even though we added more recent
glider AD2CP-based transport estimates and excluded transport estimates based on

geostrophic velocities and from Line W here. For ASSH, we also subtract the weighted
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Figure 4-5: Scatter plot as in Fig. 4-3d, but for deviations in transport T’ and sea sur-
face height ASSH’ after the removal of mean along-stream trends. The corresponding
coefficient of determination R? is shown in the top left.

mean transport at the transect locations, but divided by the slope of the linear model
describing the relationship between ASSH and transport in Fig. 4-4. After removing
the large-scale spatial trends, the correlation between deviations in transport (T’) and
sea surface height difference (ASSH’) drops substantially. For the AD2CP-only-based
lower-bound transport estimates, only about 13% of the variance is explained. Due
to their low temporal resolution of approximately one month, the gridded altimetry
product barely captures the short-term transport variability in the glider observations.

Since we only removed a mean large-scale spatial trend, the remaining estimates
contain both local spatial variability and temporal variability. We investigate whether
the remaining variability captured by satellite altimetry is localized in smaller dynam-
ically distinct regions with along-stream extents of 1000 km or less. Correlations are
similarly low when the deviations in transport (T’) and sea surface height difference

(ASSH’) are compared in following individual subregions: the Florida Strait, the
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Figure 4-6: As in Fig. 4-5, but separating the transects into different regions: (a) the
Florida Strait, (b) the South Atlantic Bight, and (c) the Middle Atlantic Bight. The
corresponding coefficient of determination R? is shown in each panel.

South Atlantic Bight, and the Middle Atlantic Bight (Fig. 4-6). In the Florida Strait,
where only 10 transects with AD2CP data exist, all of which had to be truncated due
to the lack of SSH data on the inshore edge, ASSH’ and T’ are uncorrelated. For the
South Atlantic Bight and the Middle Atlantic Bight, the coefficients of determination
are similar and explain about 12% and 16% of the variance, respectively. There are
more transects with AD2CP data in the SAB compared to the MAB (118 vs 41). In
individual subregions, both short-term temporal variability and local spatial variabil-
ity are high. They are captured by the gliders to the extent of the scales that the
gliders resolve (see above), but mostly missed by the mapped altimetry product.

In summary, the gridded altimetry product captures variability in Gulf Stream
transport along the U.S. East Coast reasonably well (about 50% of the variance),
but most of that is dominated by the large-scale spatial variability. While the along-
stream evolution is captured, local and/or short-term temporal variations are not
represented adequately (only 10%-15% of the variance). For the remainder of this
chapter, we will return to computing correlations for full transport and ASSH es-
timates without the removal of along-stream trends (i.e., not the deviations T’ and
ASSH’), keeping in mind that any subsequent analyses are mostly representative of

large-scale spatial trends.
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4.3.3 Correlations between transport per unit depth and sea

surface height

That satellite altimetry captures about 50% of the fluctuations in full-depth transport
estimates from gliders already gives us an indication that subsurface Gulf Stream
velocities are correlated with the surface velocities. The glider observations also
allow us to investigate the correlation between ASSH and Gulf Stream transport as
a function of depth. We calculate the coefficient of determination between ASSH
and Gulf Stream transport per unit depth for each 10-m vertical bin of the glider
observations (i.e., dividing the cross-stream integrated T;; by 10 m, the vertical extent
of each bin).

The correlation between ASSH and the surface transport per unit depth estimate
from geostrophic velocities is higher than with the AD2CP-based transport estimates
(Fig. 4-7). ASSH captures 39% of the variance in surface geostrophic transport es-
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Figure 4-7: Scatter plots of the lower-bound surface layer transport estimates for
the glider transects vs the sea level difference ASSH along the glider transect. The
surface layer estimate describes the transport in the uppermost 10-m bin of the glider
observations (from 5 to 15 m depth). (a) shows transport estimates from AD2CP
data only, and (b) shows transport estimates from geostrophic velocities only. The
corresponding coefficient of determination R? is shown in the top left of each panel.
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timates, but only 25% of the variance in AD2CP-based surface transport estimates.
The “surface” for the glider observations refers to the upper-most bin between depths
of 5 and 15 m. At the surface, ageostrophic effects due to wind (e.g., Ekman transport)
play an important role and are captured by the gliders” AD2CPs and likely explain the
low correlation. Though ASSH is related to the surface geostrophic velocity, it might
not be entirely comparable with our geostrophic velocity-based transport estimates,
which might explain the observed fairly low correlation. Our geostrophic velocity
estimates also contain ageostrophic components: the geostrophic shear is referenced
to the depth-average current, which includes all ageostrophic components. Other
ageostrophic effects (e.g., vertical heave by internal waves that influences the ther-
mal wind estimate) are mostly filtered out by the objective mapping procedure used
to estimate the geostrophic velocities (Todd et al. 2011, 2016; Rudnick et al. 2017).
Furthermore, the relatively low correlation between ASSH and glider-based surface
geostrophic velocity estimates may be related to uncertainties in our geostrophic ve-
locity estimates, including how accurately we can estimate the density gradient. Note
that we always miss some geostrophic transport along the edges of the Stream due to
the effects of objective mapping, which shrink the transect. Consequently, we adjust
the distance over which ASSH is computed for comparability. Even though the corre-
lations between ASSH and glider-based geostrophic transport estimates are therefore
internally consistent (Fig. 4-7b), it complicates comparison with the correlations for
the AD2CP-based transport estimates (Fig. 4-7a) since the transports were computed
over transects of different lengths.

Below the surface, the correlation between ASSH and geostrophic transport esti-
mates in each layer decreases (not shown). In contrast, the coefficients of determina-
tion for AD2CP-based transports in each layer increase below the surface (gray line
in Fig. 4-8a). Below 250 m depth, where ageostrophic effects due to wind are less
important, R? is relatively constant with depth (around 0.4). This agrees with an
equivalent barotropic current where the flow is in the same direction with depth (Neu-
mann 1960) and may explain why ASSH and the corresponding surface geostrophic

velocities explain as much of the transport variability as they do.
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Figure 4-8: The coefficient of determination R? between the lower-bound estimate
of Gulf Stream layer transport from AD2CP data only and the sea surface height
difference ASSH as a function of depth: (a) using transport in each 10-m depth
layer, and (b) using transport integrated from the surface to the given depth. The
coefficients of determination for all transects are shown in gray, while the colors
represent R? in the three different dynamical regions: the Florida Strait (FS), the
South Atlantic Bight (SAB) and the Middle Atlantic Bight (MAB), see legend.

We also calculate the coefficient of determination for transports per unit depth
in the different dynamical regions (colored lines in Fig. 4-8a). For the Florida Strait
and South Atlantic Bight, only a few profiles reach to the deepest depths, so we only
calculate R? for the depths where at least 10 profiles are contributing. In general,
the coefficient of determination is not very meaningful for the Florida Strait where
only 10 transects with AD2CP data contribute. R? in the surface layer in the Florida
is about twice as large as in the other two regions and goes to zero around 200 m
depth because transport above 200 m is correlated with ASSH, while transport below
200 m is anti-correlated with ASSH (not shown). This agrees with the two layer
structure of the Florida Strait observed by Meinen and Luther (2016) in lowered

acoustic Doppler current profiler (LADCP) data. Below 200 m, they also found a
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reduction in correlation between velocities at these depths and the surface velocity.
In the SAB, the coefficient of determination is fairly constant with depth, until it
increases below 800 m where only the deeper profiles near Cape Hatteras contribute.
At Cape Hatteras, where the Gulf Stream crosses over the Deep Western Boundary
Current, greater variability and larger ranges in ASSH compared to the rest of the
SAB are expected. The layer transport for all regions combined also shows a slight
increase in R? around 800 m depth, possibly due to the influence of glider profiles
near Cape Hatteras. In the MAB, correlations between layer transport and ASSH
decrease slightly with depth.

The coefficient of determination R? between ASSH and transport integrated from
the surface to a given depth increases with depth (gray line in Fig. 4-8b). Most
ageostrophic effects like Ekman transport are stronger at the surface and therefore
become less important for increasingly thicker layers that extend farther away from
the surface. For the SAB and MAB, R? for transport integrated from the surface to
a given depth is fairly constant and comparable for the two regions. As already indi-
cated in section 4.3.2, the mapped altimetry product captures the large-scale spatial
variability along the U.S. East Coast better than the local short-term variability in
different dynamical regions; R? for all the regions combined is larger at all depths,
except for at the surface in the Florida Strait and the MAB where ageostrophic effects
are largest.

Since the Gulf Stream often exhibits substantial curvature, particularly in the
MAB and downstream of the Charleston Bump (an underwater ridge and trough
feature in the SAB; Bane and Brooks 1979; Gula et al. 2015), the cyclostrophic
component of the velocity, which is related to the centrifugal acceleration acting on
curved flow, may be important. We estimate a representative Gulf Stream radius
of curvature for each glider transect by first computing the local radius of curvature
between successive glider dives as the ratio of the along-stream distance between dives
to the change in direction of the depth-average current between those dives (Todd
et al. 2016) and then averaging these estimates within each individual transect. The

transects exhibit both cyclonic and anti-cyclonic curvature and the radii of curvature
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Figure 4-9: Scatter plot of the lower-bound transport estimates from AD2CP data
only for all the glider transects vs the sea level difference ASSH along the correspond-
ing glider transects (as in Fig. 4-3d), but colored by the mean radius of curvature for
each transect. Note that some transects exceed the color scale: 39 transects have radii
of curvature with absolute values larger than 500 km and are shown in the darkest
colors.

span a wide range from 1 to 8000 km (Fig. 4-9), with no recognizable pattern. Radii
of curvature are very large where the current exhibits essentially no curvature, and
can be very small for transects where the Gulf Stream exhibits both cyclonic and
anti-cyclonic curvature that is averaged out across the stream. Estimating radii of
curvature is difficult and noisy. If there were a consistent pattern, we could assume
a gradient wind balance rather than a geostrophic balance and examine whether the

correlation of our transport estimates with ASSH improves.

4.3.4 Correlations for different water classes

The gliders provide concurrent observations of hydrography and velocity and thus al-

low us to investigate whether fluctuations in the transport of certain water classes in
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the Gulf Stream are correlated with ASSH through geostrophy. Heiderich and Todd
(2020) divided Gulf Stream transport into 7 different water classes: near-surface
Gulf Stream waters (SW), near-surface waters originating from the Middle Atlantic
Bight shelf and the Slope Sea (MABW), thermocline waters including Salinity Maxi-
mum Water (TW), Eighteen Degree Water and related waters below the thermocline
(EDW), Antarctic Intermediate Water (AAIW), upper Labrador Sea Water (uLSW),
and other intermediate waters (IW). We use the same classification to calculate water
class transports in each transect and compare them with ASSH over the transects.
Coefficients of determination R? are only calculated for water classes observed in
at least 10 transects in a given region. R? is highest for the subthermocline water
classes (i.e., EDW, IW, uLSW) where ageostrophic effects are smaller (Fig. 4-10a), as
we expect from Fig. 4-8. Satellite altimetry captures almost 50% of the variance in
these water classes along the entire U.S. East Coast. Local short-term variability in
the individual dynamical regions is less well represented (Fig. 4-10b—d) as seen pre-
viously in Figs. 4-6, 4-5 and 4-8. Correlations for AAIW decrease as the Gulf Stream

flows northward and its signal is eroded away (yellow bars in Fig. 4-10b—d; also see
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Figure 4-10: The coefficient of determination R? between water class transports and
the sea level difference ASSH across the corresponding glider transect for (a) all the
glider transects and in the three different dynamical regions: the Florida Strait (b),
the South Atlantic Bight (c), and the Middle Atlantic Bight (d). The different water
classes are as in Heiderich and Todd (2020): Middle Atlantic Bight Water (MABW),
surface waters (SW), thermocline waters (TW), Eighteen Degree Water and related
waters (EDW), intermediate waters (IW), upper Labrador Sea Water (uLSW), and
Antarctic Intermediate Water (AAIW).
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Chapter 2). Conversely, as the volume of uLSW in the Gulf Stream increases down-
stream through entrainment from the offshore side (see Heiderich and Todd 2020,
and Chapter 3), correlations between uLSW and ASSH increase (light green bars in
Fig. 4-10b—d). As before, correlations are highest in the MAB and not very reliable
in the Florida Strait where only 10 transects contribute to the estimates. MABW is
only observed in the MAB and near Cape Hatteras, whereas uLSW and SW are not
encountered in the Florida Strait (or at least not often enough to be counted in the

calculation of R?, particularly for SW).

4.4 Summary

In this analysis, we have investigated how well satellite-altimetry-based estimates
of cross-stream sea surface height differences represent the variance in Gulf Stream
transport along the U.S. East Coast that has been measured by underwater gliders.
Both transport and ASSH increase in the along-stream direction, indicating that
geostrophy does capture the along-stream increase in Gulf Stream transport to first
order. We assess the correlations between ASSH and transport as a function of depth,
for three different dynamical regions (the Florida Strait, South Atlantic Bight, and
Middle Atlantic Bight), and for different water classes following the classification in
Heiderich and Todd (2020).

Correlations are highest for our lower-bound transport estimate based solely on
AD2CP data. For these estimates, ASSH from satellite altimetry captures about
50% of the variability along the entirety of the U.S. East Coast (Fig. 4-3), most of
which is large-scale spatial variability (O(2000) km). Removing the along-stream
trends reveals that the satellites only capture about 10%-15% of the local and/or
short-term temporal variability over the whole domain (Fig. 4-5), as well as in the
smaller subregions of the Florida Strait, South Atlantic Bight, and Middle Atlantic
Bight (Fig. 4-6). This is due to the difference in the temporal resolution of the
observations: gliders observe processes on time scales of about a week, whereas the

gridded altimetry product has a O(1) month temporal resolution. That ASSH and
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depth-integrated transport fluctuations are correlated over the scale of the entire U.S.
East Coast is reflective of our result in Chapter 2 that the along-stream increase in
transport is barotropic (see Fig. 2-11).

Fluctuations in subsurface Gulf Stream velocities are at least somewhat correlated
with fluctuations in surface velocities. At the surface, transport estimates from geo-
strophic velocities are more highly correlated with ASSH than AD2CP-based surface
transport estimates (Fig. 4-7). In general, correlations between ASSH and transport
per unit depth increase below 250 m depth since ageostrophic effects (e.g., wind-driven
Ekman transport) are stronger at the surface. When comparing ASSH to transport
integrated from the surface, correlations increase with depth because ageostrophic
effects that are mainly found at the surface contribute a smaller fraction of the trans-
port (Fig. 4-8). Consequently, the variability in water class transport is captured
best by satellite altimetry for the water classes below the thermocline (i.e., Eighteen
Degree Water, upper Labrador Sea Water, and other intermediate waters; Fig. 4-10).

More detailed investigations of how good the geostrophic velocity estimates are
remain, especially since the geostrophic transects miss transport along the edges due
to the objective mapping. For individual transects, the differences in geostrophic
transports compared to AD2CP-based transport estimates can be quite large, but
they capture the same mean along-stream evolution (not shown, calculated in response
to a reviewer question on Heiderich and Todd (2020), i.e. Chapter 2). Moreover,
further studies on the effects of estimating ASSH along transects that are oblique
with respect to the Gulf Stream axis (as is the case for both the gliders and the
satellite tracks in the Florida Strait) would be beneficial, since geostrophic velocities
estimates from ASSH would be perpendicular to the line connecting the two endpoints
of this transect. To assess this, one could compute SSH on either side of the Gulf
Stream (i.e., parallel to the Gulf Stream axis) and average it over the along-stream
distance that the glider occupied during each oblique crossing.

Considering that gridded satellite altimetry captures about half of the variability
in upper 1000-m Gulf Stream transport along the U.S. East Coast, it may be possible

to develop an SSH-only-based metric to monitor Gulf Stream transport over large
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scales and on shorter time scales than is feasible using in situ platforms. However,
choosing the endpoints over which the sea level difference should be computed will
require careful consideration, as will estimates of the uncertainty in transport esti-
mates from SSH over large spatial scales. Since half of the variability in Gulf Stream
transport (and even more at smaller spatial scales) is not captured by satellite al-
timetry data, persistent in situ measurement by platforms like the underwater gliders

used here will remain important to monitoring the Gulf Stream.
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Chapter 5

Conclusions

This thesis explores the along-stream evolution of the Gulf Stream in terms of vol-
ume transport and water characteristics using a large data set collected by underwater
gliders in combination with other observations. Chapter 2 presents an overview of
Gulf Stream volume transport and its water class constituents, while Chapter 3 inves-
tigates the mechanisms involved in the erosion of one of those water classes (namely
Antarctic Intermediate Water). Chapter 4 examines how well the observed variability
in Gulf Stream transport is captured by satellite altimetry. All of these chapters are
connected through the question of how the Gulf Stream evolves as it flow through dif-
ferent dynamical regimes along the U.S. East Coast and how these regimes affect its
transport and water properties. This concluding section synthesizes the primary find-
ings and contributions of the chapters in this thesis (Section 5.1) and discusses their
implications, as well as any open questions that arise and potential future research

directions (Section 5.2).

5.1 Contributions

Chapter 2 revisits the well-known along-stream increase in Gulf Stream volume trans-
port through a novel large data set of finescale, subsurface observations of hydrog-
raphy and velocity collected by autonomous underwater gliders in combination with

shipboard measurements along Line W. The main contributions in Chapter 2 are:

e A detailed characterization of the time-mean along-stream evolution of Gulf

Stream volume transport in the upper kilometer of the ocean between Florida
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and New England that fills in large spatial gaps between existing time series of

Gulf Stream transport.

e An examination of the water classes that contribute to the along-stream increase

in Gulf Stream volume transport through entrainment.

We derive upper- and lower-bound estimates of Gulf Stream transport from each
cross—Gulf Stream transect to assess the effects of corotating eddies and curvature on
Gulf Stream transport. The observations confirm the long established along-stream
increase in volume transport, yet they also reveal high transect-to-transect variability
at similar along-stream locations. Waters are divided into seven classes based on their
potential temperature and salinity properties, revealing that most of the increase in
Gulf Stream volume transport above 1000 m is due to the entrainment of subthermo-
cline waters including Eighteen Degree Water, upper Labrador Sea Water, and other
intermediate waters. We also show that the volume transport of Antarctic Interme-
diate Water within the Gulf Stream diminishes as the flow progresses downstream

from the Florida Strait.

Chapter 3 delves into the mechanisms contributing to the poleward erosion of Antarc-
tic Intermediate Water and the entrainment of upper Labrador Sea Water into the
Gulf Stream far south of Cape Hatteras found in Chapter 2. We compute three-
dimensional fields of mean and eddy salt fluxes from the glider observations. Those
fluxes are then integrated over the surfaces of control volumes that we choose to en-

close the Antarctic Intermediate Water. The primary findings of Chapter 3 include:

e The low salinity signature of Antarctic Intermediate Water in potential temperature—

salinity (0-S) space is eroded in the Gulf Stream between the Florida Strait and
Cape Hatteras through both lateral stirring and vertical mixing with different

processes dominating in different locations along the Blake Plateau.

e Variable flow allows upper Labrador Sea Water to cross f/H contours and flow

over the relatively shallow Blake Plateau just north of the Bahamas, where it
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is entrained into the Gulf Stream as shown in Chapter 2 and contributes to the
erosion of Antarctic Intermediate Water due to its relatively higher salinity at

similar densities.

Returning to the glider-based estimates of Gulf Stream volume transport developed in
Chapter 2, Chapter 4 assesses how well satellite-altimetry-based estimates of cross-
stream sea surface height differences (ASSH) capture the transport variability ob-

served by the gliders. The central conclusions in Chapter 4 are:

e The gridded and objectively mapped satellite altimetry product captures only
about 50% of the variability observed in glider-based transport estimates along
the entire U.S. East Coast. In individual subregions where local and/or short-
term temporal variability is high, ASSH explains much less of the variance in

transport.

e Correlations between ASSH and transport per unit depth are higher at depths
where ageostrophic effects are less important. Altimetry best captures the vari-
ability of transport for waters below the main thermocline (i.e., Eighteen Degree

Water, upper Labrador Sea Water, and other intermediate waters).

e Though previous studies have shown that along-track satellite data can be used
to derive Gulf Stream transport in isolated locations at time scales of several
weeks or longer, creating a satellite-based metric that captures the along-stream
variability of Gulf Stream transport is only feasible to a certain extent for large

scales and cannot replace in situ observational platforms.

5.2 Implications, open questions, and future direc-
tions

The large Gulf Stream glider field program that provides the main observational basis
for this thesis provides uniquely detailed insights into the along-stream evolution of

the Gulf Stream. Acting as a platform that connects observations in the shelf regions
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and the open ocean as part of the Global Ocean Observing System, autonomous un-
derwater gliders are particularly well suited to monitor the upper kilometer of western
boundary currents, improving the coverage of observations along ocean boundaries
(Davis et al. 2012; Rainville et al. 2013; Rudnick et al. 2013; Schaeffer and Roughan
2015; Schonau et al. 2015; Todd et al. 2016; Krug et al. 2017; Todd 2017). They
provide finescale observations for months at a time and can continue sampling dur-
ing hurricanes and other severe weather events when shipboard operations are not
possible (Todd et al. 2018). Since deployments and recoveries only require day trips
on small vessels, the glider observations are cost effective compared to traditional
shipboard sampling. Hopefully this valuable Gulf Stream glider field program will
be continued into the future, so that it can be used to identify and quantify poten-
tial changes in Gulf Stream behavior that are likely to occur due to anthropogenic
climate change (e.g., IPCC 2013, and references therein). Several studies suggest
that the Gulf Stream may already be changing (e.g., Ezer et al. 2013; Andres 2016;
Piecuch 2020; Caesar et al. 2021), emphasizing the need for large data sets to pro-
vide a robust climatological reference baseline to compare future changes to and that
can help us understand the present dynamics, variability, and structure of western
boundary currents. At its current size, the data set allows estimation of time-mean
properties (e.g., Chapters 2 and 3), variability with respect to that mean (Chapter 3),
and transect-to-transect variability in the along-stream direction (Chapters 2 and 4).
More observations are needed to assess the climatological seasonal variability and
variability on interannual time scales in the Gulf Stream.

Many questions remain about the pathways of the different water masses and their
variability or persistence. Though Chapters 2 and 3 have established where and how
water masses including upper Labrador Sea Water or Antarctic Intermediate Water
become entrained or are eroded, many details remain unknown because the gliders
only measure horizontal fluxes. Analysis of numerical simulations, particularly those
constrained to match the glider observations via data assimilation, could shine more
light on vertical fluxes, the pathways of other water masses, Gulf Stream structure

and variability below the depths where gliders cannot measure (below 1000 m), and
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vertical diffusivities as outlined in Chapter 3.

Satellites provide broad scale observations of the surface ocean over relatively
short time scales as discussed in Chapter 4. Though along-track altimetry has proven
useful to track Gulf Stream transport in isolated locations, the gridded and mapped
products miss much of the local temporal variability because satellites have repeat
periods on the order of 10 days or larger (Chapter 4). Further work is needed to
determine the degree to which remote sensing of the sea surface can be used to fill
spatial or temporal gaps in monitoring Gulf Stream transport with in situ platforms.
Questions remain about how to define the offshore boundary of the Gulf Stream from
satellite observations, especially due to the tilted core of the current, eddies, and flow
curvature.

The glider data set provides ample opportunities for future studies. Among other
potential topics, it would be interesting to have a more detailed look at the exchange
between the Gulf Stream and the DWBC at Cape Hatteras, the processes controlling
the stability and structure of the benthic front between AAIW and uLSW on the

southern Blake Plateau, and horizontal momentum fluxes in the Gulf Stream.
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