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ABSTRACT

Average cross sections of downstream velocity and temperature, obtained using PEGASUS current profilers
at three locations along the Gulf Stream, have been partitioned into 2.5°C temperature intervals to examine
the distribution of transport increase versus temperature between the two southern sections (27° and 29°N)
and off Cape Hatteras (73°W). Between 27° and 29°N the total transport of the Florida Current over the sections
increased only by about 3 X 10 m? s™' (3 Sv) but the current broadens by about 50%. By Cape Hatteras, the
transport has increased nearly three-fold to 93.7 Sv, of which two-thirds of the increase is contained in the
19.5°~17.0°C (““18°") layer and in water colder than the 7°C “sill” temperature found at 27°N.

Cross-stream distributions of layer transport, potential vorticity, and thickness are estimated. At each section,
the 10 X 1077 m~ s~} contour tends to be a boundary (independent of temperature) between the region of
relatively uniform layer potential vorticity on the anticyclonic (offshore) side of the current and an area with
high lateral potential vorticity gradients on the cyclonic (onshore) side. In the colder (<7°C) waters off Cape
Hatteras, layer potential vorticity also tends to be uniform at ~5 X 10”7 m~' s~!. Layer potential vorticity in
the 18° layer is quite uniform with minimum values ~3.5 X 107" m~ s™' at 27° and 29°N and somewhat
less off Cape Hatteras, which is close to where 18°C water is formed in the wintertime. At Cape Hatteras this
same layer shows a peak in transport/unit width at the point where the layer begins to thin as one moves into
the Gulf Stream core from the southeast. A simple model based on conservation of layer potential vorticity is

proposed to describe this transport structure.

1. Introduction

One of the most distinctive features of the Gulf
Stream system (including the Florida Current) is the
large increase in transport by the current as it flows
northward along the eastern U.S. coast. As early as the
late 19th century, Pillsbury (1891) was able to obtain
direct current measurements in the Florida Current at
about the latitude of Miami. A reanalysis of these data
(Schmitz and Richardson 1968 ) shows that Pillsbury’s
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average transport came to about 25 X 105 m?3s™! (Sv
= 10° m3 s~1), although this result was obtained by
linear extrapolation to zero speed at the bottom (Pills-
bury’s observations extend only to 230 m depth). These
same authors pointed out that in fact, direct, full-depth
current data show that the Florida Current penetrates
essentially to the bottom and that its total transport is
about 32 Sv,

On the other hand, early hydrographic data on sec-
tions across the Gulf Stream off Cape Hatteras (e.g.,
Iselin 1940) suggested that using the geostrophic
method with a reference level of 2000 m, the transport
of the Guif Stream off Cape Hatteras could attain values
of up to 93 Sv. A review of the existing literature shows
a wide range of transport estimates derived from the
geostrophic (or dynamic) method off Cape Hatteras,
in part due to the well-known limitations of this ap-
proach. In particular, later observations demonstrated
that the Gulf Stream could penetrate to the bottom in
this region (73°W).
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The most obvious question that arose from these
observations was the manner in which this transport
increase took place and the distribution and structure
of this increase, both in physical space and with respect
to the transport of water at different temperatures by
the Gulif Stream. To examine the downstream transport
increase in the Florida Current, direct transport mea-
surements by dropsonde (Richardson and Schmitz
1965) were made in the period 1965-68 along a series
of sections between the Florida Keys and Cape Fear,
North Carolina (Richardson et al. 1969). It was found
that transport increased from 29.6 Sv off the keys to
approximately 53 Sv off Cape Fear. Also, the transport
increase tended to be constant with depth when com-
puted over 100 m depth bins (roughly the vertical res-
olution of the dropsondes), suggesting that this increase
was primarily barotropic. The absence of temperature
data did not allow the transport contributed within
different temperature intervals to be estimated from
these data.

More recently, three independent, multiyear exper-
iments, using virtually identical instrumentation, were
carried out in the Florida Current and in the Gulf
Stream off Cape Hatteras in the early 1980s to observe
both the mean structure and variability in the temper-
ature and velocity fields of this current. All velocity
and temperature data were collected using a free-falling,
acoustically tracked profiler of horizontal current and
temperature called PEGASUS (Spain et al. 1981). One
significant advantage of this profiler is that absolute
(i.e., with reference to a geographically fixed coordinate
system ) currents are measured, in contrast to the rel-
ative currents obtained from (unreferenced) geo-
strophic profiles. Briefly, this instrument uses a pair of
acoustic transponders deployed and accurately located
on the bottom to track its path as it descends at 0.4—
0.6 m s~! upon release from the research vessel, releases
a set of weights at an intermediate depth or at the bot-
tom, and once again rises to the sea surface. Every 8
seconds (16 sec in deeper water) the instrument sends
out an acoustic pulse at 10 kHz, to which the tran-
sponders respond at two other frequencies (usually 12.5
and 12.0 kHz). By timing the round-trip acoustic travel
times between itself and each transponder, as well as
recording pressure (and temperature) at each 8 or 16
sec measurement interval, the profiler can track itself
through the water column. Once in the lab, the travel
time and pressure data are combined to obtain hori-
zontal displacements of the profiler. These displace-
ments are then least-squares fit to a 7-point straight
line for 8 sec sampling (or a centered quadratic in the
case of 16 sec sampling) to obtain absolute horizontal
velocities. In the three experiments described below,
the only real differences in the method used at each
cross-section are related to the sampling interval (8 or
16 secs) and the depth of the profile (above-bottom or
bottom release ). (For example, at a 16 sec rate vertical
resolution is roughly one-half that available at 8 sec.
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A quadratic fit is found to improve velocity estimates
at the slower rate when the horizontal displacement
curves exhibit significant curvature over the measure-
ment interval. At higher resolution (8 sec) a linear fit
has been found to be adequate.)

Some results from these experiments have already
appeared in the literature, and the background of the
experiments will only be briefly summarized in the next
section. The main purpose of this paper will be to de-
scribe the variations in the mean transport and poten-
tial vorticity fields as observed by these experiments at
three downstream cross sections. These variations can
be described both in physical space as well as with ref-
erence to different temperature intervals within the
current.

2. Brief description of the three experiments
a. STACS (27°N)

The Sub-Tropical Atlantic Climate Studies (STACS)
Florida Current experiment lasted from April 1982 to
July 1984. A primary goal of this experiment was to
evaluate the utility of various remote techniques (sub-
marine cables, tide gauges, etc.) in monitoring long-
period fluctuations in Florida Current transport (Mol-
inari 1983). A fairly dense array of direct instrumen-
tation (current meter moorings, PEGASUS stations,
etc.) was deployed to provide calibration input for these
remote methods. Results from this work have been
published in a series of papers (Mayer et al. 1984; Mol-
inari et al. 1985a,b; Lee et al. 1985; Larsen and Sanford

- 1985; Maul et al. 1985; Schott and Zantopp 1985; Lea-

man et al. 1987a,b; Johns and Schott 1987).

Results from 16 PEGASUS cruises to a line of nine
PEGASUS stations along 27°N (Fig. 1) are summa-
rized in Leaman et al. (1987b). In this experiment all
PEGASUS profiles were made to the bottom of the
Straits of Florida with an 8 sec sampling rate. The hor-
izontal separation between stations was approximately
10 km.

b. FACTS (29°N)

The Florida Atlantic Coast Transport Study
(FACTS) was initiated by the State of Florida and the
Minerals Management Service to evaluate the possible
impact of Gulf Stream fluctuations in carrying surface
pollutants (oil) toward coastal areas in a region being
considered for oil leases (Maul 1985). Results from
this experiment are described in Leaman (1986) and
Zantopp et al. (1987).

From April 1984 to January 1986 a total of 7 PE-
GASUS cruises were made to the line of stations shown
in Fig. 1. Up to four repeated cross sections were ob-
tained during each cruise. The six stations deployed at
29°N for this experiment ranged in horizontal sepa-
ration from 10 km on the inshore edge to roughly 30
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FI1G. 1. Locations of PEGASUS absolute velocity and temperature
cross sections at 27°N (STACS), 29°N (FACTS), and off Cape Hat-
teras. The mean path of the Gulf Stream is indicated by the dashed
line.

km between the easternmost stations. An 8 sec sam-
pling rate was used and all absolute velocity—temper-
ature profiles were taken to the bottom.

¢. Cape Hatteras (73°W)

From September 1980 to May 1983, 16 PEGASUS
sections were obtained near 73°W (Fig. 1) off Cape
Hatteras (Halkin and Rossby 1985; Rossby 1987; Rago
and Rossby 1987). In contrast to the previous two
cases, the greater depths in the Cape Hatteras experi-

ment required that the profiler record only every 16°

sec (thereby halving the vertical resolution to ~8 m).
Also, in most cases the profile was obtained to within
75%-80% of full depth. (For this experiment mid-depth
pressure releases were:- used—therefore, profiles were
made as close to the bottom as was safe to avoid the
possibility of “stranding™ the profiler on the bottom
before the release could function). Nine stations were
included in this line, at horizontal separations of ap-
proximately 25 km.

A major difference in the Cape Hatteras data relative
to the other two data sets is that at 73°W the Gulf
Stream was found to execute significant lateral shifts
and changes in downstream direction due to mean-
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dering of the current as a whole. An Eulerian average
under such conditions will tend to broaden and blur
the current structure. Therefore, Halkin and Rossby
(1985) developed a method to remove substantially
the effects of meandering and thereby obtain a better
description of the downstream velocity and thermal
structure in so-called “stream” coordinates. The av-
erage Cape Hatteras data analyzed here are with ref-
erence to these stream coordinates.

3. Analysis of averaged velocity and temperature data
at three cross-sections

The structures of the averaged (over all data) cross-
sections of downstream velocity and temperature for
the STACS, FACTS, and Cape Hatteras PEGASUS
lines are given respectively in Leaman et al. (1987b),
Leaman (1986), and Halkin and Rossby (1985). The
downstream velocity and temperature data are replot-
ted in Figs. 2-4 using a common ratio of vertical to
horizontal distance scales. At 27° and 29°N, the
downstream direction is within 5° of geographic north.
At 73°W the average downstream direction is approx-
imately 51°T. .

At 27° and 29°N the mean profiles at each station
were interpolated vertically every 10 m (the original
vertical resolution was ~4 m ) between the surface and .
bottom. At Cape Hatteras, the data were interpolated
every 25 m vertically. This larger interpolation step
was justified both by the larger scales of the mean Gulf
Stream at this location as well as by the lower vertical
resolution of the original PEGASUS data there. Also,
at Cape Hatteras mean velocities were linearly extrap-
olated between the deepest available data point and
zero mean velocity at the bottom while temperatures
were extrapolated to the bottom using a constant value
of the coldest (deepest) data point.

Along both southern sections (except for the eastern
end at 29°N) station separations were typically 10 km,
whereas at Cape Hatteras this increased to 25 km. To
facilitate further analysis, the average downstream
quantities at each section were interpolated horizontally
1o a set of “pseudostations” with a common horizontal
separation of 10 km. For the STACS and western
FACTS sections, the locations of these pseudostations
fell on average close to the locations of the real stations.
At Cape Hatteras the 10 km-grid section is obviously
oversampled. As a consistency check, transport to 2000
m was computed on the 10 km grid and was found to
agree within 2% of the value computed directly from
the stations (87.8 Sv) by Halkin and Rossby (1985).
Also, in the southern sections only the transport
spanned by the PEGASUS stations is computed, re-
sulting in somewhat lower values than obtained by ex-
trapolation to the boundaries (Leaman et al. 1987b).

Based on the 10 km interpolated stations, the total
widths of the STACS, FACTS, and Cape Hatteras sec-
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FiG. 2. Contours of average downstream (north) velocity (a)
and temperature {b) of the Florida Current at 27°N.

tions are respectively 70 km, 120 km and 200 km. At
both 27° and 29°N the section essentially covered the
total current, with small depth-averaged velocities at
both the western ( Continental Shelf) and eastern (Little
Bahama Bank at 27°N, an open boundary at 29°N)
ends of the section. At Cape Hatteras, where the Gulf
Stream is not bounded on either side by topography,
defining the “width” of the current is more difficult.
Halkin and Rossby (1985) defined the Gulf Stream
boundaries as those locations where the downstream
transport/unit width between the surface and 2000 m
became negative as one left the current at either side.
The same definition of width will be used below; how-
ever, we emphasize that width defined in this manner
may change depending on the depth to which transport
integrals are computed.
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4. Method of computing layer transport, thickness, and
potential vorticity

The manner in which the above quantities have been
computed is indicated in Fig. 5. Respectively, V' (x, z)
and T(x, z) are the average downstream velocity com-
ponent and temperature at cross-stream distance x and
depth z. Interpolated stations (numbered 7) are located
atx, =0, 10, 20, - + + km with station separation Ax,
= Xz+1 — X» = 10 km, Temperature layer boundaries
areat T; = -..,220, 19.5, 17.0, - - - °C with a sep-
aration between boundaries of AT; = T; — T;y
= 2.5°C. Computed values for a given station pair (»,
n+ 1)and temperature interval (7}, 7}, ) are assumed
to be located at the midpoint of that interval; that is,
at X, = (Xn + Xp41)/2and T; = (T; + Tj41)/2. The T;
layer thickness at station 7 is

h(Xn, T)) = 2(xn, Tj41) = 2(Xn, T)) ()
and the transport in that layer between stations » and
n+lis

_ Xne1 (*2(x,Tj41)
F(x,, T;) = J; J; v(x, z)dzdx.

(x,T})

2)

Total transport values for layer 7—‘, are then obtained

by summing the F(X,, T;) over all values of X,:
FH(T) = Z F(%, T).

Xn

(3

The average 2.5°C-layer thickness and potential
vorticity between stations are computed as follows.
Using the definition of layer thickness at a horizontal
grid point x, given above [Eq. (1)], we define the av-
erage 7; layer thickness between grid points # and »
+ 1 as’

H(Xp, T)) = [h(Xn, T) + h(Xusr, TN1/2 (4
and the layer potential vorticity as
P(%,, Ty) = LH0C0n, 7))— LIC ) LS
H(x,, T))
where
_ - i 2(xn Tjs1)
(o, Tj) = m Lmj) v(x,, 2)dz (6)

is the vertically averaged downstream velocity in layer
T; at location x, and f is the local Coriolis parameter.
(Note that in the absence of information on down-
stream ( y) gradients, the contribution du/3dy to the rel-
ative vorticity, £ (= dv/dx — du/dy, with u the cross-
stream velocity component), has been ignored).

The layer potential vorticity used here differs from
the “potential vorticity”, @, usually computed for
continuous stratification:

90,
a9z’

=—(1/po)(f + & )
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FIG. 3. As in Fig. 2 but at 29°N.

In this expression, po is a reference density (taken as 1
g cm > in cgs units) and dp,/dz is the vertical gradient
of potential density. Various investigators (McDowell
et al. 1982; McWilliams 1983) have shown maps or
other representations of Q (or a close variant thereof)
for the North Atlantic Ocean. In general, these fields
are computed from hydrographic data and thus do not
include the relative vorticity. Although a limited num-
ber of CTD sections were made along the PEGASUS
line described here, the only hydrographic parameter
measured directly by PEGASUS is temperature.
Therefore, it will be useful to digress briefly to describe
an approximate method for converting our layer po-

tential vorticities, presented in section 6, to values for
Q given in other sources.

The factor 8ps/ 9z = 10330,/ 8z [Where a5 = (ps — 1)
X 10%] can be approximated by 1073A0,/ H, where H
is the distance between two temperature surfaces [ Eq.
(4)] and Aoy is the difference in o4 between the same
surfaces. Values of o, as a function of temperature are
plotted in Fig. 6, using a mean 7-S curve for the west-
ern North Atlantic (MODE-I Atlas Group 1977; Zan-
topp and Leaman 1984). (Of course, the stability of
o, values is directly governed by the tightness of the
T-S curve; this is mainly a problem above 19°-20°C,
and also above about 11°C in the slope water in win-
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FI1G. 4. As in Fig. 2 but off Cape Hatteras.

ter). Thus, the layer potential vorticities, multiplied by
1073A04/ po, are approximately equivalent to Q. For
example, at Cape Hatteras the layer potential vorticity
in the 4.5°-7.0°C interval is relatively uniform at about

y
Xn Xn+1 X
z "
z{X, yTj ) ﬂ (x"‘” ’Tl
20t T, okt
hix,.T,)
Y
z St.n St.n+1

FIG. 5. Method of computing layer transport, thickness
and potential vorticity between stations.

5X107m™ s (5 X 10° cm™ s7') as shown in
Fig. 11b and discussed below in section 6. This layer
overlaps the potential vorticity between the ¢, = 27.3
and 27.6 surfaces computed by McDowell et al. (1982;
Fig. 8). Fig. 6 shows that Ag, for the 4.5°-7.0°C layer
is 0.26. Thus from our data, @ = (0.26 X 1073) (5
X 107%) = 13 X 107" cm ™! s™!, which is quite con-
sistent with McDowell’s values for this layer [(12.5-
150) X 107 B ecm ™' s7').

Finally we point out that, even with the above ap-
proximation, Q [Eq. (7)] is not strictly equivalent to
P [Eq. (5)]. If we assume that the vertical and cross-
stream velocity components are zero and ignore
downstream variations, it can be shown from Ertel’s
(1942) conservation theorem that the term p,~'(8v/
9z)(8ps/ 0x) should be included in the potential vor-
ticity. This term is ignored in the expression for @ above
but is, by our method of computation, included in P.
Nevertheless, it is still reasonable to compare these two
versions of potential vorticity since, as one moves
southeastward from the Gulf Stream into the North
Atlantic gyre, density surfaces become level (dpy/dx —>
0) and the two versions become equivalent.

5. The structure of downstream transport increases

Two different approaches are used in this section to
examine the distribution of Gulf Stream transport
across the three sections. In the first, total transport is
resolved into 2.5°C temperature intervals, while in the
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RG. 6. Values of potential density (g,) as a function of temperature,
computed from a mean 7-S distribution with depth in the western
North Atlantic. These values can be used approximately to convert
the layer potential vorticity computed here to “Q” values used else-
where (McDowell et al. 1982).

second the cross-stream distribution of total transport
is emphasized.

a. Transport in 2.5°C temperature intervals

The average total transport Fr(T;), at the three sec-
tions in 2.5°C intervals; 2°-4.5°C, 4.5°-7°C, etc.
(chosen to agree with Worthington 1976) is shown in
Fig. 7 and summarized in Table 1. Although we are
interested here only in the mean field, it is worth noting
that the standard deviations of values shown in Fig. 7
(computed on a cruise-by-cruise basis) are typically
about 15% of the average values.

At Cape Hatteras, the solid line in Fig. 7 refers to
transport computed to the bottom as described above,
while, for comparison with Halkin and Rossby (1985),
the dashed line shows transport at depths < 2000 m.
Over 2000 m the width of the Gulf Stream, as defined
above, was 170 km. For Cape Hatteras transport es-
timated over the total water column, this width reduces
to 160 km due to the existence of near-bottom coun-
terflow in the deeper part of the section. Total transport
within the Gulf Stream at Cape Hatteras is 86.8 Sv to
2000 m or 93.7 Sv to the bottom. Total transports
within the station lines at 27° and 29°N are 29. 9 and
33.2 Sv, respectively.

Curiously, a small (<0.1 Sv) northward transpon
of water colder than 7°C is evident at 27°N (Fig. 2b)
but does not appear at 29°N. A more detailed exam-
ination of the STACS section shows that this water is
at most 0.2°~0.3°C colder than 7°C. A possible expla-
nation for the absence of <7°C water at 29°N is that
this section was deployed near an east-west oriented
ridge about 20-40 m high relative to the nearby Blake
Plateau. This ridge could force an eastward deflection
of flow near the bottom.

Transports shown in Fig. 7 can be subdivided into
at least four separate regimes. Above 19.5°C, transport
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increases slowly over the 120 n mi between 27° (14.7
Sv) and 29°N (16.4 Sv), although as might be expected
this transport is redistributed in temperature. In fact,
even at Cape Hatteras, transport for layers 7= 19.5°C
increases only to 19.5 Sv. However, the east-west dis-
tribution of transport between 27° and 29°N changes
significantly (see below).

For simplicity the next colder layer (19.5°-17.0°C)

~ will be referred to as *“18° water” with the understand-

ing that this can only be an approximation. Within
this layer a peak in transport is apparent even in the
Straits of Florida. Between 27° and 29°N, transport of
18° water increases by about 0.9 Sv, or roughly the
same amount per 2.5°C layer as for warmer temper-
atures. Between 29°N and Cape Hatteras, transport in
this layer increases by a further 13.7 Sv, to 19.1 Sv, the
largest layer transport in these sections. In the layers
14.5°C-7.0°C, the transport increase between 27°N
(or 29°N) and Cape Hatteras is surprisingly uniform
at 4-4.5 Sv per 2.5°C interval. Even the increase in
the 14.5°~17.0°C layer (6 Sv) is more characteristic
of the thermocline layers than the 18° layer immediate
above.

Finally, the time-averaged transport increase be-
tween 27°N and Cape Hatteras for 7< 7°C (the tem-
perature “sill” depth in the Straits of Florida) is ap-
proximately 24.8 Sv.

20 TRANSPORT IN 2.5°C

TEMPERATURE BINS
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FiG. 7. Average layer transport in 2.5°C bins
at 27°, 29°N and Cape Hatteras.
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TABLE {. Average Gulf Stream transports versus temperature interval (AT) at 27°, 29°N and Cape Hatteras

Cape Hatteras

FACTS (29°N)

STACS (27°N)

(Tew — Ts) — Torzo
(X105 m3s7")

(X10° m?s™!)

Barotropic transport
at0.20 m S_l TBT/ZO

Mean
Velocity

Mean Absolute
velocity transport
o(ms™) Teu (X108 m3 s7Y) P (ms)

Absolute
transport

Te (X10° m*s™)

Mean
velocity

o (ms)

Absolute
transport
Ts (X106 m® s7%)

Temperature
interval
AT (°C)
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12.1

51.7

93.7

33.2

29.9

Total

* Actual transports.

b. Cross-stream structure of transport

Figure 8 shows the distribution of downstream
transport in 10 km bins across the three sections. No
attempt has been made to align the different sections
(by using, for example, the locations of an isotherm at
a given depth). At the western ends of the 27° and
29°N sections (as well as the eastern end at 27°N),
transport was extrapolated to zero (dashed lines) at
approximately the physical boundaries of the current.
At Cape Hatteras, the first 10-km grid point which
showed positive downstream transport when integrated
to the bottom was placed at 5 km distance. The location
of the horizontal coordinate origin in Fig. 8 for each
section is shown by the vertical arrows at the top of
Figs. 9-11a.

Several observations can be made from this figure.
First, although there is very little transport increase
from 27° to 29°N, a clear redistribution in transport
has taken place. The Florida Current on average is ap-
proximately 50% wider at the more northern section.
Second, the rate of transport increase with cross-stream
distance in the cyclonic (western) part of the current
is quite similar in the two southern sections, with a
value of about 1.8 Sv/10 km when integrated over 10
km bins.

Two versions of the corresponding transport curve
at Cape Hatteras are shown. The first is simply the
total transport in 10 km bins (indicated as “absolute
to bottom™ in Fig. 8), and clearly includes both baro-
tropic and baroclinic transport components. In this
representation, the rate of maximum cross-stream
transport increase on the cyclonic side (30-50 km dis-
tance in Fig. 6) is somewhat larger than that observed
farther south (if one ignores the “tail” in the Cape
Hatteras transport curve at small distances).

Another possible “version” of Gulf Stream transport
can be obtained by reference to Fig. 4. To a good ap-
proximation, the strongly baroclinic part of the Guif
Stream at Cape Hatteras is confined to the region above
approximately the 0.2 m s~ isotach of mean down-

- stream velocity. If we compute transport in this region

(i.e., from the depth of the 0.2 m s™! isotach to the
surface) relative to a 0.2 m s~ “barotropic” down-
stream velocity, the result (also shown in Fig. 8) em-
phasizes the baroclinic transport component. The total
Cape Hatteras baroclinic transport defined in this
manner is 45.9 Sv. In this latter version, the maximum
rate of transport increase in the cyclonic part of the
Gulf Stream at Cape Hatteras is also about 1.8 Sv/10
km in 10 km bins, similar to what is observed farther
south.

The transports shown in Fig. 7 are summarized in
Table 1. The mean velocity in each layer o, is com-
puted simply by dividing the layer transport by the
total cross-sectional area of the layer. One difficulty
with the transport representation shown in Fig. 7 is
that transport changes due to a constant barotropic
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FIG. 8. Distribution of total average transport (in 10 km bins) with
cross-stream distance at the three sections.

velocity component acting on a thicker or thinner layer
are not resolved. For this reason, we have included in
Table 1 the transport in each layer ( Tgr/20) that would
arise from a 0.2 m s~! mean barotropic flow acting
across the current. Of course there is no a priori reason
why the barotropic velocity should be independent of
cross-stream position; this value has again been chosen
based on the observation (Fig. 4) that off Cape Hatteras,
the strongly baroclinic current is mainly confined to
isotachs greater than 0.2 m s, In particular, at the
extreme offshore end of the Cape Hatteras section (Fig.
4a), it is clear that the current is primarily barotropic

a) STACS (27°N)

TRANSPORT (10 km x 2.5°C BINS)
p7.0 _CONTOUR INTERVAL:2 x 10°m°s’

b) sTACS (7o)
POTENTIAL VORTICITY
27.0 _CONTOUR INTERVAL: 10 X 10 ni's"

but the depth-averaged velocities are actually less than
0.2 m s™%. Also, it is clear that the deep (<7°C) flow
is not strictly barotropic—the mean velocities observed
in moving from the 4.5°-7.0° layer to the 2.0°-4.5°
layer decrease from 0.13 to 0.04 m s . For this reason,
the observed transports in these two deepest layers have
been included as the barotropic component. Neverthe-
less, the ¥ values observed at Cape Hatteras suggest
that 0.2 m s ! is not an unreasonable choice for a “ref-

, erence” deep velocity immediately below the baroclinic

core of the Gulf Stream. In particular, the mean velocity
of the two layers immediately above and below the
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F1G. 9. Contours of average transport in 10 km X 2.5°C bins (a), layer potential vorticity (b),
and thickness (c) across the Florida Current at 27°N.
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FIG. 10. As in Fig. 9 but at 29°N.
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7°C horizon is almost exactly this value. The last col-
umn in Table 1 compares the total observed transport
increase between 27°N and Cape Hatteras to the 0.2
m s~! barotropic transports at Cape Hatteras. The most
striking feature of this last column is that of the total
difference (about 12 Sv), fully two-thirds, or about 8
Sv, is concentrated in the 18° layer. Taken together,
the results in the final two columns of Table 1 suggest
that of the total increase in 18°-layer transport (15 Sv)
observed between 27°N and Cape Hatteras, about 7
Sv arises simply from increased barotropic transport
over a thicker layer, whereas about 8 Sv arises from an
additional baroclinic transport in this layer. In section
7, we will consider this transport in greater detail. [We
should also note that from the totals indicated in Table
1, one would infer that the “baroclinic” transport of
the Gulf Stream at Cape Hatteras amounts to 42 Sv
(93.7 — 51.7), whereas the direct computation from
Fig. 8 gives 45.9 Sv. This discrepancy arises mainly
because these two values were computed in a slightly
different fashion—most of the 4 Sv difference occurs
in the small region at Cape Hatteras where the 0.2 m
s~ isotach penetrates to levels colder than 7°C
(Fig. 4).]

6. Cross-stream distributions of transport, potential
vorticity, and layer thickness versus temperature

In this section, we examine the downstream structure

. of transport, potential vorticity, and layer thickness.

Figures 9-11 show contours of transport (per 10 km
X 2.5°Cbin), layer potential vorticity, and layer thick-
ness computed in the manner described in section 4
at 27°, 29°N and Cape Hatteras. In a few cases (in-
dicated by cross-hatching ), no water was present in the
indicated 10 km X 2.5°C bin. Where possible, contours
were interpolated across these missing bins.

At 27°N, the main effect of converting depth to
temperature coordinates is to vertically align the near-
surface core of the Florida Current (Fig. 2a vs Fig. 9a).
This core is bounded roughly by the 0.6 X 10°m?3s~!
transport contour. At colder levels, the most obvious
transport feature is the presence of a maximum in the
18° water, extending westward about 30 km into the
channel. This layer reaches a thickness of about 140
m at the eastern boundary (Fig. 9c) and is associated
with a clear minimum in layer potential vorticity (Fig.
9b). Smallest values, about 3.4 X 107" m™~' 57!, are
found at the eastern boundary. However, relative to
other parts of the current, layer potential vorticity tends
to be relatively independent of cross-stream distance
in the eastern half of the channel at 27°N. The 10
X 107" m~! s™! contour separates the eastern region
of relatively uniform potential vorticity from the west-
ern part (cyclonic flow) with large lateral potential
vorticity gradients. Away from surface and bottom
boundaries, the cross-stream location of this “bound-
ary” contour is relatively independent of temperature.
Consideration of the mean downstream velocity and
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temperature fields (Fig. 2) shows that this boundary is
located for each temperature interval at about the point
where the relative vorticity in the layer becomes cy-
clonic. We will see that a similar behavior is evident
at 29°N and Cape Hatteras.

Compared to the mean structure at 27°N, the ten-
dency of the current at 29°N to spread eastward is
evident in Fig. 10a—c. Taking into account the addi-
tional (warmer) temperature interval plotted at 29°N,
the surface core at both latitudes is, as would be ex-
pected, in about the same temperature range. At this
latitude, the thickness of the 18° water has increased
to about 180 m and the east—-west extent of this layer
has increased. In view of Fig. 10c, it is somewhat sur-
prising that 18°-layer transport increases only by 0.9
X 104 m3s~! between 27°N and 29°N. However, Fig.
10a shows that the transport in the eastern part of this
layer is actually quite small. In general, the layer po-
tential vorticity distribution at 29°N (Fig. 10b) is sim-
ilar to that found at 27°N but spread out to the east.
The minimum potential vorticity in the 18° layer is
again found to be about 3.5 X 10™" m™' s~} near the
eastern boundary. The 10 X 1077 m~' s~! contour
once more separates regions of uniform and high-lat-
eral-gradient potential vorticity. In the middle of the
water column the cross-stream location of this
“boundary” is relatively independent of temperature.

The total amount of warm surface waters transported
on average at Cape Hatteras is similar to that observed
at 27° and 29°N, but heat losses to the atmosphere
have led to a water mass transformation from waters
warmer than 24.5°C to waters cooler than 24.5°C. The
large increases in transport within the 18° layer and
for layers colder than 7°C are evident from Fig. 11a.
Maximum thickness of the 18° layer has increased to
over 300 m, and the layer potential vorticity minimum
at the eastern boundary (2.3 X 107" m™! s~} is smaller
than values observed farther south; the increase (de-
crease) in layer thickness (potential vorticity) is con-
sistent with the proximity of this section to the winter
formation region of 18° water (Leetmaa 1977). How-
ever in the 18°-layer “core”, or region of highest trans-
port (at about 100 km distance in Fig. 11a), potential
vorticity is very similar (3.4 X 107" m~!s™!) to min-
imum values seen farther south. Below 7°C, potential
vorticity is quite uniform across the Gulf Stream at
about 5 X 1077 m~!s™!, (Coldest in situ temperatures
in the Cape Hatteras section are 2.1°-2.2°C). As ob-
served to the south, the 10 X 107" m~' s~! contour
separates the eastward region of relatively uniform layer
potential vorticity from the high-gradient region to the
west, but only for the layers 9.5°-12°C and above. The
cross-stream position of this contour is relatively in-
dependent of temperature for layers warmer than about
10°C. Comparison of Fig. 11¢ with Figs. 11a and 11b
also indicates that this same potential vorticity contour
marks the westernmost penetration of the 18° layer.
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Taken together, Figs. 9-11 provide an opportunity
to examine the downstream evolution of transport and
particularly of potential vorticity (including relative
vorticity ) in the Gulf Stream. There are some obvious
differences, as well as certain striking similarities, in
the three sections,

One obvious similarity is the tendency of the 10
X 1077 m ™" s~ layer potential vorticity contour ( Figs.
9-11b) to serve as a boundary between the high-ve-
locity, cyclonic core of the Gulf Stream and water
farther offshore. At both 27° and 29°N the current is
bounded on the west by the continental shelf; thus the
high potential vorticities encountered in cyclonic flow
near the western boundary are perhaps not surprising.
However, this observation does not explain why this
particular value of layer potential vorticity separates
regions of relatively uniform potential vorticity (off-
shore) from regions of high lateral potential vorticity
gradient (onshore). Between 27° and 29°N this con-
tour does not move appreciably to the east; most of
the current broadening (Fig. 8) takes place in the off-
shore region of relatively uniform layer potential vor-
ticity.

At Cape Hatteras the same contour tends to be a
boundary (Fig. 11b), but only above a certain tem-
perature horizon (about 10°C). This same horizon is
near (but slightly warmer than) the temperature
boundary between warmer layers (but below 18°C)
where the transport increase between 29°N and Cape
Hatteras is relatively uniform at about 4.0-4.5 Sv per
2.5°C interval, and colder layers (<7°C) where no
transport is present south of Cape Hatteras (Fig. 7).
McCartney (1982, Fig. 3) has presented a potential
vorticity section along 50°W through the Gulf Stream,
using potential density as the vertical coordinate but
without the inclusion of relative vorticity. Although
this is quite far downstream of the present Cape Hat-
teras section, it is of interest that he also shows a similar
potential vorticity boundary at a value of about 200
X 107" e¢m™~!s™!, [For a 2.5°C layer below 18°C, Ad,
~ 0.20-0.25 (Fig. 6). Applying the conversion de-
scribed in section 4, a layer potential vorticity of 10
X 1077 m™! s7! is equivalent to (200-250) X 107!*
cm™! s7']. Of course, the increase of layer potential
vorticity (contributed by increasing relative cyclonic
vorticity as one moves into the current core from off-
shore) is not evident in his figure—in fact, the 200
X 107" cm ™! s™! contour appears to be the boundary
of a potential vorticity “plateau” in the cyclonic part
of the current core.

One of the most striking contrasts among the sections
appears in the 18° layer. Various investigators (e.g.,
McDowell et al. 1982; McCartney 1982; Talley and
McCartney 1982; Talley and Raymer 1982; McCartney
and Talley 1982) have attempted to use potential vor-
ticity as a conservative tracer to follow various types
of subpolar (e.g., Labrador Sea) or subtropical (such
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as 18° water) ‘“Mode Waters”. The low potential vor-
ticity associated with the relatively thick layer of 18°
water in the North Atlantic has been well documented
in these studies (e.g., McCartney 1982), although in
contrast to the data discussed here, the reliance of these
studies on hydrographic data has not allowed the con-
tributions to potential vorticity by the relative vorticity
term to be evaluated. If we accept that the low potential
vorticity in the 18°-layer serves as a tracer, Fig. 9b
suggests that a small amount of 18° water (from Fig.
7 probably no more than about 1 Sv) is recirculated
through the Straits of Florida and is confined to the
eastern edge of the current. This possibly represents
part of the inflow of water to the Florida Current
through Northwest Providence Channel reported by
Richardson and Finlen (1967). However, others
(Morrison and Nowlin 1977) have found intermittent
indications of 18° water (identified by a relative oxygen
maximum ) upstream in the Loop Current of the Gulf
of Mexico. As shown in Fig. 7, transport in the 18°
layer increases only by about another 1 Sv between
27° and 29°N.,

In proceeding from 29°N to Cape Hatteras, transport
in the 18° layer increases by another 13.7 Sv, reaching
19.1 Sv at Cape Hatteras. From hydrographic data,
Worthington (1976) provided an estimate of 14.2 Sv
for the 17°-19°C layer transport off Cape Hatteras.
Although our estimate is about 35% higher, it must be
kept in mind, first, that we are using a slightly larger
temperature interval, but second and more important,
long-term variations in 18° water are known to exist
(Talley and Raymer 1982).

The region in which the large transport increase of
18° water originally noted by Worthington (1976) is
concentrated can be seen in Fig. 11, as well as several
other features of the 18° layer. Most clear is the fact
that the thick (and therefore low potential vorticity)
18° layer is primarily restricted to the region of the
Gulf Stream offshore of the same 10 X 107" m™! s7!
potential vorticity boundary discussed above. Also,
most of the elevated transport in this layer is concen-
trated at the “nose” in layer thickness at 100-110 km
horizontal distance. Farther offshore (e.g., at 150 km),
transport and layer thickness tend to be proportional
if one examines the 17°-19.5° layer and those im-
mediately above and below, suggesting that at the off-
shore end of the 18° “bullseye” (Fig. 11a), transport
is primarily barotropic. The same is not true in the
immediate vicinity of the “bullseye”, where there is an
additional baroclinic transport component present. In
the next section, we will present a simple model that
seeks to account in a semiquantitative fashion for the
observed transport and thickness structure in the 18°
layer.

Below 7°C, layer potential vorticity is quite uniform
horizontally and is comparable to values obtained by
others (McDowell et al. 1982). In terms of water mass
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properties in these colder layers, the Gulf Stream ap-
pears to be well stirred from one side to the other, lead-
ing to spatial homogeneity (Bower et al. 1985). This
is not to say there is no baroclinicity and concomitant
downstream flow, but such flow may not be constrained
to remain in the Gulf Stream over great distances due
to the absence of a mean potential vorticity gradient
across the stream (Shaw and Rossby 1984; Rossby et
al. 1985).

7. Structure of the 18° layer

In this section, we wish to use a simple model to
focus qualitatively on the baroclinic component of the
transport structure in the 18° layer off Cape Hatteras.
This structure is very reminiscent of that found in a
simple two-layer model of the Gulf Stream by Stommel
(1965), as well as in an analysis presented by Stern
(1975, pp. 53-57).

We assume the 18° layer to be one of uniform den-
sity p2, sandwiched between two layers of density p,
and p; (Fig. 12a). Here, p; — p; = p3 — p2 = Ap. For
simplicity, and because we wish to focus on the baro-
clinic transport within layer 2, we assume that layers
1 and 3 are motionless and are essentially of infinite
thickness relative to layer 2. '

If H is the thickness of the middle layer and flow
(v) in the layer is in geostrophic balance and indepen-
dent of downstream distance, then

,dH
=g i
where x is the coordinate to the right of the flow, g’ is
reduced gravity, po is a constant reference density and
f (=8.5 X 107° s™! at Cape Hatteras) is the Coriolis
parameter. We assume that H = 0 at x = 0 (corre-
sponding to the location of the “nose” in Fig. 1lc),
and as x = oo, H = Hj (const) and v — (. Conser-
vation of potential vorticity in the layer requires that

S _ftradv/dx
Ho H(X) ’

®

&)

a)

1
!

H(x) H,

N

R

F1G. 12a. Schematic of a simple model for flow in the “18°-layer”
with three layers of constant densities p,, p, and p;. Layers 1 and 3
are assumed motionless. Layer 2 is assumed to have constant potential
vorticity with magnitude f/H, at large x.
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F1G. 12b. Curves describing the thickness and volume transport/
unit width across the current in layer 2, with Hy = 350 m, f = 8.5
X 107357, and Ap/po = 1072 Agy = 1 X 1073,

Equations (8) and (9) can be combined for a single
equation for H:

d’H H-H,
P A U

where A\ = Vg’H,/ f is the internal radius of deforma-
tion. Given the above boundary conditions, Eq. (10)
has as solutions for layer thickness ( /), velocity (V),
layer transport per unit width (7, = HV), and total
transport (7'):

(.10)

H(x) = Ho(1 — ™" (11a)

v(x) = Vg'Hy e™"* (11b)

Tw(x) = HoVg'Ho(e™* — e7#)  (11¢)
T= J; T.(x)dx

= NHoVg'Ho/2 = g'H¢*/2f. (11d)

In this simple 3-layer model, we can use Fig. 6 (with
a slight bit of fudging) to estimate the 18° layer density
as gy = 26.5, and the densities of layers 1 and 3 by the
average of g, values above (o5 ~ 25.5) and below (g,
~ 27.5) the 18° layer. From Fig. 11c, we take Hy = 350
m. For this choice of parameters, g’ = 9.81 X 10> m
s7% and A = 21.8 X 10° m. The structure of 7,(x)
and H(x) is shown in Fig. 12b for the above choice of
parameters. Substituting these values in Eq. (11d) gives
a total baroclinic transport of 7= 7.1 X {0°m?3s™'.

The over-simplified model discussed above does a
reasonable job of describing some of the observed fea-
tures of the 18° layer (Fig. 11) off Cape Hatteras. For
example, the rapid increase in transport/unit width
(Fig. 11a, with actual values in units of transport/ 10
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km width) at the “nose” of this layer, and the gradual
decrease in transport as one moves offshore, are quite
similar to the result shown in Fig. 12b. The width of
the observed transport “bullseye” is somewhat more
difficult to estimate. We can take, for example, the 7
X 10° m?s~! contour (Fig. 11a) as defining the lateral
boundaries of the transport peak. (This value corre-
sponds to a constant flow of 0.2 m s~ through a 10
km X 350 m box and is chosen to be consistent with
the results shown in Table 1. Note, however, that at
the far offshore end of the Cape Hatteras section, trans-
ports in the 18° layer are actually somewhat less.) With
this choice, the “detectable” width of the peak is about
100 km and the “half-amplitude” width of the peak
[between the (7 + (24 ~ 7)/2) X 10°m3s™! = 15.5
X 10° m? s™! points in Fig. 11a} is about 50 km (the
corresponding width in Fig. 12bis about 40 km). Also,
the value of total baroclinic transport in the layer com-
puted from the model (7 Sv) is in reasonable agreement
with the estimated baroclinic transport (8 Sv) shown
in Table 1. Nevertheless, the gross simplifications in-
volved in the model should be kept in mind. In par-
ticular, the shallower (T > 18°C) layers of the Gulf
Stream are not infinitely deep (Fig. 4b) but are in fact
of comparable thickness to the 18° layer itself. We
would therefore expect there to be some interaction
between the 18° layer and those above, and we spec-
ulate that this may be one cause of the clear asymmetry
seen in the transport contours (Fig. 11a), where the
shallow contours tend to open toward the surface,
whereas the same contours below the 18° layer remain
closed. However, to describe such features would
clearly require a more detailed model than that used
here.

One final point to be made concerning the model is
that the choice of origin {x = 0) is completely arbitrary.
The data suggest that the origin should be placed at
the point where the onshore layer potential vorticity
gradient begins to increase rapidly towards the cyclonic
part of the current. However, the model does not (and
is not intended to) explain why this should be the case.

8. Summary

Annually averaged or mean cross sections of absolute
downstream velocity and temperature have been pre-
sented at three downstream locations across the Florida
Current and Gulf Stream. Between the two southern
cross sections (27°N, 29°N) and the third section at
Cape Hatteras the total transport increases by a factor
of three. Two-thirds of the increase is located in (i) the
18° layer water, and (ii) in water colder than 7°C—
the coldest water found in the Straits of Florida. From
7° to 14.5°C the transport increase between 27°N and
Cape Hatteras is quite uniform at about 4.5 Sv per
2.5°C temperature interval.
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As a function of horizontal distance across the Gulf
Stream (Fig. 8), the transport increase on the cyclonic
side of the current is relatively constant at about 1.8
Sv/10 km for each section. More surprisingly, when
Cape Hatteras transport is referenced to the 0.2 m s~
isotach (suggested by the barotropic character of the
flow below this isotach), the transport curve at Cape
Hatteras looks quite similar, both in magnitude and
width, to that observed in the Florida Current (allowing
for an arbitrary shift of the horizontal distance origin).

Potential vorticity computed over 2.5°C layers shows
a relative minimum in the 18° layer at the offshore
end of each section. This layer penetrates into the an-
ticyclonic part of the Gulf Stream at each section (but
most clearly at Cape Hatteras near where 18°C water
is formed in wintertime ), and has a transport peak in
the region of maximum penetration. A simple, geo-
strophically balanced model can reproduce qualita-
tively the observed structure of layer transport and
thickness. At each section the 10 X 107" m ™' s~ layer
potential vorticity contour (including relative vorticity)
appears as a distinctive boundary separating the high-
potential-vorticity, cyclonic current core from a region
of more uniform potential vorticity farther offshore.
The 18° layer (as identified by its potential vorticity
minimum ) does not penetrate onshore of this bound-
ary. Below about 7°C potential vorticity is practically
uniform across the width of the current at Cape Hat-
teras, supporting other work which has suggested that
in the deep layers relatively free exchange of fluid can
take place across the Gulf Stream. The clear distinction
in properties above and below 7°C off Cape Hatteras,
in association with the 7°C “sill” temperature in the
Straits of Florida, suggests that it would be worthwhile
to obtain similar absolute velocity sections across the
Kuroshio, where the topography along the path of the
current differs considerably from the Gulf Stream.
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