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a b s t r a c t

Data from three independent and extensive field programs in the Straits of Florida, the Mid-Atlantic
Bight, and near the Southeast Newfoundland Ridge are reanalyzed and compared with results from other
historical studies to highlight the downstream evolution of several characteristics of the Gulf Stream's
mean flow and variability. The three locations represent distinct dynamical regimes: a tightly confined
jet in a channel; a freely meandering jet; and a topographically controlled jet on a boundary. Despite
these differing dynamical regimes, the Gulf Stream in these areas exhibits many similarities. There are
also anticipated and important differences, such as the loss of the warm core of the current by 42°N and
the decrease in the cross-frontal gradient of potential vorticity as the current flows northward. As the
Gulf Stream evolves it undergoes major changes in transport, both in magnitude and structure. The rate
of inflow up to 60°W and outflow thereafter are generally uniform, but do exhibit some remarkable
short-scale variations. As the Gulf Stream flows northward the vertical coherence of the flow changes,
with the Florida Current and North Atlantic Current segments of the Gulf Stream exhibiting distinct
upper and deep flows that are incoherent, while in the Mid-Atlantic Bight the Gulf Stream exhibits flows
in three layers each of which tends to be incoherent with the other layers at most periods. These co-
herence characteristics are exhibited in both Eulerian and stream coordinates. The observed lack of
vertical coherence indicates that great caution must be exercised in interpreting proxies for Gulf Stream
structure and flow from vertically-limited or remote observations.

& 2016 Published by Elsevier Ltd.
1. Introduction

As it flows from its origins in the Caribbean/Gulf of Mexico to
its end in the high latitudes of the North Atlantic, the Gulf Stream
flows through the narrow Straits of Florida (where it is sometimes
called the Florida Current), meanders across the Mid-Atlantic
Bight, and returns to the coastline on the eastern seaboard of
Canada (after which it is called the North Atlantic Current). Along
the way it changes from a tightly confined flow through a channel,
to a meandering free jet, and finally to a topographically controlled
boundary current. As it transits the western North Atlantic, the
Gulf Stream widens by a factor of two, deepens by roughly four
thousand meters, and increases in transport by nearly a factor of
five (e.g., Leaman et al., 1989). Furthermore, as it flows along its
course the Gulf Stream is not only the western boundary current of
the subtropical North Atlantic gyre but also the pathway for the
C.S. Meinen),
upper limb of the global meridional overturning circulation (MOC),
returning warm surface waters northward towards the subduction
regions in the northern reaches of the North Atlantic. Numerous
projects have investigated the Gulf Stream all along its length over
the past 50 years using a variety of instruments, including moored
current meters, inverted echo sounders (IES), pressure-equipped
inverted echo sounders (PIES), Lagrangian sub-surface floats and
surface drifters, and even submarine cables. Overviews of many of
the historical observations of the Gulf Stream structure and
transport in the Straits of Florida, Mid-Atlantic Bight, and South-
east Newfoundland Ridge areas can be found in Meinen et al.
(2010), Johns et al. (1995), and Schott et al. (2004), respectively.

A recent reanalysis of the data collected as part of the Synoptic
Ocean Prediction (SYNOP) experiment in the Gulf Stream near
38°N, 68°W, demonstrated that advances in the analysis of PIES
data make possible full-water column four-dimensional estimates
of temperature, salinity, density and absolute velocity, yielding a
much more detailed picture of the Gulf Stream's structure than
had been available previously (Meinen et al., 2009). The same
study demonstrated that the inflow to the Gulf Stream from the
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Locations of the instruments used in this study
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Fig. 1. Map of the locations of the primary observation sites used in this study. A cartoon/schematic of the Gulf Stream path is also shown, where the path from Cape Hatteras to
50°W is based on the 8-year mean position of the Gulf Stream SST front (Lee and Cornillon, 1996). Bottom topography from Smith and Sandwell (1997) is also shown. Types of
observations are noted in the legend.
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neighboring recirculation gyres could be as much as 25% larger
than had previously been thought to exist in the SYNOP study area.
These results motivated the following two goals of the present
paper. First, the four-dimensional temperature, salinity and abso-
lute velocity fields produced by Meinen et al. (2009) from the
SYNOP Central Array are used in concert with similar fields from
the North Atlantic Current near 42°N (Meinen, 2001) and 55 hy-
drographic temperature/salinity/velocity sections collected in the
Straits of Florida at 27°N (approximately half of which have never
been used in previous publications) to highlight the downstream
evolution of several important characteristics of the Gulf Stream's
mean structure and vertical coherence. These locations are chosen
because they represent physically distinctive segments of the Gulf
Stream, and because high quality absolute velocity data is available
from each location in addition to temperature and salinity data.
The second purpose of the paper is to discuss the transport of the
Gulf Stream in the context of historical estimates of transport
throughout the region to illuminate the flow in these three loca-
tions with respect to the diffluent/confluent circulations bounding
the Gulf Stream along its path.
1 Note: Some instruments were simple inverted echo sounders, i.e. without the
bottom pressure gauge.
2. Data and methods

Measurements from a variety of types of instrument are used
herein. Many are common systems, and the details of the original
processing and placement of the instruments are left to the papers
that are cited. For brevity, only the most critical details of the data
sets used are presented in this section.

The primary observations in the Straits of Florida are from 55
shipboard sections using conductivity-temperature-depth (CTD)
recorders as well as lowered acoustic Doppler current profilers
(LADCP) over the period 2001–2014; nearly half of these sections
have not been used in previous analyses. The CTD/LADCP profiles
were collected at the nine stations along 27°N indicated in Fig. 1 as
part of the NOAA (National Oceanic and Atmospheric Adminis-
tration) Western Boundary Time Series project (e.g. Szuts and
Meinen, 2013; Garcia and Meinen, 2014). For comparison pur-
poses, Pegasus profiler data and current meter mooring data col-
lected during 1982–1984 as part of the Subtropical Atlantic Climate
Studies (STACS) program are also discussed (e.g., Molinari et al.,
1985a, 1985b; Leaman et al., 1987, 1989; Lee et al., 1985; Johns and
Schott, 1987; Lee and Williams, 1988).

The observations used to describe the Gulf Stream where it is a
free meandering jet at 68°W were collected as part of the Synoptic
Ocean Prediction (SYNOP) experiment. SYNOP involved moored
arrays and Lagrangian floats making measurements from Cape
Hatteras out to 55°W, spanning an intensive two-year period from
1988 to 1990 (e.g. Pickart and Watts, 1990; Johns et al., 1995; Shay
et al., 1995; Watts et al., 1995; Bower and Hogg, 1996). There were
three primary arrays of current meter and PIES1 moorings during
the SYNOP experiment: an array just downstream of Cape Hatteras
called the Inlet Array, the main array at 68 °W called the Central
Array, and an array at 55 °W called the Eastern Array. Like the initial
reanalysis of this data set (Meinen et al., 2009), the present study
will focus on the data collected in the Central Array (see Fig. 1) due
to the wealth of data collected there, utilizing primarily data from
the PIES moorings. Data from the 13 tall current meter moorings
(e.g. Cronin and Watts, 1996) are employed to verify both that the
combination of PIES measured travel times and pressures is capable
of reproducing the observed current velocities well and that the
vertical coherences for the velocities derived this way, which are
available uniformly throughout the water column, are similar to the
coherences observed by the sparse set of current meters. It is



2 Note that in the original analysis of the NAC study (Meinen and Watts, 2000),
wherein the GEM technique was first developed, no salinity GEM field was shown
or used in the analysis. This field was created at the time of the original study but
was not included in the calculations or publication.

3 The 400 dbar level current meters in the NAC experiment had an un-
recoverable programming error that prevented the velocity data from being useful
(Watts, personal communication, 1997).
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noteworthy that several previous analyses of the PIES data have
illustrated that the PIES estimated velocities agree quite well with
the direct current meter measurements in these regions, e.g. Fig.
7 of Meinen and Watts (2000) and Fig. 4 of Meinen et al. (2009).

The utility of PIES data is greatly enhanced by the availability of
hydrographic data from the region (either simultaneous or his-
torical). For the SYNOP region, conductivity-temperature-depth
(CTD) data was acquired from the following sources: 333 CTD
profiles from the Anatomy of a Meander project (e.g. Hummon and
Rossby, 1998); several transects and ring studies by the University
of Rhode Island (e.g. Johns et al., 1989) and the Woods Hole
Oceanographic Institution (e.g. Joyce, 1984; Joyce et al., 1986); and
the Hydrobase dataset (Lozier et al., 1995). Only CTD profiles that
reached at least 1000 dbar and had a near-surface observation
within the upper 50 dbar were used. For profiles that lacked values
in the upper 10 dbar, the nearest-to-surface temperatures and
salinities were copied to the surface assuming a well-mixed layer
above 50 dbar.

The observations used at 42°N near the Southeast Newfound-
land Ridge come from the North Atlantic Current (NAC) experi-
ment (e.g. Meinen et al., 2000; Meinen and Watts, 2000; Meinen,
2001). This experiment included a line of eight tall current meter
moorings and six PIES that were in place for approximately two
years during 1993–1995 as a part of a joint program carried out by
the Bedford Institute of Oceanography and the University of Rhode
Island (see Fig. 1). Due to data losses from several PIES, the tem-
perature and pressure sensors that were on the current meter
moorings were combined to create pseudo-IES data and fill the
gaps in the PIES line as presented in Meinen and Watts (2000). The
shallowest current meters on the tall moorings were determined
to have a fatal programming problem such that their data could
not be recovered (Watts, personal communication, 1997). As with
the SYNOP array, the focus here is on the PIES (including the
pseudo-IES records). For the NAC region, 191 CTD profiles were
used with the PIES analysis; some profiles were collected during
the array deployment and recovery cruises, and others were ac-
quired from the Bedford Institute of Oceanography and the Ger-
man Hydrographic Service (see Meinen and Watts (2000)).

The fact that the primary data sets used herein all come from
different time periods over the past 25 years does not present a
significant problem for the interpretation of the analyses herein.
Previous work in the Florida Straits (e.g. Meinen et al., 2010), the
Mid-Atlantic Bight (e.g. Rossby et al., 2010) and near the Southeast
Newfoundland Ridge (e.g. Schott et al., 2004) have compared ob-
servations separated by as much as a decade or more in each lo-
cation and have shown that there is very little interannual varia-
bility in the structure and transport of the Gulf Stream at these
locations. This does not imply that there have been no long-period
variations in the subtropical gyre over the past two and a half
decades. Evaluation of the basin-wide Meridional Overturning
Circulation at 26.5°N, for example, has found interannual changes
of 10–20% (e.g. Smeed et al., 2014; McCarthy et al., 2015). These
same studies have indicated, however, that this long-period
variability is the result of changes in the basin interior, not the
western boundary current. While in some cases the Gulf Stream
path may vary at long periods (e.g. in the Mid-Atlantic Bight; e.g.
Rossby and Benway, 2000), there is no indication that the mean
structure and/or the observed variability at the three locations
under study here have significantly varied over the �25 years
spanned by the data at the three locations.

All time series data were smoothed with a second order But-
terworth low-pass filter with a 40-h cutoff. The resulting data
were then subsampled to once per day (noon GMT). For the bot-
tom pressure records, instrumental drift and tidal variability were
estimated and removed prior to low-pass filtering (e.g. Watts et al.,
2001a).
2.1. Data processing

The 55 CTD and LADCP sections in the Straits of Florida were
processed via standard methods (see, for example, Szuts and
Meinen (2013) and Garcia and Meinen (2014)). Details on the
Pegasus and current meter processing during STACS can be found
in Leaman et al. (1987) and Lee and Williams (1988) and refer-
ences therein.

The IES and PIES datasets at both 38°N and 42°N have been
previously processed (Meinen et al. (2009) and Meinen and Watts
(2000), respectively). The derived profiles of velocity and hydro-
graphic variables are used herein, with modifications and/or
augmentations where noted. The methods used are reviewed here
briefly for those unfamiliar with these instruments. The Inverted
Echo Sounder (IES) and the Pressure-equipped Inverted Echo
Sounder (PIES) have been in use for many years (e.g. Rossby, 1969;
Watts and Rossby, 1977; Meinen and Watts, 1998; Donohue et al.,
2010). The utility of these instruments was greatly enhanced by
the development of the Gravest Empirical Mode (GEM) technique
that takes advantage of the known vertical structural character-
istics of the water properties of a particular oceanic region as re-
vealed by hydrographic profiles (e.g. Meinen and Watts, 2000;
Watts et al., 2001b). An example GEM lookup table for tempera-
ture for the North Atlantic Current region is shown in Fig. 2 to
illustrate both the resolution and the typical accuracy of the GEM
method; similar lookup tables can be derived for salinity and
density (not shown).2 GEM-derived time series of full-water-col-
umn density profiles at each IES/PIES site can be vertically in-
tegrated to yield dynamic height anomaly time series. Subse-
quently, dynamic heights from neighboring sites can be horizon-
tally differenced to give full-depth profiles of geostrophic velocity
relative to an assumed level of no motion. When an absolute
geostrophic reference velocity is available, such as the bottom
velocity variations that can be determined by differencing the PIES
bottom pressure measurements, time series of absolute velocity
profiles are determined (e.g. Meinen and Watts, 2000). Meinen
et al. (2009) presented the details of how the SYNOP IES and PIES
data were combined to provide four-dimensional estimates
(Longitude, Latitude, Pressure, and Time) of temperature, salinity,
density, and absolute velocity. The details of the original analysis
of the NAC PIES can be found in Meinen and Watts (2000) and
Meinen (2001). Note that because the NAC experiment involved
only a single line of moored instruments, only the component of
the velocity perpendicular to the array was determined by the line
of PIES. In SYNOP, where there were multiple lines of moorings
(see Fig. 1), both horizontal components of velocity were
determined.

The moored current meter velocity and pressure data from
7 tall current meter moorings in the NAC array and 13 tall current
meter moorings in the SYNOP Central Array that were collocated
with the PIES (except for one mooring set only during the second
year of the experiment without a PIES near its base) are employed
herein. Each of the SYNOP moorings had instruments at nominal
depths of 400, 700, 1000, and 3500 dbar. During the NAC experi-
ment, up to seven levels of instruments were distributed between
400 dbar below the sea surface to 100 dbar above the bottom.3 In
SYNOP, the individual current meter moorings exhibited
pressure deflections (blow-over) with root-mean-squared values



Fig. 2. Example of a temperature lookup table for GEM analysis of IES data developed
using CTD data from the NAC region. Top panel – GEM lookup table of temperature;
middle panel – root mean squared (RMS) scatter between the original CTD measured
temperatures and the lookup table values; bottom panel – signal to noise ratio based
on the observed RMS scatter. See Meinen et al. (2009) for more information on how the
RMS and signal-to-noise values are calculated.

Fig. 3. a) Histogram of the longitude of the peak velocity observed at the surface (red
solid) and at 100 dbar (blue cross-hatch) from the 55 CTD/LADCP sections collected at
27°N. Locations of the nine stations are indicated by circles on lower axis. b) Histogram
of the direction of the flow at the location of the peak velocity at the surface or
100 dbar; direction measured in degrees counter-clockwise from East, so 90° is
northward. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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of 75–150 m, with a peak deflection of approximately 600 dbar.
Cronin and Watts (1996) used temperature and pressure mea-
surements from collocated sensors on the current meter moorings
to estimate corrections for this mooring motion. For the NAC
current meters, no mooring motion correction was applied. As
noted earlier, the current meter mooring data are used primarily
to illustrate both that the determination of shear profiles from IES
measured travel times, combined with reference velocities derived
from bottom pressure, is capable of reproducing the observed
current meter signals well (see also Fig. 7 of Meinen and Watts
(2000)), and that the subsequent vertical coherences of horizontal
currents estimated by each technique are similar.

2.2. Stream coordinates analysis

Previous investigations of the Gulf Stream and other major
currents have demonstrated that the estimated mean structures of
horizontal currents and water properties depend strongly on the
averaging technique applied, which can result in significant dif-
ferences in dynamical interpretation (e.g. Johns et al., 1995; Bower
and Hogg, 1996; Meinen et al., 2009). For example, averages made
in an Eulerian coordinate system yield much weaker horizontal
gradients than averages made in “stream” coordinates. Stream
coordinates are a common analysis technique wherein observa-
tions are averaged in distance bins determined relative to some
unique characteristic of a meandering current rather than as a
function of geographic location (e.g. Johns et al., 1995; Meinen and
Luther, 2003). The SYNOP and NAC data were both analyzed pre-
viously in stream coordinates (see Meinen et al. (2009) and Mei-
nen (2001), respectively, and citations therein); the origins and
stream orientations used for the stream coordinates systems are
determined from the positions where the 12 °C isotherm crosses
500 dbar for the SYNOP data, and where the 10 °C isotherm
crosses 450 dbar for the NAC data. In the Straits of Florida there is
little room for the Florida Current/Gulf Stream to meander, as is
illustrated by histograms of the cross-channel location of the peak
velocity (Fig. 3a) and of the direction of the peak velocity from the
CTD/LADCP sections (Fig. 3b). Given the minimal meandering
(generally less than70.2ºof longitude, or less than720 km) and
minimal turning of the peak velocity core (generally less
than75°), a stream coordinates analysis was considered un-
necessary for the flow through the Straits of Florida. Eulerian
averaging essentially produces a stream coordinates mean at this
location.



Fig. 4. Mean temperature sections at three locations along the path of the Gulf Stream. Upper left: Eulerian mean in the Straits of Florida at 27°N. Center: Stream coordinates mean
at 38°N, 68°W. Right: Stream coordinates mean at 42°N just downstream of the Southeast Newfoundland Ridge. Note the different horizontal scales of the three sections and the
condensed vertical scale of the deeper portions of the 38°N and 42°N sections. Gray shading denotes the ocean bottom in all panels, where bottom depths have been averaged based
on the contributions of observation sites for the stream coordinates sections. Contour interval is 1 °C, with every fifth contour displayed in white and labeled. The small inset panel at
lower left shows the sections at consistent horizontal and vertical scales.

4 The velocities reported here for 38°N and 42°N are geostrophic averages
between PIES sites roughly 40 km apart, while the LADCP velocities at 27°N are
direct point measurements in a horizontal sense. Comparison of stream coordinates
averaged direct measurements to geostrophic measurements reveals that the latter
can reflect numbers as much as 10% lower due primarily to the horizontal
smoothing associated with the geostrophic method (e.g. Johns et al., 1995; Meinen
et al., 2009).
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3. Results

3.1. Downstream evolution of the structure of the Gulf Stream

Consistent with expectations from previous research, as the
Gulf Stream flows from the Straits of Florida to the Mid-Atlantic
Bight to the Southeast Newfoundland Ridge the core of the current
cools while the thermocline depth change across the front remains
nearly constant at around 700–1000 dbar total (Fig. 4). Only in the
Mid-Atlantic Bight is a strong mode water layer evident at pres-
sures of 200–500 dbar offshore of the core (Fig. 4), consistent with
this area being within the source region for 18 °C Subtropical
Mode Water (e.g. Worthington, 1959; Ebbesmeyer and Lindstrom,
1986). The cooling of the core of the current continues down-
stream, with the peak temperature dropping from 27 °C at 27°N to
25 °C at 38°N to 19 °C at 42°N, and by 42°N there is no longer a
recognizable warm temperature core at the center of the current
(Fig. 4). The subsurface peak salinity core in horizontal sections
across the current exists at both 27°N and 38°N (36.7 psu at
200 dbar), but it has essentially disappeared by the time the cur-
rent reaches 42°N (Fig. 5). The strength of the salinity gradient
across the front, however, strengthens as the Gulf Stream flows
north, increasing from about 1.1 psu across 100 km at 38°N to
about 1.7 psu across 100 km at 42°N (estimated between 100 and
200 dbar below the surface). The increase at 42°N is due to the
influence of the cold, fresh Labrador Current flowing southward
and retroflecting to flow northward along the inshore edge of the
Gulf Stream/North Atlantic Current north of the Southeast New-
foundland Ridge (e.g. Rossby, 1996; Schott et al., 2004).

The along-stream velocity structure of the current has both
important similarities and important differences as it flows
downstream (Fig. 6). At all three locations, the expected offshore
shift of the velocity core with increasing depth is obvious (e.g.
Leaman et al., 1989; Johns et al., 1995). The highest mean surface
velocity (178 cm s�1) is found at 27°N where the current is nar-
rowest, with the peak velocity dropping to 170 cm s�1 at 38°N and
90 cm s�1 at 42°N.4 The Gulf Stream broadens, with a width be-
tween zero velocity contours of about 80 km in the Straits of



Fig. 5. Same as Fig. 4 but showing salinity rather than temperature. Contour interval is 0.1 psu, with every fifth contour displayed in white and labeled.
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Florida at 27°N, about 230 km at 38°N, and about 280 km at 42°N.
At all three locations the Gulf Stream is clearly reaching to the
bottom in a time-mean sense despite the significant increase in
depth between 27°N and 38°N. The deep velocities at 42°N are
slightly larger than those at 38°N, perhaps reflecting the influence
of the Mann Eddy at 42°N (Mann, 1967; Rossby, 1996). Temporal
change between the SYNOP (1988–1990) and NAC (1993–1995)
experiments is a reasonable hypothesis for this difference; how-
ever, comparison between the NAC observations in 1993–1995 and
observations collected in 1991–2001 at precisely the same loca-
tions (Schott et al., 2004) indicates little change in the deep flows
over time.

The cross-stream velocity gradients, as well as the sharpness of
the upper pycnocline, clearly decrease as the Gulf Stream moves
northward, with peak potential vorticity values at 38°N exceeding
those at 42°N by roughly a factor of two, and those at 27°N ex-
ceeding those at 38°N similarly (Fig. 7). Potential vorticity (PV; e.g.,
Gill, 1982) is calculated in a standard manner via

= ρ δσ δ ( + ζ)−
θPV / z f1

where ρ, sθ, f, and ζ are the density, potential density, Coriolis
parameter, and the vertical component of the relative vorticity,
respectively. Relative vorticity at 27°N and 42°N is approximated
as the cross-stream gradient of along-stream velocity because that
is the only component that can be calculated with the data
available. Meinen et al. (2009) have shown that the along-stream
gradient of cross-stream velocity can be significant at 38°N (410%
of the Coriolis parameter; Fig. 8 shows the two relative vorticity
components as recalculated here). This term has been included in
the PV calculation at 38°N shown in Fig. 7; however, the conclu-
sions drawn here are not significantly altered if this term is ne-
glected. At 27°N there is no obvious vertical layer where the cross-
front gradient in PV is small (Fig. 7), suggesting that horizontal
exchange across the front in the tightly confined Straits of Florida
is small at all depths. By the time the Gulf Stream reaches 38°N the
cross-frontal gradient in PV is very weak at pressures deeper than
300–400 dbar, and by 42°N the cross-frontal gradient in PV has
weakened even further below 200 dbar, suggesting that the
“blending” of waters across the front is quite possible, consistent
with previous work (e.g. Bower et al., 1985; Logoutov et al., 2001).
Below 1500 dbar at both 38° and 42°N there is essentially no
cross-stream gradient in PV, with the noisy contour levels being
nearly horizontal, indicating uninhibited mixing across the Gulf
Stream is possible at these depths.

3.2. Vertical coherence of the flow of the Gulf Stream

Historical study of the Gulf Stream (and other prominent
oceanic currents) began with studies of the near surface condi-
tions, which were all that the observational systems of the times
could reach. It was often assumed either that there was no flow at
depth or that the deep motion was highly correlated with the
surface flow (e.g. Hogg, 1992). This latter idea is formalized in the
concept of ‘equivalent barotropic’ flow that many use to



Fig. 6. Same as Fig. 4 but for along-stream velocity rather than temperature. For the LADCP velocity estimates in the Straits of Florida the northward component is shown. At 42°N,
the velocity shown is the component of the velocity perpendicular to the section shown in Fig. 1, as discussed in the text. At 27°N and 42°N the Gulf Stream exhibits only limited
direction changes. Contour interval is 10 cm s�1, with every fifth contour displayed in white and labeled.
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characterize the flow of the Gulf Stream itself (e.g., Schmeits and
Dijkstra, 2000). These assumptions tended to arise due simply to a
lack of data from the deep ocean, and perhaps due to the hope that
surface observations can be used to explain what is going on at
depth.

Recently, the vertical coherences of the Kuroshio Extension
currents have been estimated using moored instruments (Greene
et al., 2012), and in the Gulf Stream the vertical correlation of
currents in the upper 700 m has been estimated from weekly
shipborne ADCP transects between Bermuda and New Jersey
(Rossby et al., 2010). The data sets reanalyzed herein provide an
opportunity to test exactly to what extent the deep flows are co-
herent with the surface flows, and at what time scales. This dis-
cussion will initially focus on the data from the SYNOP Central
array because it provides both the meridional and zonal compo-
nents of the velocity, whereas the Straits of Florida and NAC ob-
servations provide only the along-stream component of the
velocity.

Correlation and coherence in the vertical dimension in the
ocean are often thought of in terms of the vertical normal modes
(e.g. Gill, 1982); however, the basic normal mode decomposition
posits a single vertical profile of the buoyancy frequency (N2),
which is not appropriate near strong currents where the vertical
density profile changes significantly across the front (e.g., see
Fig. 4, imagining temperature as a rough proxy for density). This
study will instead calculate vertical coherence strictly empirically,
identifying one particular level and then determining the co-
herence of the flow at all other levels relative to that initial chosen
level. The Appendix provides a discussion that should allay con-
cerns regarding the use of PIES-GEM velocities for the calculation
of coherence independently at different levels – note also that as
mentioned earlier, previous work has demonstrated that the PIES-
GEM velocities reproduce well those measured by direct current
meters, e.g. Fig. 7 of Meinen and Watts (2000) and Fig. 4 of Meinen
et al. (2009); see also Fig. A2 in the Appendix herein. The coher-
ences presented here, calculated via the Welch's averaged peri-
odogram method, are determined for time scales between 10 days,
a reasonable lower-bound given the 40-hour low-pass filtering
applied, and 365 days, the maximum possible time scale reason-
ably discernible in a two-year record. Coherences are calculated
using a 380-day window for each time series, with a 50% overlap.
It is fairly commonplace to see both coherence amplitude and the
square of the coherence amplitude referred to as ‘coherence’ in the
literature; for clarity, note that coherence values presented herein
are all coherence squared. Where possible, Eulerian-coordinate
data from multiple sites within the array are used to increase the
number of observations (appropriately averaging coherence and/
or spectra) in order to improve statistical reliability.

Examining the coherence between the surface velocity and
deeper levels in Eulerian coordinates from 13 sites within the



Fig. 7. Similar to Fig. 4 but for potential vorticity rather than temperature. Potential vorticity is calculated as discussed in the text (units: 10�10 m�1 s�1). Four contour levels are
used in this figure to illustrate the signals at different depths: Solid black contours are for intervals of 4; Solid blue contours are for intervals of 1; Dash-dot green contours are for
intervals of 0.25; and Dotted magenta contours are for intervals of 0.025. Below �1500 dbar the values become very small and are dominated by noise – the patterns are not clear.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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array (Fig. 9) shows that only at periods smaller than about 50
days is there any statistically significant (from zero) coherence
between the geostrophic velocities near the surface and velocities
at pressures greater than 200–300 dbar (keeping in mind that the
PIES-GEM data will include only the geostrophic components of
the flow, neglecting Ekman, cyclostrophic, etc.). The high co-
herence through the upper 200–300 dbar and weak or insignif-
icant coherence below is somewhat similar to the correlation
patterns that have been observed slightly further west near 70°W
in the weekly repeat shipboard acoustic Doppler current profiler
(ADCP) sections collected by the Oleander project (Rossby et al.,
2010). The Oleander ADCP data, however, show a decrease in
correlation from the surface down to 500 m and then a noticeable
increase in correlation below 500 m, whereas in the data pre-
sented here there is no indication of increasing coherence between
the surface velocity and velocities below 500 dbar at any time
scale. The increase in correlation below 500 m that is found in the
Oleander data is observed in a single depth bin at 600 m that is the
deepest depth consistently observed in their ADCP data, so it may
prove to be an artifact, although they indicate it shows a statisti-
cally significant correlation at the 95% level (Rossby et al., 2010).
The associated phases determined from the coherence calculations
here (not shown) are very small, generally less than 5–10° (or π/
36–π/18 radians). Even for the meridional velocity at periods of
30–50 days, where the statistically significant coherence extends
over the largest vertical range, the coherence phases do not exceed
20°. Greene et al. (2012) found much larger phase lags in the
Kuroshio Extension, up to 90°, which may indicate a difference in
the vertical interactions in the Kuroshio versus the Gulf Stream.
The very small lags found in the Gulf Stream suggest little in-
dication of vertical propagation at this location, at least for the
time scales observable with these data. As the calculated phase
lags are all quite small, further discussion of the lags will be
curtailed.

In the data presented herein there are stronger coherences
deeper than 500 dbar in the meridional velocities than in the zo-
nal velocities or the total speed at periods shorter than 50 days,
which may reflect the importance of meridional motions



Fig. 8. Comparison of the relative vorticity terms to the magnitude of the Coriolis
parameter f at 38°N. Top: The along-stream gradient of across-stream velocity. Bottom:
The across-stream gradient of along-stream velocity. Values are reported as percen-
tages of the Coriolis parameter. Dotted contours indicate negative values. Note the
different contour intervals in the two panels.

Fig. 9. Top panels: Vertical coherence amplitude squared of velocity as a function of pressu
component (left), meridional velocity component (middle) and total speed (right) are shown.
data from thirteen locations within the grid (the mapping points nearest the current mete
plotted, given the observed number of degrees of freedom (e.g. Emery and Thomson, 2004; M
for the surface, 500 dbar, and 3500 dbar; spectra are shown for the zonal velocity (left), me
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associated with the meandering and interaction with deep cy-
clones found previously in this region (e.g. Savidge and Bane,
1999a, 1999b). The variance-preserving spectra of the velocities
(lower panels in Fig. 9) suggest that the extended vertical range of
horizontal coherence near 30–50 days is associated with a time
scale where significant energy is observed both at the surface and
at 500 dbar. At longer periods than 50 days there is no apparent
connection between velocity variability at the surface and deeper
flow even within the main thermocline depth layer, despite sig-
nificant energy at these time scales. It is possible that longer da-
tasets might reveal a weakly significant coherence between the
surface and the main thermocline in these longer time scales. As
noted earlier, the higher vertical coherence at periods of 30–50
days likely reflects the occasional development and propagation of
meanders, and the interaction and dynamical coupling with deep
flows, that have been observed at these periods previously in both
the Gulf Stream (e.g. Shay et al., 1995) and the Kuroshio extension
(Greene et al., 2012). It should be noted that while the coherences
between surface and deeper layers are statistically significant at
periods shorter than �30 days, the coherence values themselves
are not as large as are observed at longer periods (typicallyo0.6),
and the spectra suggest that there is less energy at these time
scales.

Stepping to a lower layer, the coherence between the main
thermocline (at 500 dbar) and the upper and lower water column
is similarly poor/insignificant except at periods shorter than about
50 days (Fig. 10). Flow within the main thermocline depth range
itself is highly coherent, with values exceeding 0.9 between 250
and 750 dbar at periods as long as 100 days for zonal and mer-
idional velocity as well as total speed. As with the surface mer-
idional flow, there is a broad band of high coherence at about 30–
50 days extending into the deep ocean (Fig. 10, top-middle panel)
associated with a band of high energy in the variance preserving
spectra of meridional velocity (Fig. 10, lower middle panel). In the
zonal velocity there is a narrower band of coherence at about 30–
35 days that also reaches quite deep, but in general the coherence
of the zonal velocity is weaker than that of the meridional velocity,
even for the longer time scales where there is significantly more
energy in the zonal flows (periods greater than 50 days – compare
Fig. 10 lower left and lower middle panels). The total speed
re and period for data from the SYNOP experiment. Coherences for the zonal velocity
Coherence is calculated between the surface and each pressure level using the PIES-GEM
r moorings). Only values that are different from zero at the 95% significance level are
einen et al. 2009). Lower panels: Variance preserving spectra (units: m2 s�2) are plotted
ridional velocity (middle) and total speed (right).



Fig. 10. Same as Fig. 9 but for coherences calculated between the velocity at 500 dbar and other levels using the PIES-GEM data.
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exhibits little coherence into the deeper ocean at any time scale
except below periods of �20 days, where there is also little energy
present in the spectra (Fig. 10, lower right panel).

Coherences between the deep (3500 dbar) flows and the rest of
the water column (Fig. 11) show a consistent disconnection with
the deep flows and the thermocline and surface flows. The
3500 dbar flows are highly coherent (40.9) up to around
2000 dbar for time scales of 10–100 days, and significant co-
herence values are observed up to �1000 dbar. The energy levels
in the velocity spectra at 3500 dbar are fairly uniform/evenly-
distributed across the same span of periods where the coherences
are high (magenta dash-dot lines in Fig. 11, lower panels).

Before continuing, it is important to note that previous work
has demonstrated event-based dynamical connections between
Gulf Stream near-surface flows and the deep flows beneath the
Gulf Stream all the way to the bottom. Savidge and Bane (1999a,
1999b), for example, looked at baroclinic-instability-based con-
nections between steep meanders and deep cyclones, and it is
clear that during these events there are three-dimensional mo-
tions that are connecting the flows in the deep and shallow layers.
The key issue to understand for the results presented herein,
however, is that these events are of limited duration and the deep
Fig. 11. Same as Fig. 9 but for coherences calculated between the v
features can initially horizontally propagate independently of the
Gulf Stream meanders above until the features lock together (e.g.
see Fig. 12 of Watts et al. (1995)). As such, looking in a time series
correlation and/or coherence sense these limited length events
will not indicate a significant coherence determined over the re-
cord length because the related variability was limited to only a
short period of time (and with horizontally varying phases until
‘locking’ occurs between the shallow and deep flows). So the re-
sults presented here in no way argue that there are flaws in the
mechanisms such as that described by Savidge and Bane (1999a,
1999b). What the results presented here do indicate is that those
mechanisms are sufficiently irregular in time that they do not
impact the overall time series coherence between layers, and that
knowledge of the flow in the surface of the Gulf Stream does not
predict the flow in deeper layers.

These results also suggest that, at least when determined in
Eulerian coordinates, the variability of the Gulf Stream in the Mid-
Atlantic Bight appears to be organized in three fairly independent
layers with little coherence between the layers at periods longer
than a few tens of days. This somewhat discouraging result (due to
its negative implications for establishing observational proxies)
immediately begs the question as to whether this lack of
elocity at 3500 dbar and other levels using the PIES-GEM data.



Fig. 12. Coherence of surface currents with currents from other pressure levels (top panels) and selected variance preserving spectra (bottom panels), as in Fig. 9, but using currents
referenced to stream coordinates (see the text) near the core of the Gulf Stream in the SYNOP region rather than the Eulerian data. Data from within725 km of the core are used.
Note that the variance preserving spectra for the across-stream component of the velocity (lower middle panel) have been multiplied by a factor of 5 so that they can be plotted on a
similar scale as the along-stream component and the total speed.
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statistically-significant coherence is due to the method by which it
was calculated. It is possible that the superposition of multiple
phenomena with different vertical structures (such as the afore-
mentioned deep cyclones and barotropic oscillations) results in a
weak overall vertical coherence between the different layers. It is
therefore worth evaluating vertical coherence from a different
point of view, that is, in a stream coordinates reference frame,
which removes a large fraction of the variability in the currents
due to the Gulf Stream's principal meandering that originates in
the thermocline layer. This idea is addressed next.

3.3. Vertical coherence of the flow in Stream Coordinates

Calculated near the core of the Gulf Stream at 38°N, the co-
herences between the stream coordinates along-stream surface
velocity and the flows at deeper levels (Fig. 12, top left) show a
slight increase compared to the zonal Eulerian flow5 in the upper
�100 m (Fig. 9, top left). However, the significant coherences
cover a smaller depth range for all time scales shorter than �80
days. The across-stream component of the surface flow appears to
have a higher coherence down to 500 dbar (Fig. 12, top middle,
versus Fig. 9, top middle). However, the energy spectra of the
across-stream flows (Fig. 12, bottom middle) are much weaker
than the spectra of the along-stream flows. (N.b., because the
magnitudes of the across-stream currents are much smaller than
the magnitudes of the along-stream currents, the spectra of the
across-stream flows were multiplied by a factor of five so that they
could be meaningfully displayed on comparable axes in Fig. 12,
lower panels.) There are a few narrow bands of high coherence,
such as around periods of 15, 25 and 35 days depending on the
component, possibly associated with the propagation of large
scale, shorter period, modes of variability of the Gulf Stream (e.g.
Robinson et al., 1974; Watts and Johns, 1982; Halliwell and Mooers,
1983; Teague and Hallock, 1990; Savidge, 2004). Many (but not all)
of these bands of coherence correspond approximately to peaks in
5 While highly variable, the time-mean Gulf Stream flow direction in this re-
gion is less than 20° from eastward, so the zonal component of the flow is the
better Eulerian term for comparison with the along-stream flow in stream
coordinates.
the energy spectra (Fig. 12, lower panels). But, overall there is still
little significant coherence between the surface flows and those at
depth. Note that the spectra of the stream coordinates currents are
weaker than the Eulerian equivalents, since transformation to the
stream coordinates reference frame removes a great deal of the
energy associated with the principal meandering of the current.

As for the stream-coordinates surface currents, coherence be-
tween stream-coordinates currents in the main thermocline and
other levels (Fig. 13) shows similar narrow bands of high co-
herence around 15, 25, 35 and 45 days depending on the com-
ponent, with statistically insignificant coherence elsewhere. The
coherence values within the main thermocline depth range are
slightly higher (40.95) than are found for the Eulerian zonal flows
(Fig. 10). However, the vertical extent of the statistically significant
coherences is somewhat smaller, except in the aforementioned
narrow frequency bands. The across-stream component shows
stronger vertical coherence, but again note that the energy levels
in this component are weak, and the spectra had to be multiplied
by five to plot them on axes consistent with the other components.

The deep (3500 dbar) stream coordinates velocities show high
coherence throughout the layer below the main thermocline
depth range (below roughly 1000 dbar), noticeably higher than
the equivalent Eulerian coherences (compare Fig. 14 with Fig. 11).
But there is little significant coherence with the thermocline or
surface depth ranges (Fig. 14) except in the previously identified
tight period bands around 15, 25, 35 and 45 days, depending on
the component. While the coherence values for stream co-
ordinates currents are higher throughout much of the deep ocean
(40.95), the vertical extent of statistically significant coherences
is nearly the same as for the equivalent Eulerian currents (compare
Figs. 14 and 11).

While transforming the Eulerian currents into stream co-
ordinates does not remove the presence of external signals (e.g.,
persistent deep cyclones), it should provide a clearer quantifica-
tion of the variability associated with flow along the baroclinic
front. The similarity of the vertical coherences based on both
stream coordinates and Eulerian currents suggests that there is
little coherence in general between Gulf Stream velocity variability
in the surface, thermocline, and deep layers near 38°N for varia-
tions with periods of 10 to 365 days.



Fig. 13. Same as Fig. 12, but for coherences between the stream coordinates currents at the 500 dbar level versus stream coordinates currents at other pressure levels.
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3.4. Vertical coherence of the flow at 42°N and 27°N

The lack of vertical coherence in the Gulf Stream at 38°N may
reasonably be interpreted as a result of the current being in a
freely-meandering state in a basin that experiences many other
strong modes of variability that are not necessarily associated with
the Gulf Stream flow at that location, such as topographic Rossby
waves (e.g. Pickart, 1995) and deep cyclones (e.g. Savidge and
Bane, 1999a, 1999b). If such is the case, then study of the Gulf
Stream in either the downstream location where it has reattached
to the shelf and become topographically controlled at 42°N or
upstream where it is relatively shallow and is flowing through a
narrow channel at 27°N may provide different results. As men-
tioned earlier, the NAC and Florida Straits data sets are not as
optimal for determining the vertical coherence as they either
provide only one component of the velocity (NAC) or are based on
snapshot measurements (Florida Straits). Nevertheless, these data
are useful for evaluating aspects of vertical coherence or correla-
tion, respectively.

At 42°N the coherences (Fig. 15) are in general slightly higher
than those observed at 38°N, and the bounds of the statistically
significant coherences generally encompass a larger fraction of the
Fig. 14. Same as Fig. 12, but for coherences between the stream coordinates currents a
full water column. The coherence values suggest more co-varia-
bility in the surface and thermocline depth layers; however, as at
38°N, they still suggest that there is not a high degree of coherence
between the upper water column and deep flows in the North
Atlantic Current at the observed periods. Coherences determined
using the current meter data in the NAC region (not shown) are
similar. This suggests that the variability of the flow at 42°N is
organized in two fairly independent layers, with an upper ocean
and deep ocean separated at 1000–1500 dbar, while at 38°N the
flow variability appears to be organized in three nearly in-
dependent layers: near-surface (upper 200–300 dbar), thermo-
cline (�250–750 dbar) and deep (1000þdbar).

At 27°N, the CTD/LADCP data cannot be used to calculate true
frequency-dependent coherence functions, as the 55 sections are
snapshot observations distributed irregularly in time. However,
correlations between the velocities observed at the surface and the
lower depths can be determined from the profile data (Fig. 16).
Correlations were determined for each of the nine standard sites
spanning the Florida Straits. Only at the very shallow (120 m deep)
west side of the Straits is the correlation between surface and
bottom velocity statistically significant at the 95% confidence level;
at the other sites the correlations between the surface and the
t the 3500 dbar level versus stream coordinates currents at other pressure levels.



Fig. 15. Vertical coherence amplitude squared of the absolute velocity observed in the NAC experiment. N.b., the NAC array only measured the component of the geostrophic velocity
perpendicular to the line of instruments, i.e. the component of the flow oriented roughly 21° clockwise of true north. Coherences are calculated relative to the surface (left), 500 dbar
(middle), and 3500 dbar (right) levels. Only values that are different from zero at the 95% significance level are plotted, given the observed number of degrees of freedom (e.g. Emery
and Thomson, 2004; Meinen et al. 2009). Lower panels: Variance preserving spectra (units: m2 s�2) are plotted for the surface, 500 dbar, and 3500 dbar. Note that all lower panels
are identical – they are repeated to simplify comparison with the coherence panels.

6 The transport data are available from www.aoml.noaa.gov/phod/flor
idacurrent/.
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deeper levels are not statistically significant from zero below 200–
400 dbar. Reanalysis of the data from �60 Pegasus sections col-
lected in the early 1980s (e.g. Leaman et al., 1987) finds similar low
correlations between the near surface (�20 dbar) and near-bot-
tom flows (not shown). Furthermore, calculating correlations
using a few of the short (o6 month) hourly current meter records
for moorings that did not experience significant mooring motion
(pressure changeso20 dbar) during STACS (e.g. Lee and Williams,
1988) indicates that the current meters also find no significant
correlation (generally ro0.2) between the surface and the near
bottom meridional velocities. This suggests that even in the tightly
confined Florida Straits where the Florida Current/Gulf Stream is
generally thought to fill the entire channel (e.g. Szuts and Meinen,
2013; Garcia and Meinen, 2014; see also Fig. 6 herein) there is no
correlation between the surface and deep flows when integrating
the coherence over a broad range of frequencies.

3.5. Downstream evolution of Gulf Stream transport

In addition to evaluating the vertical coherence of the velocity
structure in the Gulf Stream at three locations, this reanalysis to-
gether with the results of previous studies motivates an evaluation
of the downstream change in volume transport from 27°N to 42°N.
Based on a host of observations of different types over the past few
decades, it has been shown that the Gulf Stream transport in-
creases from around 32 Sv in the Florida Straits (e.g., Larsen and
Sanford, 1985; Meinen et al., 2010; and also from the newly ana-
lyzed CTD/LADCP sections used for Figs 4–6) to about 65–94 Sv as
it approaches Cape Hatteras and then leaves the coast (e.g.,
Knauss, 1969; Leaman et al., 1989), and then ramps up to a max-
imum of nearly 150 Sv by 60°W, after which it remains essentially
constant until east of 55°W where the recirculation cells begin to
draw water out of the current (Hogg, 1992). By the time the Gulf
Stream reaches 50°W the transport has dropped to about 120 Sv
(Clarke et al., 1980). After this point the current loses some flow
into the eastward flowing Azores Current, but the majority of the
Gulf Stream waters turn northward to form the North Atlantic
Current (Clarke et al., 1980). At this location (near 42°N), the NAC is
a strong, coherent boundary current bounded on the offshore side
by the powerful Mann Eddy. The net northward transport, in-
cluding both the NAC and the inshore edge of the Mann Eddy, is
roughly 146 Sv (Meinen and Watts, 2000; Meinen, 2001). The NAC
then flows through a series of topographically-controlled sta-
tionary meanders, losing transport to the east as it flows north-
ward along the eastern coast of Canada (Rossby, 1996).

These observations come from different years and even differ-
ent decades, so the impact of long-period variability on the various
transport estimates must be considered. Data spanning and/or
separated by a decade or two is not available at most locations
where Gulf Stream transport has been estimated. At those loca-
tions where it is available, such as in the Mid-Atlantic Bight (e.g.,
Rossby et al., 2010) and at the Southeast Newfoundland Ridge (e.g.,
Schott et al., 2004), there is little indication of long-period varia-
tions in the structure and transport of the Gulf Stream. In the
Florida Straits at 27°N, the long, nearly-continuous estimates of
transport from cable voltages and repeated sections of direct
current observations (e.g. Meinen et al., 2010) have shown that
while the Gulf Stream at that location experiences very large
fluctuations at periods of days to months, low-frequency varia-
tions are quite weak. Evaluation of the 30þyear record of voltage-
based transport estimates6 from cables spanning the Straits in-
dicates that the largest difference between any individual annual
mean transport value and the long-term mean value of 32 Sv is
less than 5%. (N.b., the lack of variability in the transport and
structure of the Gulf Stream does not imply that there have been
no long-period changes in the location of its path, which is a quite
different issue that is not addressed here.)

Fig. 17 illustrates the available estimates of the Gulf Stream
transport along its path from the Florida Straits to the beginning of
the North Atlantic Current. All of these estimates, with the ex-
ception of the Knauss (1969) estimates, are based on time-series
averages (Clarke et al., 1980; Hogg, 1992; Johns et al., 1995; Mei-
nen, 2001; Meinen et al., 2010) or are the average of a large
number of sections (Leaman et al., 1989). The Knauss (1969) values
are averages of only two sections at each of two locations. The new
data presented herein for 27°N produce transport estimates very
close (withino1 Sv) to the historical estimates at the same lati-
tude. Using only these admittedly sparse observations, and

http://www.aoml.noaa.gov/phod/floridacurrent/
http://www.aoml.noaa.gov/phod/floridacurrent/


Fig. 16. Correlation between surface velocity from the LADCP casts in the Straits of
Florida and the velocity at other depths. The top, middle, and bottom panels show data
respectively for meridional velocity, zonal velocity, and total speed. Only correlations
that exceed the 95% confidence limits are plotted. Gray shading indicates the ocean
bottom.

Fig. 17. Downstream changes in transport along the Gulf Stream path as determined
by various historical studies. The Knauss (1969) study represented the average of only
two sections per longitude; all other studies represent multi-year time-mean transports
of repeated sections (Leaman et al., 1989), submarine cable (Meinen et al., 2010), or
mooring observations. The transports calculated from the new data presented herein at
27°N agree well (within �1 Sv) with the historical estimate shown in the figure.
(a) Map of the study locations, with an idealized Gulf Stream path (gray line). The
mean SST front location of Lee and Cornillon (1996) was used between Cape Hatteras
and 50 °W in creating the Gulf Stream path. (b) Mean transports from the indicated
studies. The dashed line connects the observations immediately west and east of the
SYNOP Central Array. (c) Inflow/outflow rates between observations shown in panel
(b) using distances along the approximate Gulf Stream path shown in panel (a).
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neglecting the Knauss (1969) results that were based on limited
data, the rate of inflow into the Gulf Stream is fairly constant from
the Florida Straits up until 60°W at 3–4 Sv per 100 km. The inflow
rate from 73°W to 68°W is about 20% higher (4.4 Sv per 100 km
rather than 3.6 Sv per 100 km), after which the rate remains es-
sentially constant between 68°W and 60°W (Fig. 17b and c). The
rate of outflow between 55°Wand 50°W (8.1 Sv per 100 km) is 50–
100% larger than the peak inflow rates elsewhere along the path
(again neglecting the Knauss (1969), values). The inflow rate into
the developing North Atlantic Current between 50°W and 46°W is
nearly 40% larger than the inflow rates into the Gulf Stream to the
west, demonstrating the strength of the Mann Eddy and other
recirculations associated with the higher latitude portion of the
gyre (e.g. Rossby, 1996; Meinen, 2001).

The bulk inflow/outflow numbers presented above suggest that
the changes in the Gulf Stream's transport are fairly uniform along
its path. However, stream coordinates mean cross-stream flows
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estimated at 68°W (Meinen et al., 2009) suggest that the inflow
there is much higher than the bulk estimate of �4 Sv per 100 km
in Fig. 17c. The vertical mean cross-stream velocities presented by
Meinen et al. (2009) have peak inflow values of 2–3 cm/s at
roughly 100 km on either side of the front. These values are only
marginally different from zero at a one standard error level and
are not significantly different from zero at 95% confidence.
Nevertheless, given a rough mean depth of 4500 m, the inflow, if
real, would translate into a convergence of about 18–27 Sv per
100 km, which is a bit larger than but not inconsistent with the
Johns et al. (1995) estimate of inflow at this longitude from the
SYNOP moored current meter data (12 Sv per 100 km, including
only the inflow from the north side). These values of 18–27 Sv per
100 km are a factor of about five to six times larger than the bulk
value of �4 Sv per 100 km found between 73°Wand 55°W. If real,
such a large inflow would suggest that 68°W may be a location of
peak inflow for the recirculation gyres on either side of the cur-
rent, as suggested by Johns et al. (1995), perhaps as the result of a
local (zonally narrow) amplification of the recirculation associated
with the semi-permanent meander found at 68°W (Watts et al.,
1995).
4. Discussion and conclusions

Consistent reanalysis of observations of the Gulf Stream at
three locations along its path, 27°N, 38°N, and 42°N, has produced
standardized depictions of the time mean structure and flow at
locations where the Gulf Stream is confined within a channel,
where it is a freely-meandering jet, and where it is flowing along
the continental slope. The inflow and outflow estimates associated
with these and other historical Gulf Stream studies continue to
support a picture of along-stream varying inflow from Florida to
60°W with maximum inflow just east of Cape Hatteras and around
68°W, and large outflow and inflow on the west and east sides of
the Newfoundland Ridge, respectively.

Perhaps the most important result of this study derives from
the analysis of the vertical coherence of the variability of the Gulf
Stream flow. At all three locations, the time-mean flow at all
depths has a significant component of the flow in the same di-
rection (see Fig. 6). However, the time-varying flows tell a very
different story. Calculated either in Eulerian or Stream coordinates,
the data indicate that the variability of the Gulf Stream flow at the
surface is generally uncorrelated with the flow variations within
the main thermocline depths and/or within the deep ocean at all
three locations studied here (27°N, 38°N, and 42°N). Detailed
analyses at 38°N and 42°N suggest that the lack of coherence at
those locations is observed at essentially all time scales (with a few
exceptions) between a few days and a year (which is the longest
period that could be studied with these data sets). This does not
suggest that there is never correlated variations in the upper water
column and at depth – as noted earlier there have been several
studies documenting event-based dynamical interactions between
upper and deep layer flows – however in a time series sense this
suggests that the surface flows are not a reliable predictor of flows
at deeper levels. The implications of these results are both im-
portant for future observational efforts and a bit daunting for
schemes to create simple proxies for the temporal variation of the
Gulf Stream flow. These results suggest that observing only a
portion of the Gulf Stream flow (such as only the upper 1000 m)
and attempting to ‘fill’ the missing deep flow, for instance with any
sort of climatological extrapolation, will not result in accurate
velocities or transports (a concern also expressed by Rossby et al.
(2010)), since the deep flow at the time of observation would be
uncorrelated with the observed upper water column flow.

Furthermore, the lack of vertical coherence has serious
negative implications for the application of remote observation
methodologies that attempt to determine proxies, such as from
time-varying altimetry sea-surface height (SSH) gradients, for the
Gulf Stream's time-dependent flow. At best, this method may yield
accurate flow estimates from the surface through the thermocline,
while misrepresenting the deep flow. At worst, it would not even
represent well the flow in the thermocline.

To properly measure and characterize the full depth velocity
structure and transport of the Gulf Stream, therefore, it is neces-
sary to measure the flow at all depths. This can be done indirectly
(using PIES along with the hydrographic-derived shear profiles
from the GEM methodology), or directly (with tall current meter
moorings or dynamic height moorings coupled with bottom
pressure recorders), but measurements of only one layer (e.g. via
hull-mounted ADCP or via altimetry) will not produce the accurate
estimates of the time-varying full-depth flow that are likely ne-
cessary for understanding the long-time-scale variability of the
Gulf Stream system and its interaction with other elements of the
global hydrosphere. It should be noted that this does not mean
that the Gulf Stream is not a vertically connected jet in a dynamical
sense – of course it is. The implication is that the ocean is extra-
ordinarily variable, with eddies and other features acting on
geostrophic spatial scales independently at all depths at times,
even at the surface. So to truly measure and understand ocean
flows, we need to observe all depths simultaneously, not just a
portion of the water column.
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Appendix:

Because the GEM analysis technique for IES data provides time
series of temperature (or salinity, or density) at different pressure
levels using a single time series of travel time (Meinen and Watts,
2000; Watts et al., 2001a, 2001b), it is often suggested that the
variability in temperature, salinity, and geostrophically-derived
velocity at different pressure levels determined from the
IESþGEM technique must be perfectly correlated with one an-
other. This is not in practice true, for several reasons. First, in terms
of the temperature and salinity, this assertion is false because it
neglects the input of the GEM fields themselves, which are derived
from completely independent hydrographic data (e.g. Meinen and
Watts, 2000). Essentially, a GEM field is purely empirical; there is
no reason to expect that the isotherms will be parallel to one
another. Consider the temperature GEM field for the NAC region,
in particular the temperature values at 100 and 700 dbar (ex-
tracted from Fig. 2 and plotted as Fig. A1). When an IES measures a
travel time change from 2.62 s to 2.63 s, for example, the esti-
mated temperature at 100 dbar will increase while the estimated



Fig. A1. Temperature at two pressure levels as a function of acoustic travel time ex-
tracted from the temperature GEM field (Fig. 2).

Fig. A2. Comparison of mooring-motion-corrected current meter zonal velocity observation
same site. Time series comparisons are shown for the nominal depth of 400 m (panel a) and a
high correlation for the 400 m records (panel c) and for the 3500 m records (panel d); the co
the current meter measured velocity at the 400 m and 3500 m depths is much lower (r¼0.59
PIES velocity at one depth (r¼0.94 at 400 m; r¼0.99 at 3500 m). For the PIES the correlation
gray dashed lines in panels a and b).
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temperature at 700 dbar will decrease. If at a later point in time
the same IES measures a travel time change from 2.65 to 2.66 s,
the estimated temperatures at both 100 and 700 dbar will de-
crease. Thus, a single IES travel time record can provide in-
dependent, non-correlated, variability at two depths above the
instrument through the combination with the independent hy-
drography-derived GEM fields.

Moreover, the geostrophic relative velocity estimates that come
from a pair of IES moorings require, in fact, two moorings. De-
pending on the distance between the moorings, as compared to
the horizontal correlation length scale, these two sites can re-
present completely independent or partially independent sources
of information. Furthermore, the absolute velocities discussed
herein are based on PIES, which means that in addition to two
travel time records, there are also two pressure records, which are
fully independent of the travel time records and may be in-
dependent of one another as well, again depending on the hor-
izontal instrument spacing relative to the correlation length scale.
So each absolute velocity profile between a pair of PIES is based on
at least two completely independent time series, possibly four
depending on the horizontal spacing, plus the (also independent)
variability inherent in the GEM field. So while the PIES-GEM
technique is not perfect, and it does involve some averaging that
will reduce some of the high-mode variability, the PIES-GEM
technique can conceptually capture several independent modes of
variability.
s at Site I5 in the SYNOP Central Array to the PIES-GEM estimated zonal velocity at that
t 3500 m (panel b). The time series are also plotted against one another to illustrate the
rrelation coefficients are indicated on panels c and d. Note that the correlation between
; compare black lines in panels a and b) than the correlation between current meter and
between estimated velocity at 400 m and 3500 m is also much lower (r¼0.69; compare



Fig. A3. Comparison of the vertical coherence between flow speeds at selected levels
from current meter data and from PIES-GEM data. Coherences were calculated between
the indicated levels from each of the mooring motion corrected current meter time
series produced by Cronin and Watts (1996) and the results were averaged to produce
the solid lines in this figure. The PIES-GEM data at each of the current meter mooring
sites were used to calculate vertical coherence between the same levels and the results
were averaged to produce the dotted lines shown. Significance levels are indicated
following Thompson (1979).
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The similar abilities of the PIES-GEM technique and the more
traditional current meter mooring to capture uncorrelated/in-
coherent variability at different depths can be illustrated by plot-
ting side-by-side time series and/or by plotting time series against
one another (Fig. A2). The zonal velocity at Site I5 in the SYNOP
Central Array at two depths, 400 m and 3500 m, demonstrate both
correlated and uncorrelated variability (compare Fig. A2a and A2b:
overall correlation between current meter velocities at these two
depths is not high, r¼0.59; the correlation between velocities at
the same depths from PIES-GEM is also modest, r¼0.69). Given
the independent variations at the two depths, the fact that the
PIES-GEM estimated velocities correlate so highly with the current
meter velocity at each depth (r¼0.94 at 400 m; r¼0.99 at 3500 m)
illustrates the ability of the PIES-GEM to capture independent
variability at different depths. To further test whether the PIES-
GEM velocity data can be used to evaluate vertical coherence of
velocity, a comparison was made between the vertical coherence
estimated by the PIES at 13 sites in the SYNOP array at 38 °N to the
vertical coherence calculated using the mooring motion corrected
velocities from the coincident current meter data (Cronin and
Watts, 1996) at the same 13 sites (Fig. A3). While the precise de-
tails of the coherence between the three pairs of pressure levels
are not identical, which is not surprising as the current meter
measurements are true point measurements in the horizontal
while the PIES-GEM velocities are true horizontal averages over
the roughly 40 km distance between PIES sites, the level of co-
herence between flows at each pair of depths is very similar. This
suggests that the coherence results from the current meter
moorings are consistent with those from the PIES-GEM velocities.
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