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ABSTRACT

Twenty-six RAFOS floats were deployed in the deep western boundary current (DWBC) of the North Atlantic
Ocean between the Grand Banks and Cape Hatteras in 1994-95 and tracked acoustically for up to two years.
Half of the floats were launched in the upper chlorofluorocarbon (CFC) maximum associated with upper Labrador
Sea Water (~800 m), and the other half near the deep CFC maximum that identifies the overflow water from
the Nordic seas (~3000 m). The float observations reveal the large-scale pathways of these recently ventilated
water masses in the subtropics. The shallow float tracks show directly that upper Labrador Sea Water is diverted
away from the western boundary and into the interior at the location where the DWBC encounters the Gulf
Stream near 36°N (the ‘‘ crossover region’™”), consistent with previous hydrographic studies. East of the crossover
region, only one upper Labrador Sea Water float out of seven (~15%) ‘“‘ permanently’” crossed to the south side
of the stream in two years, caught in a cold core ring formation event. The other shallow floats recirculated
north of the Gulf Stream, apparently confined by the mean potential vorticity gradient aligned with the stream.
The deep floats closely followed the topography to the crossover region, then revealed a bifurcation in fluid
parcel pathways. One branch continues equatorward along the western boundary, and the other turnsfirst eastward
aong the Gulf Stream path, then southward. The deep float pathways, including the bifurcation in the crossover
region, can be explained in terms of the deep potential vorticity distribution. Comparison of the float results
with results from recent modeling studies suggests that the deep flow is strongly influenced by both the depth
of the main pycnocline and bottom depth. The effective spreading rates of upper Labrador Sea Water and
overflow water estimated directly from the float data, southward at 0.6 = 0.2 cm st and 1.4 = 0.4 cm s7%,
respectively, agree well with tracer-derived spreading rates. Mean velocities in the DWBC, equatorward at 2—4
cm s* (upper Labrador Sea Water) and 4-5 cm s~ (overflow water), are consistent with other in situ mea-
surements. One deep float drifted almost 4000 km along the western boundary in two years, revealing a *‘ fast
track’ for the spreading of overflow water in the DWBC. These observations emphasize the importance of the
crossover region in the spreading and mixing of recently ventilated water masses, addressed in Part |1 of this

study.

1. Introduction

The deep western boundary current (DWBC) in the
North Atlantic Ocean is a mgjor branch of the ther-
mohaline circulation, and an important component in
the global heat balance. It transports recently ventilated
cold water masses from the northern North Atlantic to-
ward the equatorial region along the western boundary.
The existence of the DWBC was first predicted on the-
oretical grounds by Stommel and Arons (Stommel 1957,
1958; Stommel and Arons 1960a,b) and confirmed ex-
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perimentally by Swallow and Worthington (1961) using
neutrally buoyant floats.

Over the past several decades, our view of the
DWBC's structure has been continualy refined based
on new observations. We now recognize that four sep-
arate water masses of northern origin, which together
make up North Atlantic Deep Water (NADW), aretrans-
ported by the DWBC in the depth range 700—4000 m.
I celand—Scotland Overflow Water and Denmark Strait
Overflow Water (DSOW) make up the two deepest water
masses (2500—4000 m, 2°-3°C). We will refer to these
two water masses collectively as overflow water (OW).
Classical Labrador Sea Water (LSW) lies above the
overflow water masses in the depth range 1500—2500
m and has temperatures 3°-4°C. Upper Labrador Sea
Water (ULSW), believed to form along the western
boundary of the Labrador Sea, makes up the lightest
component of NADW and is found in the depth range
700-1500 m with temperatures 4°-6°C (Pickart et al.
1997). Each water mass is distinguishable based on its
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Fic. 1. Schematic diagram of the vertically integrated transport in the western North Atlantic after Hogg
(1992). NRG: northern recirculation gyre, WG: Worthington gyre, DWBC: deep western boundary current.
The NRG circulates cyclonically, and the WG anticyclonically. The 1-km and 4-km bathymetric contours

are also shown.

characteristic water properties. Both ULSW and OW
are usually identifiable as maximain the anthropogenic
tracers chlorofluorocarbon (CFC) and tritium, with
DSOW contributing the most to the deep CFC core
(Smethie 1993; Fine 1995). LSW is typically identified
by its high dissolved oxygen content and low potential
vorticity (Talley and McCartney 1982), although an in-
crease in convective activity in the Labrador Sea in the
late 1980s/early 1990s has resulted in increased levels
of CFCs in this water mass (Smethie et al. 2000; Mol-
inari et a. 1998). Tracer concentrations generally de-
crease seaward from, and southward along, the western
boundary, consistent with an advective pathway from
high latitudes along the continental slope (Doney and
Jenkins 1994; Fine 1995).

A magjor refinement of the Stommel—Arons paradigm
for the abyssal circulation has resulted from the dis-
covery of deep recirculation gyres adjacent to the west-
ern boundary. These features have been identified in the
Newfoundland Basin, north and south of the Gulf
Stream extension (the northern recirculation and Wor-
thington gyres, respectively), east of the Bahamas, and
in the Guiana Basin [see Schmitz and M cCartney (1993)
for areview]. They can result in locally increased equa-
torward transport along the western boundary (see, e.g.,
Lee et al. 1996; Hogg 1992) and locally enhanced ven-
tilation of the ocean interior due to mixing between the
DWBC and the recirculation gyre (Olson et al. 1986;
Pickart et al. 1989; Smethie 1993; Doney and Jenkins

1994; Rhein 1994). It is now well recognized that these
recirculation gyres account for some of the difference
between tracer-derived estimates of advective rates in
the DWBC and direct velocity observations (see, e.g.,
Fine 1995). Tracer-derived velocities are usually in the
range 1-2 cm s* (Doney and Jenkins 1994), compared
to mean velocities from current meter measurementsin
the range 5-10 cm s * (Hogg et a. 1986; Pickart and
Watts 1990; Watts 1991).

The location where the DWBC crosses under the Gulf
Stream, near 36°N, is an important region of interaction
between the DWBC and the ocean interior. The Gulf
Stream is flowing across the slope into the deep ocean,
and the western limbs of the northern recirculation gyre
and the Worthington gyre are converging and turning
eastward to create the deep expression of the Gulf
Stream, Fig. 1 (Hogg 1992). The DWBC passes under
the Gulf Stream west of the recirculation gyres and en-
ters the subtropical regime. Pickart and Smethie (1993,
hereafter PS93) conducted a detailed synoptic hydro-
graphic and tracer survey of the crossover region and
found that, except for a very narrow band of ULSW
right against the slope that crossed directly under the
Gulf Stream, most of the ULSW transported by the
DWBC was diverted offshore at the crossover and en-
trained along the northern edge of the Gulf Stream. In
contrast, most of the OW followed the topography more
closely, crossed under the Gulf Stream, and continued
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equatorward. Only the offshoremost edge of OW ap-
peared to recirculate into the interior.

With so much of the ULSW diverted offshore in the
crossover region, a natural question is how does the
CFC associated with this water mass reach the subtrop-
ics and Tropics, where it has been observed against the
western boundary and along the equator (Weiss et al.
1985; Fine and Molinari 1988). One explanation is that,
after being deflected offshore at the crossover, ULSW
is entrained from the Gulf Stream into the Worthington
gyre, and returns to the western boundary south of the
crossover (Smethie et al. 2000). This explanation is
based on the observations of PS93 and Johns et al.
(1997), who found an inflow of moderately high-CFC
water into the DWBC south of Cape Hatteras. Smethie
(1993) speculated that the entrainment of ULSW into
the Worthington gyre occurs via the formation and dis-
sipation of cold core rings, and PS93 suggested that
strong eddy mixing right in the crossover region could
result in the flux of CFCs southward across the Gulf
Stream.

Some of these observations are consistent with the
results of Spall (1996), who investigated the mean path-
ways of ULSW and OW using a three-layer regional
primitive equation model. The Gulf Stream was rep-
resented in the upper layer of the model, and the DWBC
in two lower layers. Like the observations of PS93, the
mean flow of the upper DWBC layer (representing
ULSW) showed a significant pathway deflected away
from the western boundary and into the interior along
the mean path of the model Gulf Stream. This flow
pathway turned southward in the interior as part of the
Worthington gyre and eventually returned to the western
boundary south of the crossover and continued equa-
torward. In the lower DWBC layer (representing OW),
the mean flow closely followed the topography and con-
tinued southward without being diverted significantly
into the interior.

The study of PS93 significantly improved the de-
scription of the pathways of the DWBC in the crossover
region, but the large-scale spreading pathways of
DWBC water masses in the subtropical North Atlantic
have been inferred from water property distributionsand
not directly observed. In the present study, we attempt
to clarify the spreading pathways and rates of ULSW
and OW with new Lagrangian observations obtained
between the Grand Banks of Newfoundland and 20°N.
These data were collected as part of a collaborative
study of the DWBC using hydrographic, tracer, and float
observations with R. Pickart (WHOI) and W. Smethie
(LDEO), called BOUNCE (Boundary Current Experi-
ment). The main objectives of the Lagrangian compo-
nent of this investigation were to 1) directly observe
long-term fluid parcel trgjectories in the DWBC, in-
cluding the crossover region; 2) estimate the mean equa-
torward speed of fluid parcels in the DWBC; and 3)
investigate the kinematics and dynamics of the DWBC
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in the crossover region from a Lagrangian viewpoint.
The first two objectives are the focus of Part | of this
study, and the third objective is addressed in Part Il
(Bower and Hunt 2000). Future work will discuss the
combined analysis of the float, hydrographic, and tracer
measurements. This study complements a similar in-
vestigation of fluid parcel pathwaysin the DWBC south
of the crossover region (Leaman and Vertes 1996). In
the next section, the float dataset is described. Section
3 contains the results, which include a description of
the pathways of fluid parcels in the DWBC and esti-
mates of spreading rates of recently ventilated water
masses. In section 4, we discuss the float observations
in terms of previous observational and modeling results.
The main findings are summarized in section 5.

2. Data
a. Float description and deployment strategy

A total of 30 Range and Fixing of Sound (RAFOS)
floats were deployed in the DWBC between the Grand
Banks and Cape Hatteras during two hydrographic sur-
vey cruises separated by 6 months (Fig. 2). Twenty-four
floats were released on the first cruise in November—
December 1994 from the R/V Endeavor (EN257,
BOUNCE 1), and six were launched on a second cruise
in May—-June 1995 from the R/V Oceanus (OC269,
BOUNCE I1). Half of the floats, referred to hereafter as
“shallow” floats, were designed to be isopycna and
were ballasted for the o, = 27.73 density surface. This
surface, which is at about 800 dbar north of the Gulf
Stream, is near the center of the CFC maximum asso-
ciated with ULSW (PS93; Pickart et al. 1997). The other
half, referred to as “‘deep” floats, were isobaric floats,
ballasted for 3000 dbar. Thisis near the deep CFC max-
imum associated with OW. All the floats were pro-
grammed to collect acoustic tracking data from moored
sound sources, aswell as pressure and temperature mea-
surements, once daily for two years. At the end of its
mission, each float dropped aballast weight and returned
to the sea surface, where it transmitted its data to the
ARGOS satellites. Through Service ARGOS, the data
were transmitted to aground station. The datawere then
transferred to a global positioning center and on to
WHOI via the Internet. See Rossby et al. (1986) for a
more detailed description of the RAFOS system.

The shallow floats were designed to be isopycnal
floats so that they could more accurately follow the
horizontal and vertical pathways of fluid parcels, es-
pecialy in the crossover region where isopycnal sur-
faces slope steeply across the Gulf Stream. The method
of Rossby et al. (1985) was used to render the floats
isopycnal, which involves attaching a spring-backed pis-
ton mechanism (** compressee’’) to the float. The spring
constant and piston diameter are chosen to give the en-
tire float package the same compressibility as seawater.
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Fic. 2. Charts showing deployment sites of (a) shallow floats, deployed in the upper CFC maximum of the DWBC
[~800 m depth, upper Labrador Sea Water (ULSW)], and (b) deep floats, deployed near the deep CFC maximum
[~3000 m depth, overflow water (OW)] along BOUNCE CTD sections. Only the 26 floats that transmitted data are
included here and in subsequent figures. Almost all of the floats were launched on the first BOUNCE cruise in Nov—
Dec 1994. CTD sections 1-5 were occupied on both BOUNCE cruises, while section 6 was occupied only during
BOUNCE II. Bathymetry is shaded in 1-km intervals. Most of the shallow floats were launched between the 1500 and

50°W 45°W

3000 m isobaths, and most of the deep floats between the 3500 and 4000 m isobaths.

Since the shallow floats were to be launched at the base
of the main pycnocline, where the potential density gra-
dient is relatively weak, the compressees were designed
conservatively to be dlightly more stiff than seawater
(a float with exactly the same compressibility as sea-
water in a vertically homogeneous water column would
be neutrally stable). Compressibilities of the shallow
floats were 85%—90% of seawater compressibility at the
target pressure, temperature, and salinity. The deep
floats could not be made isopycnal due to the very low
stratification and extreme hydrostatic pressures in the
deep ocean.

Twenty-six of the 30 floats thus launched surfaced
and returned data, 12 shallow and 14 deep. Figure 2
shows where they were released, and Table 1 lists the
launch, surface, initial temperature and pressure, and

mission information for each float. The CFC samples
taken during the cruises could not be analyzed quickly
enough to tailor the float launch positions to the real-
time CFC distribution, so a deployment strategy based
on previous observations and *‘ upstream” CFC obser-
vations (as they became available during the cruise) was
adopted. Along each CTD section that was seeded with
floats, one shallow float was launched where the section
crossed the 1500-m i sobath and one or two more shallow
floats were launched 25-50 km offshore to document
any cross-slope dependence of float behavior (Fig. 2a).
This ensured that the floats were at least several hundred
meters above the seafloor. One deep float was launched
where the section crossed the 3500-m isobath. The deep
CFC maximum is usually found near this isobath. On
most sections, one or two more deep floats were
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TABLE 1. Float launch and surface information. The status code indicates how the float mission ended: normally (00) or prematurely due
to low battery voltage (66), overpressure (80), or lost ballast weight (83). For float b253, the status code is unknown and assumed normal

(00) because the float completed full mission length of 730 days.

Launch Surface
Date Latitude  Longitude Date Latitude Longitude Mission Status Initial P Initia T
Float (yymmdd) (°N) (°W) (yymmdd) (°N) (°W) length code (dbar) (°C)
Shallow floats
b253 941114 44.203 54.329 961113 40.544 66.352 729 00? 939.1 3.94
b263 941122 42.560 63.501 960427 39.300 67.020 522 83 848.0 4.41
b266 941122 42.136 63.146 961117 35.086 67.802 726 00 879.5 4.55
b267 941117 43.802 58.796 961115 39.609 62.678 729 00 942.0 4.17
b268 941118 42.939 60.935 961116 No show
b270 941127 39.349 69.551 961021 38.827 64.939 694 66 819.8 4.55
b271 941117 43.338 58.448 961115 No show
b272 950604 43.793 58.774 960812 41.956 65.288 435 66 846.6 4.18
b273 941114 44,531 54.004 950707 44.473 56.255 235 83 794.2 4.43
b274 950610 39.786 69.853 960616 39.896 56.881 372 66 920.8 4.35
b275 941118 43.022 60.995 961116 37.526 70.381 729 00 902.0 4.19
b276 941127 39.787 69.869 961126 38.848 69.360 729 00 1048.2 4.13
b277 941118 42.651 60.655 961116 40.483 47.816 729 00 926.6 4.38
b278 950604 43.331 58.438 970603 No show
b279 941122 42.344 63.324 950404 41.572 64.960 133 83 972.0 4.42
Deep floats
b252 941126 38.346 68.783 961124 34.662 59.530 728 00 3017.6 2.67
b254 941118 42.490 60.558 961116 34.586 63.485 729 00 3052.8 2.61
b255 941126 38.561 69.013 961124 27.091 74.319 728 00 2985.6 251
b256 950604 43.331 58.438 961021 36.482 71.709 505 83 3007.7 2.75
b257 950611 38.538 68.954 970609 41.326 54.051 728 00 3041.1 2.63
b258 941121 41.386 62.542 961117 35.419 56.896 727 00 3127.4 2.66
b259 941113 43.745 54.646 961108 35.525 71.505 725 00 2992.8 271
b260 941117 43.338 58.447 960328 38.161 68.807 497 83 2998.4 2.70
b261 941121 41.733 62.829 961117 No show
b262 941113 43.291 55.082 961108 27.225 75.848 726 00 3585.0 2.48
b264 941116 42.933 58.065 961115 36.734 64.953 729 00 3000.8 2.75
b265 941118 42.385 60.502 961116 38.038 53.185 728 00 2998.0 2.66
b269 941118 42.269 60.407 960904 40.167 52.503 656 80 2989.0 2.73
b280 950603 43.031 58.142 970602 20.751 68.499 729 00 2998.9 2.76
b281 941121 41.398 62.543 950709 34.493 74.037 230 83 3338.8 243

launched farther offshore, mostly between the 3500 and
4000 m isobaths (Fig. 2b). The 3000-dbar target pres-
sure for the deep floats was chosen to be several hundred
meters above the peak tracer values, which are usually
found near the seafloor, in order to avoid float ground-
ing.

The floats were tracked using an array of six sound
sources moored in the northwestern North Atlantic. One
of these was deployed in 1993 by K. Leaman (University
of Miami) for a different experiment (Leaman and Ver-
tes 1996), and was useful in extending the tracking area
southward from Cape Hatteras. The other five sources
were deployed specifically for BOUNCE. Details re-
garding the sound sources and float data processing can
be found in Hunt and Bower (1998).

b. Float performance

Eighteen of the 26 floats that surfaced completed (or
nearly completed) their full 2-yr mission (7 shallow and
11 deep, Table 1), while 8 floats surfaced prematurely
at various times (5 shallow and 3 deep, Fig. 3). Details

are described in Hunt and Bower (1998), but it is worth
mentioning here that the most common (6 floats: 3 shal-
low and 3 deep) reason for the premature end of afloat
mission was the loss of the ballast weight. In nearly
every case, this was correlated to the float grounding
and/or dragging along the seafloor as a result of strong
cross-slope flow, possibly associated with topographic
Rossby wave activity (see next section). Floats that sur-
faced prematurely still transmitted the data collected up
to that point.

The average density at the initial pressure of the shal-
low floats, calculated from the CTD data at each float
launch site, was 27.737, or 0.007 denser than the target
density, 27.73. This corresponds to a pressure offset of
only about 30—-60 dbar too deep and is within the ac-
curacy of the ballasting procedure. Two of the 14 deep
floats were ballasted for pressures deeper than the 3000-
dbar target: number 281 was intentionally set for 3320
dbar, and number 262 was mistakenly ballasted for
about 3600 dbar. The average difference between the
target and actual pressure for the deep floats was 59
dbar too deep, but if number 262 is excluded, the av-
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erage difference was only 14 dbar too deep (Hunt and
Bower 1998). This is again within the accuracy of the
ballasting method.

3. Results

a. Relationship of float deployments to hydrographic
properties of DWBC

The objective in this study was to tag the recently
ventilated water masses in the DWBC, ULSW, and OW,
with floats. In general, this was accomplished success-
fully. Figure 4 shows the launch locations of the floats
relative to the hydrographic property and absolute (syn-
optic) alongslope velocity distributions for one repre-
sentative section, BOUNCE | Section 3 (see Fig. 2 for
section location). The two shallow floats launched along
this section were released at about 900 dbar at initial
potential temperatures of 4.3°-4.4°C (Fig. 4a). Initia
potential densities were between 27.73 and 27.74 (Fig.
4b). The shallow floats were initially embedded in a
relatively large area of high CFC (F-11) concentration
(areaenclosed by the 1.4 pmol kg—* contour), extending
from depth 500 to 2000 m and about 150 km offshore
(Fig. 4c). [Within this broad maximum, therewasalocal
maximum exceeding 2.0 pmol kg-* centered at about
1600 m (below the floats). This feature is associated
with recently ventilated classical LSW (Molinari et al.
1998; Smethie et al. 2000) which was not targeted by
this study.]

Figure 4e shows the initial float positions superim-
posed on cross-track velocity obtained along Section 3
using the lowered acoustic Doppler current profiler
(LADCP) that was attached to the CTD package. The
cross-track velocity has a banded structure, with alter-
nating areas of poleward and eguatorward velocity
about 50 km wide. This is different from the canonical
view of the DWBC consisting of an equatorward current
banked up against the western boundary, which hasbeen
observed farther downstream (Pickart 1992). The band-
ed structure is typical of the absolute velocity sections
obtained during BOUNCE | between 55° and 70°W (R.
Pickart 1998, personal communication).

The floats launched along this section also revealed
spatial (and temporal) variability in the velocity field.
Figure 5 depicts the tracks of these floats (2 shallow, 3
deep) immediately after launch. Superimposed on agen-
eral equatorward drift of both the shallow and deep
tracks are periods of flow reversal, for example at the
beginning of the deep float tracks. This is consistent
with the launch location of the deep floatsin the LADCP
section (Fig. 4e), near a transition between poleward
and equatorward flow. The cross-slope structure of
alongslope velocity is possibly related to the presence
of topographic Rossby waves (Pickart 1992). A detailed
comparison of the float and LADCP velocities, and an
examination of cross-slope and alongslope variability in
velocity structure will be the focus of future work. The
main point hereisthat the floats were deployed in high-
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CFC water that is flowing generally equatorward along
the continental slope.

b. Large-scale pathways and spreading rates
1) SHALLOW FLOATS

In Fig. 6a, the complete tragjectories of the 12 shallow
floats are superimposed on the bathymetry of the west-
ern North Atlantic and the meandering envelope of the
Gulf Stream. The latter is defined as one standard de-
viation around the long-term mean Gulf Stream path at
the surface, obtained from eight years of Advanced Very
High Resolution Radiometer sea surface temperature
observations (Lee 1994). The floats that did not ground
and lose their weights prematurely (blue tracks; mostly
those launched offshore of the 1500-m isobath) gen-
erally drifted equatorward along the continental slope
(with some cross-slope excursions) to the crossover re-
gion, where they were entrained offshore along the path
of the Gulf Stream. Only one shallow float was south
of the Gulf Stream after two years and its trajectory is
shown in Fig. 7a. After being launched between the
2000 and 3000 m isobaths in November 1994, it drifted
onshore, then slowly equatorward along the upper slope
until June 1995, when it rapidly crossed the continental
slope (1). Infrared images of sea surface temperature
for this time period show a large warm core ring over
the continental slope southwest of the float, which most
likely caused the float to be diverted offshore. The float
was then briefly entrained into the Gulf Stream (2),
indicated by higher eastward speeds and temperatures
(not shown), then crossed out of the stream to the north
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and drifted southwestward over the lower slope from
June to October 1995 (3). It was entrained again into
the stream near the crossover (4) and advected eastward
to about 62°W (5), where it again crossed north of the
stream and drifted westward (6). When it was entrained
into the stream for the third time, the float started loop-
ing cyclonically indicating that it had been caught in a
cold core ring, where it remained until it surfaced in
November 1996 (7).

The other shallow floats that reached the crossover
region behaved similarly in that they were entrained into
the Gulf Stream, advected eastward, and crossed out of
the stream one or more times to the north. However,
except for the float described above, none of them
crossed “‘permanently” to the south of the stream in
two years. For example, float 270 (Fig. 7b) waslaunched
between the 2000 and 3000 m isobaths near 69.5°W. It
drifted steadily equatorward to the crossover region (1),
then turned sharply offshore along the path of the Gulf
Stream (2). It looped briefly out of the stream to the
north, indicated by the cyclonic loops and the cooler
temperatures (not shown) (3), then drifted rapidly east-
ward in the stream to about 55°W (4). Here it decel-
erated, turned northward, then southwestward, and ap-
proximately followed the 4000-m isobath all the way
to about 68°W before being entrained into the stream
again (5). It crossed north of the stream again (6), drifted
slowly westward (7), then surfaced only about 300 km
from where it had been launched. Thisfloat stayed north
of or at the northern edge of the Gulf Stream for its
entire 2-yr mission.

The net displacement vectors of the shallow floats
(Fig. 6b), clearly show that only one of the seven full-
mission floats (blue arrows) (about 15%) ended up well
south of the Gulf Stream’s meandering envelope after
two years. Another full-mission float, number 275, was
near the southern edge of the meandering envelope, but
all the other floats (including the short-mission floats,
red arrows) were either within the Gulf Stream’'s me-
andering envelope, or north of it, after two years.

The float data can be used to make direct estimates
of both the meridional spreading rate of ULSW and the
mean advective rate of ULSW in the DWBC. The for-
mer is calculated from the net displacements of the
floats, and the results are listed in Table 2. Considering
only the seven full-mission floats, the range in mean
zonal velocity was —1.6 to +1.7 cm s, and the overall
mean, westward at —0.2 £ 0.4 cm s%, is not signifi-
cantly different from zero. The standard error of the
mean was calculated assuming (conservatively) that
each float is an independent sample. Thisisjustified by
the fact that the L agrangian integral timescal e (estimated
from the autocorrelation function for the floats) is about
10 days, and floats launched a ong the same CTD section
diverge significantly during the 2-yr mission. Mean me-
ridional velocities were all southward and ranged from
—1.2to —0.1 cm s%, with amean of —0.6 = 0.2 cm
st southward.
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a) Shallow Float Tracks

45°N

40°N

35°N

45°N

b) Shallow Float
Displacements

40°N

35°N

T T T
T5°W 70°W 65°W

60°W 55°W 50°W 45°W

FiG. 6. (a) Twelve shallow float tracks superimposed on the meandering envelope of the Gulf Stream (defined as one
standard deviation around the 8-yr mean position of the north wall of the Gulf Stream at the surface). Two-year tracks
are in blue, and shorter tracks in red. Launch positions are indicated by circled X's, and surface positions by circled
dots. Schematic arrows show general direction of float movement. (b) Net displacement vectors of shallow floats. Float
numbers are shown near arrowheads. Only one of the 2-yr floats, number 266, was well south of the Gulf Stream’s
meandering envelope at mission’s end. Bathymetric contours are at 1000, 3000, and 5000 m.

To estimate the mean advection rate in the DWBC,
we first transformed the daily estimates of float velocity
from geographic coordinates to bathymetric coordi-
nates. This was accomplished by estimating a linear
bottom slope at each float position from the ETOPO5
digital bathymetric datain a 100 km by 100 km square
area around the float position, and rotating the float
velocity into along- and across-slope components. The
transformed velocities were then plotted as a function
of bottom depth and averaged in 500-m bathymetric
bins, Fig. 8a. Thelarge error bars are standard deviations
in each bin and the small error bars indicate standard

errors about the mean, assuming one degree of freedom
for every 20 days of observations. Data were not in-
cluded when afloat was either aground or entrained into
the Gulf Stream. Both of these situationswere identified
subjectively; the former by noting when the float pres-
sure was close to the bottom depth and float speed was
near zero, and the latter by noting when eastward float
speed and temperature were relatively high. The mean
alongslope flow is equatorward and significantly dif-
ferent from zero across the entire continental slope.
Mean estimates are in the range 2—4 cm s~* toward the
equator out to about the 2500-m isobath and somewhat
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Fic. 7. Representative shallow float tracks: (a) float 266 that was entrained from the upper DWBC into
the Gulf Stream and eventually crossed to the south side of the stream in a cold core ring formation event
and (b) float 270 that was entrained into the Gulf Stream in the crossover region and then recirculated in
the northern recirculation gyre. Circled numbers indicate different parts of the float track, and match de-
scription in text. Here L indicates launch position and S, surface position. Small dots show daily positions,
and open circles are plotted every month and labeled with the date (yymm) every two months. Bathymetric
contours are at 1000, 3000, and 5000 m.

larger, 4-7 cm s %, farther offshore. Maximum daily  72°W. In the crossover region, there is relatively more
values of equatorward alongslope speeds were about 25 eddy motion and a bifurcation in float pathways. One
cm st branch continues equatorward along the continental
slope; the other first follows the mean path of the Gulf
Stream to the northeast, then turns southward into the
interior. Figure 10 depicts representative deep float

The 14 deep float trajectories, Fig. 9a, closely fol- tracks for each pathway. Float 280 (Fig. 10b), repre-
lowed the topography over the slope between 55°W and  senting the boundary pathway, was launched over the

2) DEEP FLOATS
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TABLE 2. Mean statistics for shallow and deep BOUNCE floats.
Mean Number of Mean
Temperature Pressure TIP U velocity V velocity Number of
Float (°C) (dbar) observations (cms?t) (cm s?t) days
Shallow floats
253 4.2 1065 73 -16 -0.6 729
263 4.3 885 49 -3.2 -0.8 48
266 4.8 917 726 -0.6 =12 726
267 3.8 1522 729 -05 -0.7 729
270 4.5 927 694 0.7 -0.1 694
272 4.1 899 250 -22 -0.7 249
273 4.2 829 65 -15 1.0 64
274 4.9 1058 366 35 0.0 371
275 4.2 1039 729 -13 -1.0 729
276 3.8 1515 728 0.1 -0.2 729
277 4.2 1228 729 1.7 -04 729
279 4.2 1007 81 -0.7 2.6 80
Deep floats
252 3.0 3062 729 1.3 -0.7 728
254 2.8 3073 729 -04 -14 729
255 2.7 3016 728 -0.8 -20 728
256 2.7 3003 504 -29 -19 503
257 29 3081 283 2.0 0.5 728
258 2.9 3161 714 0.8 -11 727
259 2.7 3119 721 -23 —-15 725
260 29 2998 496 -25 -15 491
262 24 3592 726 -3.0 -2.8 726
264 2.7 3010 728 -09 -11 729
265 29 3026 729 1.0 -0.8 728
269 29 3093 657 12 -0.4 655
280 2.6 3011 730 -16 -39 729
281 2.4 3344 229 =51 -39 230

4000-m isobath near 58°W in June 1995 and more or
less followed the slope equatorward for two years, sur-
facing near 21°N. Float 254 (Fig. 10a), representing the
pathway into the interior, was deployed over the 3500-m
isobath near 60°W and also initially drifted equatorward
along the continental slope (1), but near 71°W it turned
eastward (2) and followed the path of the Gulf Stream
(3). After briefly crossing out of the stream to the north
in April 1996 (4) (deduced from the cyclonic loop), the
float track turned southeastward, drifted slowly along
the southwestern flank of the New England Seamount
Chain, then northwestward along the northeast flank of
the Bermuda Rise (5).

Unlike the shallow floats, almost all of the deep floats
were south of the Gulf Stream’s meandering envelope
at mission’s end. The displacement vectors (Fig. 9b)
show that 9 of the 11 full-mission floats (~80%) had
crossed to the south side of the Gulf Stream after two
years. About half of these (four floats) were still close
to the continental slope—the other half (five floats) were
in the ocean interior.

There is only some suggestion of a relationship be-
tween where a float ended up and its initial cross-slope
position, especially considering the small number of
floats. Of the four full-mission deep floats that were
deployed farthest inshore (over the 3500-m isobath),
two ended up in the interior and two remained close to

the boundary. Of the seven full-mission floats released
offshore of the 3500-m isobath, five surfaced in the
interior and two along the western boundary. So a float
deployed over the 3500-m isobath seems to be more
likely to remain near the western boundary compared
to afloat released farther offshore. With so few samples,
it is difficult to draw firm conclusions from these ob-
servations, but the results are consistent with what one
would expect from mixing between the DWBC and the
northern recirculation gyre: offshore fluid parcelsin the
DWBC would be more likely to end up in the recir-
culation gyre compared to inshore parcels. In Part 11, it
will be shown that there is a much stronger correlation
between cross-slope position of afloat in the crossover
region and whether a float stays along the western
boundary or is advected eastward into the interior.

All but one of the deep floats had a net southward
displacement (Table 2), and the mean meridiona ve-
locity of the 11 full-mission deep floats was —1.4 =+
0.4 cm st This is about twice as large as at the shal-
lower level. The mean zonal velocity however was the
same as for ULSW, —0.2 = 0.5 cm s%, and not sig-
nificantly different from zero. The mean advective rate
in the deep DWBC was also larger than the inshore part
of the shallow DWBC (Fig. 8b). Estimates are about
4.5 cm st equatorward out to the 4000-m isobath, then
drop to about 2.5 cm s~* farther offshore. The similarity
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Fic. 8. Along-isobath speed as a function of bottom depth from
(a) shallow floats and (b) deep floats. Negative values are equator-
ward. Small dots indicate daily values, and thick solid line connects
the mean values in 500-m bottom depth bins. Large error bars are
standard deviation, and small error bars are standard errors about the
mean, where the number of degrees of freedom is estimated based
on a 10-day integral timescale (see text).

in mean equatorward speeds at the ULSW and OW
levels offshore of the 2500-m isobath suggests that the
equatorward flow is quite barotropic there, as has been
observed in other studies (e.g., Bower and Hogg 1996).
All the deep float datawere used to make these estimates
since eastward flow at 3000 dbar is not necessarily in-
dicative of the Gulf Stream.

4. Discussion
a. Spreading rates of ULSW and OW

The mean meridional velocities estimated from the
floats are remarkably (and probably fortuitously, con-
sidering the small number of samples) similar to tracer-
derived spreading rates. Smethie (1993) estimated the
spreading rate of ULSW to be about 0.8 cm st based
on CFC-11: CFC-12 ratio distributions, which compares
with 0.6 cm s ! estimated from the shallow float ob-
servations. Tracer-derived spreading rates for the OW
range from 1 to 2.5 cm s~*, with most being between
1 and 2 cm s * (Doney and Jenkins 1994). These values
bracket the overall estimate obtained from the deep float
observations, 1.4 cm s*. Furthermore, Smethie et al.
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(2000) found relatively younger water in the Gulf
Stream region at the ULSW level (<20 yr) compared
to the OW level (>20 yr) based on tracer age maps
generated from CFC-11: CFC-12 ratios. Thisis consis-
tent with the float results: floats at the ULSW level were
all entrained into the Gulf Stream, while many of the
OW floats crossed under the Gulf Stream and continued
equatorward along the western boundary. Leaman and
Vertes (1996) obtained a slightly higher southward
spreading rate for these water masses farther south, 1.97
+ 0.0.19 cm s%, based on the tracks of 23 floats
launched in the DWBC near 26.5°N between 1000 and
3000 m. This probably reflects the generally higher ve-
locities of the DWBC core in this region, ~20 cm s1.

The mean advective rates in the DWBC at the ULSW
and OW levels derived from the BOUNCE float obser-
vations, 24 cm st and 4-5 cm s, respectively, are
higher than the meridional spreading rates by a factor
of 3 or more, reflecting that fluid parcels spend signif-
icant amounts of time in the interior. The mean DWBC
velocities agree well with previous direct observations
of the mean flow in the same region. A composite sec-
tion of absolute alongslope geostrophic velocities at
55°W indicates equatorward speeds of about 2-3 cm
st at the ULSW level, with very little cross-slope var-
iation (Pickart and Smethie 1998). Johns et al. (1995)
produced a composite section of mean westward veloc-
ity from current meter observations near 68°W. Mean
speeds at 1000 m were westward at 3—4 cm s~ inshore
of the 2500-m isobath and increased to almost 6 cm s*
westward over the 4000-m isobath. The offshore values
agree very well with those shown in Fig. 8a. The higher
speeds reported by Johns et al. inshore of the 2500-m
isobath probably result from local acceleration caused
by the convergence of the isobaths of the upper slope
near 68°W (Fig. 2). Note that there is no evidence of a
boundary-intensified jet at the ULSW level in the float
(or other) observations: rather, mean equatorward speed
increases with offshore distance.

The mean advective rate at the OW level is at the
lower limit of the 5-10 cm s~* range, which has been
typically reported based on current meter observations
(Doney and Jenkins 1994). Thisis probably becausethe
velocity structure in the deep DWBC is characterized
by a slightly bottom-intensified jet, and the floats were
drifting several hundred meters above the bottom (e.g.,
PS93). The mean valuesin Fig. 8b agree very well with
mean westward speeds reported by Johns et al. (1995),
4-5 cm st at 3000 m inshore of the 4000-m isobath
and decreasing sharply offshore of that isobath. The
mean equatorward speed at the OW level obtained from
the composite-referenced geostrophic sections at 55°W,
~5 cm st (Pickart and Smethie 1998) also agrees well
with the float observations.

The float observations also reveal a *‘fast track’” for
the spreading of OW in the DWBC. Float 280 (Fig.
10b) was launched in the DWBC near 43°N, 58°W in
June 1995 and, two years later, it surfaced near 21°N,
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Fic. 10. Representative deep float tracks: (a) float 254, which first drifted southwestward in the
DWBC, then eastward along the Gulf Stream path, and eventually southward into the interior;
(b) float 280, which drifted continuously equatorward along the western boundary in the DWBC,
from 43° to 21°N, in two yrs. Other annotations are as in Fig. 7.
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68°W. It drifted more or less directly equatorward, slow-
ing down temporarily in the vicinity of the crossover,
then continuing around the Blake Bahama Outer Ridge.
Near 24°N, the float made a loop south of the San Sal-
vador Spur, like other floats that have drifted past the
spur (Leaman and Vertes 1996), then continued drifting
southward along the boundary until it surfaced near
21°N. Thus this float drifted completely through the
subtropicsin two years. It traveled atotal distancealong
the boundary of 3908 km (using a smoothed version of
the 3000-m isobath to estimate along-boundary dis-
tance), and the mean along-boundary speed was 6.1 cm
s 1. Thisis about three or more times faster than tracer-
derived velocities at the OW level. Molinari et al. (1998)
illustrated a similar ““fast track’” based on the arrival at
26°N of classical LSW 8-10 years after formation in
the Labrador Sea. Float 280 drifted about half the dis-
tance from the Labrador Seato 26°N in about two years,
which implies atotal transit time from the Labrador Sea
of about four years (extrapolating the mean float speed).
Thisis at least twice as fast as Molinari et al.’s estimate
for LSW. Thefloat tracks point to the offshore deflection
of intermediate waters at the Gulf Stream-DWBC cross-
over as alikely explanation for the slower equatorward
progression of LSW.

b. Large-scale pathways of ULSW and OW

The shallow floats revealed that fluid parcels in the
upper DWBC generally follow the continental slope
equatorward between the Grand Banks and Cape Hat-
teras. There is evidence, however, that warm core rings
over the slope can divert ULSW offshore and into the
Gulf Stream (Fig. 7a). All of the shallow floats that
reached the Gulf Streeam—DWBC crossover region were
entrained into the Gulf Stream and carried eastward.
These observations are consistent with the conclusions
of PS93 based on tracer and velocity fields in the cross-
over region, namely that much of the ULSW in the
DWBC is completely entrained into the Gulf Stream at
the crossover.

Although the number of samplesis small, the shallow
float tracks extend the observations of PS93 and provide
some insight into the pathways of the ULSW after being
entrained into the stream. The most striking character-
istic of the shallow float tracks is the rapid eastward
advection in the Gulf Stream and the recirculation to
the north of the stream. This directly reveals the ven-
tilation of the Gulf Stream and northern recirculation
gyre at intermediate depths due to the entrainment at
the crossover. The general confinement of the shallow
floats to the stream and north of the stream is probably
related to the large-scale potential vorticity distribution
at this level. Figure 11 shows this distribution on the
27.73 density surface (center of the upper CFC maxi-
mum), estimated from climatology of the North Atlantic
(Lozier et a. 1995; Curry 1996). Potential vorticity is
approximated here by
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since the relative vorticity is insignificant compared to
f at this level. The 27.73 density surface slopes down
from about 800 dbar north of the Gulf Stream to 1600
dbar south of the stream. Potential vorticity generally
decreases northward, reflecting the weaker stratification
of the water north of the Gulf Stream (closer to the
convective source). There is a potential vorticity gra-
dient aligned with the mean Gulf Stream path (thick
dashed line) acrossthe entire domain. Therepresentative
float tracks superimposed on the potential vorticity field
(as well as the other shallow floats, Fig. 6a) appear to
be generaly confined to the region of lower potential
vorticity north of the Gulf Stream. This is particularly
evident in the crossover region (boxed area), where the
floats turn offshore and follow the mean potential vor-
ticity gradient. The notable exception of course is the
float that crossed the Gulf Stream in a cold core ring
formation event (the rapidly looping track of float 266
in Fig. 11).

Other than ring formation, the shallow floats did not
reveal the entrainment of ULSW into the Worthington
gyre south of the Gulf Stream, as has been suggested
from hydrographic observations and modeling results
(PS93; Johns et al. 1997; Spall 1996). In Part Il, we
will show that the floats do provide some suggestion of
a cross-stream mixing mechanism caused by the time-
dependent Gulf Stream meandering, even though none
of the shallow floats permanently crossed the Gulf
Stream via this mechanism. From the float results, we
can conclude that the typical residence time for a fluid
parcel at the ULSW level north of the Gulf Stream is
at least two years. Thisisnot inconsistent with thetracer
age map at thislevel generated by Smethie et al. (2000),
which indicates a residence time in the northern recir-
culation gyre of at least several years.

Like the shallow floats, the deep floats generally fol-
lowed the continental slope equatorward between the
Grand Banks and Cape Hatteras (see Fig. 9a). In the
crossover region, a clear bifurcation in pathways was
observed, with one branch continuing equatorward near
the western boundary and the other turning offshoreinto
the interior. Almost all of the deep floats that followed
the offshore pathway eventually turned southward and
surfaced south of the Gulf Stream in the subtropical
gyre. This pattern is consistent with the deep potential
vorticity distribution, Fig. 12. Here we have approxi-
mated the potential vorticity by the layer potential vor-
ticity, f/H, where H is the thickness of the deep layer
bounded above by the main pycnocline and below by
the seafloor. This representation of the lower water col-
umn by asingle layer isjustified based on the relatively
weak vertical shear observed below the pycnocline in
this region (see Part 11). To calculate f/H, ETOPO5
digital bathymetric data were smoothed with a 100-km
square box car filter (thin contour linesin Fig. 12). The
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filter width was chosen based on an estimate of the
internal Rossby radius for the water column below the
pycnocline. The pycnocline was approximated as an in-
terface that is flat and shallow north of the Gulf Stream,
slopes downward by 750 m over 100 km across the
stream, and is flat and deep south of the stream. This
first-order representation of the shape of the synoptic
pycnocline is supported by climatological hydrographic
data, although the slope of the climatological mean pyc-
nocline is weaker than that of the synoptic pycnocline
(see Part Il). This is due to meandering of the Gulf
Stream, which smears out the synoptic structure in the
mean. A synoptic model of pycnocline depth was used
here in order to simulate the instantaneous pycnocline
depth, and thus to give a more realistic picture of po-
tential vorticity encountered by the floats. Hogg and
Stommel (1985) generated a similar picture, but they
focused on the closed f/H contours north of the Gulf
Stream associated with the northern recirculation gyre.
Here we consider the effect of the sloping pycnocline
associated with the Gulf Stream on the deep f/H dis-
tribution over a larger area.

Referring to Fig. 12, it can be seen that the layer
potential vorticity distribution (color shading) north and
south of the Gulf Stream is dominated by the bottom
slope, modified slightly by the planetary vorticity gra-
dient. Clearly visible are the closed potential vorticity
contours north of the stream between about 63°W and
52°W, identified by Hogg and Stommel (1985). In the
crossover region, the bottom slope over the lower con-
tinental slope decreases, and this combined with the
sloping pycnocline associated with the Gulf Stream cre-
ates a weaker potential vorticity gradient and a** bulge”
in the f/H contours (also observed by PS93). The pres-
ence of the Gulf Stream also resultsin aridge of higher
potential vorticity extending eastward from the conti-
nental slope at about 37°N. This ridge is also apparent
in the distribution of gradient potential vorticity
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on the o, = 41.50 surface determined from historical
hydrographic data (not shown), which is near the center
of the OW (PS93).

Superimposed on the potential vorticity field are the
tracks of three representative deep floats, 280 and 262
illustrating the branch along the western boundary and
254 depicting the branch that turns offshore into the
interior (floats 280 and 254 are shown in more detail
in Fig. 10). There is a striking resemblance between
these float tracks (as well as al the deep float tracks,
Fig. 9a) and the potential vorticity distribution. North-
east of the crossover region, wherethe potential vorticity
gradient over the continental slope is relatively strong,
the floats closely followed the slope equatorward. The
representative floats were between the 3500 and 4000
m isobaths just before entering the crossover region
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(near 67°—68°W). In the crossover region, thefloatswere
all displaced offshore, as are the potential vorticity con-
tours. PS93 observed similar behavior in inferred fluid
parcel trajectories. Floats 254 and 262 exhibited en-
hanced eddy motion in the region of weaker potential
vorticity gradient in the crossover. Float 280 and 262
exited the crossover region toward the south along the
continental slope, while float 254 drifted eastward. Note
that the tracks of 262 and 254 diverge just where the
ridge of higher f/H extends eastward from the conti-
nental slope, near 37°N, 68°W. The eastward-drifting
float turned southward at the New England Seamount
Chain, following the ridge of higher potential vorticity.

The deep fluid parcel pathways revealed by the floats
differ from those obtained by Spall (1996) in a three-
layer regional primitive equation model. The charac-
teristics of the upper, intermediate, and deep layersin
this model were chosen to simulate the Gulf Stream,
ULSW, and OW flow fields, respectively. In his deep
(OW) layer, Spall did not observe a bifurcation in the
mean flow pathwaysin the crossover region, aswe have
seen in the float tracks: rather, the equatorward mean
flow along the western boundary in the deep layer is
diverted just slightly offshore at the crossover and there-
after turns back onshore and continues southward. We
believe this pattern is due to the presence of an inter-
mediate layer that largely shields the deep layer from
the influence of the sloping interface between the upper
and intermediate layers (Spall 1996). Thus potential vor-
ticity in the deep layer is determined mostly by the
bottom slope (and f), and fluid parcels in this layer
closely follow the topography. Interestingly, Spall did
obtain abifurcation in the DWBC pathwaysin the cross-
over region in the intermediate layer. Thislayer “‘feels”
both the depth changes of the interface with the upper
layer and changes in bottom depth (the latter because
the lower interface is to a first approximation parallel
to the topography; M. Spall 1998, personal communi-
cation). Thisleadsto the DWBC flow intheintermediate
layer being diverted about 200 km offshore, then split-
ting into two branches, one continuing southward and
the other turning eastward into the interior, very similar
to what was observed with the deep floats. The mean
potential vorticity distribution in the intermediate layer
shows an offshore deflection of potential vorticity con-
tours in the crossover region, similar to the layer po-
tential vorticity field in Fig. 12. The ridge of high po-
tential vorticity extending eastward from the western
boundary in Fig. 12 is not apparent in the model: it is
eroded quickly by eddy mixing. From this analysis, we
conclude that the DWBC fluid parcel pathways at 3000
dbar are strongly influenced by the slope of the main
pycnocline as well as the bottom slope, and future mod-
eling efforts should be aimed at including these influ-
ences on the deep flow. In Part 11, we will show that a
two-layer representation of the crossover region is use-
ful in explaining many of the details of the fluid parcel
pathways.
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Fic. 11. Mean potential vorticity on the o, = 27.73 density surface, which is near the center of the CFC maximum
associated with ULSW (units are 1072 m~* s71). The tracks of two representative shallow floats (see individual tracks
in Fig. 7) are superimposed in red. Potential vorticity was calculated from station profiles in the HydroBase climatology.
The profile data were first isopycnally averaged onto a 1° X 1° grid, and potential vorticity was calculated from the
average density gradient at each grid point. The resultant field was then smoothed with a 2° square box car filter. The
average number of profiles that make up each grid point is 21, with a range of 1 to 719. Data coverage drops off

dramatically east and south of about 39°N, 63°W which probably results in the patchy appearance in that region. The

average standard deviation is =14 X 102 m~* s7L.

5. Summary and conclusions

The tracks of RAFOS floats deployed at the levels of
upper Labrador Sea Water (ULSW) and overflow water
(OW) in the DWBC between the Grand Banks and Cape
Hatteras have provided the first direct measurements of
the effective spreading rates of these two water masses
at midlatitudes. The mean meridional velocities, south-
ward at 0.6 = 0.2 cm s ¢ (ULSW) and 1.4 = 0.4 cm
st (OW), agree very well with indirect, tracer-derived
estimates of the spreading rates. The mean advective
rates along the western boundary, equatorward at 2—3
cm st (ULSW) and 4-5 cm s (OW), are similar to
estimates based on referenced geostrophic vel ocitiesand
current meter observations. At the OW level, there is
some evidencein the float data of aboundary-intensified
jet with mean alongslope velocity decreasing offshore.
At the ULSW level, there is no evidence of such a
feature: rather, mean equatorward velocity increases
offshore. The floats also showed that there is a **fast
track” for the advection of OW southward along the
boundary: one deep float traveled 3908 km along the
boundary (from 43° to 21°N) in two years, with a mean
alongslope velocity of about 6 cm s*. This is about
twice as fast as estimates of a fast-track speed for clas-
sical Labrador Sea Water, probably reflecting the more
direct route of OW along the western boundary.

The shallow float tracks indicate that ULSW in the
DWBC can be deflected off the continental slope north
of the Gulf Stream by warm core rings over the slope.
The floats also revealed that ULSW is entrained into
the Gulf Stream at the location where the deeper parts
of the DWBC cross under the Gulf Stream, near 36°N,
and carried into the ocean interior, especialy into the
northern recirculation gyre. Except for one shallow float
that crossed the Gulf Stream in a cold core ring for-
mation event, the shallow floats were apparently con-
fined to the region of low potential vorticity north of
the Gulf Stream. A residence time of more than two
years for the ULSW north of the Gulf Stream isinferred
from the float displacements.

The deep float tracks revealed a bifurcation in the
pathway of fluid parcelsin the deep DWBC at the cross-
over, with one branch continuing equatorward near the
western boundary and the other first turning offshore
and following the mean path of the Gulf Stream east-
ward, then turning southward in the interior. The float
pathways are strikingly similar to the deep potential
vorticity distribution. The float results suggest that the
flow at 3000 dbar is strongly influenced by both the
slope of the main pycnocline and the seafloor. The shal-
low and deep float observations point to the crossover
region, addressed in Part Il of this study, as important
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in the spreading of recently ventilated water masses that
are transported by the DWBC.
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