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ABSTRACT
A historical set of expendable bathythermograph (XBT) and Pegasus sections across the Gulf Stream in natural coordi-
nates is examined to investigate the isopycnic structure of the current off Cape Hatteras. In isopycnic-natural coordinates,
the axis of the Stream remains vertically aligned, in contrast to its well-known offshore tilting when plotted as a function
of depth. These results are confirmed using the geostrophic velocities obtained from a synthetic temperature field for the
Gulf Stream. We prove that a baroclinic current aligned with density cannot be aligned with depth, and vice versa, and
we show that the density alignment of the Gulf Stream results from the distortion of the density field and has negligible
dependence on the choice of reference level. The invariable character of intense geophysical jets is supported through
analogous representations for the upper level atmospheric jet stream in isentropic coordinates. These show that the
atmospheric jet, when plotted on to a section normal to the direction of its maximum velocity core, is vertically aligned
with potential temperature.

1. Introduction

Ever since Rossby (1937, 1938), Cahn (1945), Charney (1955)
and Veronis and Stommel (1956), there has been considerable
interest in how a jet adjusts itself under the presence of rapid
rotation and stratification. The conclusion of these and subse-
quent theoretical works is that the final state of the jet is of
geostrophic adjustment, typically with a small fraction of the
jet energy (which depends on the initial conditions) being lost
into inertia-gravitational waves that radiate away. Probably the
most important corollary of these investigations has been the ex-
tensive use of the geostrophic approximation to determine the
intensity and structure of major quasi-permanent ocean currents.
The geostrophic adjustment of the Gulf Stream, in particular, has
been confirmed through direct measurements of density and ve-
locity across the Gulf Stream (Johns et al., 1989).

Despite the above conclusive results, one puzzling aspect of
the structure of the Gulf Stream, and other western boundary cur-
rents, is the way its velocity axis tilts with depth. This ubiquitous
tilting may perhaps not fit with one’s intuition of the behaviour
of a jet. Thinking about the stratified ocean as a superposition
of layers of increasing density, we expect that, within the jet,
each layer will slope such to maintain a near-geostrophic bal-
ance, but there is no trivial reasoning that justifies the observed
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cross-movement of the axis of maximum velocity with depth. To
analyse this issue, we will examine a set of sections perpendicular
to the jet (‘natural cross-sections’) in near-isopycnic coordinates
and show that such cross-movement does not take place; in this
coordinate system, the jet remains perfectly aligned in the verti-
cal. Further, we will show that a similar alignment with potential
temperature occurs for the upper-level atmospheric jet stream,
the only requirement being that the jet structure has to be exam-
ined in a section perpendicular to the direction of the maximum
velocity jet core.

2. Gulf Stream data

In this work we use a set of 20 repeated sections with expend-
able bathythermograph (XBT) and Pegasus velocity data, in both
geographic and natural coordinates (Halkin and Rossby, 1985,
hereafter HR). The geographic coordinates are those provided by
the line along which all sections were taken (over the continental
slope east of Cape Hatteras in a direction rotated clockwise by
141◦ from the true north, i.e. 141◦T), which is perpendicular to
the historical mean direction of the Gulf Stream (51◦T) at this
site. Bottom mounted transducers, used to track the falling Pe-
gasus and infer the horizontal velocities, made this a fixed line
along which the Pegasus and XBTs were launched. HR modi-
fied the original geographic Pegasus velocity sections, by taking
into account their inclination with respect to the instantaneous
Gulf Stream axis, to obtain what they called natural coordinate
sections. This natural system reorients itself in the local (in-
stantaneous) along-stream direction, regardless of whether this
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responds to meanders or to changes in the direction of the stream
itself.

A detailed description of the Pegasus instruments was pro-
vided by Spain et al. (1981) and a thorough discussion of the
structure of the Gulf Stream from the XBT temperature and
Pegasus velocity sections was given by HR, Rossby (1987),
Johns et al. (1989), Manning and Watts (1989) and Leaman et al.
(1989). Here we employ this data set to examine again the struc-
ture of the Gulf Stream, but now with temperature rather than
depth as the independent variable. Having temperature instead
of density introduces some errors in the estimation of epipycnal
quantities, but these are relatively small because of the mono-
tonic dependence of density on temperature for this region (an
analysis of the errors involved in obtaining dynamical quantities
from XBT data has been carried out by Rodrı́guez-Santana et al.,
1999). For this reason, in the conceptual discussions to follow we
may talk about (near) isopycnic distributions, even though the
dependent variable data are plotted as a function of temperature.

The temperature (T) and cross-stream/along-stream velocity
(u, v) data for each individual section have been provided to us
(courtesy of Tom Rossby, University of Rhode Island) in natural
coordinates as a function of cross-stream coordinate (x) on a
regular grid in depth (z, every 25 m). The origin is located at the
position of the Gulf Stream front, this front defined as halfway
between where the 12◦C isotherm crosses 400 m and where it
crosses 600 m (HR). Notice that with such an origin definition
the surface along-stream velocity maximum will always lie at
negative x values, typically about 5 km from the origin.

The instantaneous temperature and velocity sections may be
easily recalculated in geographic coordinates, with the same

(a) (b)

Fig 1. Mean distributions in natural
coordinates. (a) Temperature (dashed line),
in ◦C, and along-stream velocity (solid line),
in cm s−1, as a function of depth. (b)
Along-stream velocity, in cm s−1, as a
function of temperature. Adapted from
Ratsimandresy (2002).

origin definition as the natural system, through an appropriate
rotation of the coordinate system for each individual section.
Through this rotation, the temperature field typically becomes
slightly stretched in the cross-stream direction but the two hori-
zontal velocity components may be substantially modified.

To obtain the mean fields as a function of depth (for either
coordinate system) we use the following simple procedure. The
temperature and velocity data in each section are interpolated to
equally spaced intervals (25 km) in the cross-stream direction,
and their mean distributions are obtained from the ensemble of
the individual sections interpolated in depth and cross-stream
distance (at 25-m and 25-km intervals, respectively).

In order to obtain the instantaneous and mean velocity fields
as a function of temperature, we first perform the change of verti-
cal axis (depth into temperature) for each interpolated individual
section. For each section we next calculate, through linear inter-
polation, the velocity field at equally spaced isotherms (0.5◦C in-
terval). The mean velocity distribution is finally calculated from
the ensemble of all individual sections as a function of temper-
ature. The whole procedure is repeated for the data in both the
natural and geographic coordinate systems.

3. Isothermal velocity structure

Figure 1a shows the distribution, in natural coordinates, of both
the mean temperature and the mean along-stream velocity as
a function of depth. A comparison of this plot with those in
HR’s fig. 10 indeed shows close resemblance. The velocity dis-
tribution does look like many along-stream velocity sections of
the Gulf Stream beyond Cape Hatteras, which emphasizes the
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stable character of the current structure in this region despite its
meandering and the downstream changes in transport (Rossby,
1987, 1999; Bower and Hogg, 1996; Rossby and Gottlieb, 1998).
In particular, this figure clearly illustrates the tilting with depth
of the axis of maximum along-stream velocity (to the right when
looking downstream).

Figure 1b plots the mean along-stream velocity field with tem-
perature replacing depth as the vertical coordinate (note from
Fig. 1a that the 5◦C isothermal is located at depths between 600
m in the near-shore end and 1200 m in the offshore end). A
novel and remarkable characteristic in this figure is that the axis
of the stream is not tilted. This corresponds to the velocity field
being tangent to the isothermals at a near-constant cross-stream
coordinate very close to the origin of coordinates, actually be-
tween −5 and 0 km (Fig. 1a). This feature was also apparent in
the geostrophic velocity field obtained by Pelegrı́ and Csanady
(1991, Fig. 3a) and Pelegrı́ and Csanady (1994, Fig. 6b), there
plotted as a function of density. Its observation from an ensem-
ble average of 20 sections with actual velocity measurements
confirms its validity.

Although the tilting of the Gulf Stream core with depth is a
well-known feature, the vertical alignment of the Gulf Stream
with temperature has not yet received specific consideration in
the available literature. The only related analyses we have found
are those works by Bower et al. (1985), Leaman et al. (1989) and
Huang and Stommel (1990). Bower et al. (1985) presented sev-
eral figures of the distribution of the acceleration potential across
the Gulf Stream as a function of temperature. A careful examina-
tion of these figures indeed shows that the acceleration potential
is approximately aligned with temperature, but this aspect was
not mentioned in their discussion. Leaman et al. (1989) calcu-
lated the transport within isopycnal layers and discussed how this
transport changes with depth and along the Gulf Stream path, but
gave no description at all of the structure of the velocity field as
a function of temperature. This is surprising because transport is
the result of multiplying velocity time layer thickness, so veloc-
ity is a much more direct quantity than transport. However, the
transport field may be quite different from the velocity field; for
example, in the Gulf Stream the transport field has a subsurface
maximum while the maximum value of the velocity field is usu-
ally at the sea surface. Huang and Stommel (1990) formulated an
idealized layered model for the Gulf Stream, which produces an
axis of maximum velocity that is tilted in both depth and density,
and they noted that the actual Gulf Stream does not show a clear
tilt in density coordinates.

In order to assess whether the vertical alignment of the cur-
rent with temperature is related to the transformation to the nat-
ural system, we have also examined the temperature structure of
the mean along-stream velocity in geographic coordinates (not
shown). It displays a pattern very similar to the true along-stream
component (Fig. 1b), although with slightly less intense values,
and remains aligned with temperature. This could perhaps sug-
gest that the velocity field is always vertically aligned with tem-

perature, regardless of whether we use natural or geographic
coordinates. However, a close examination of all individual sec-
tions warns us that some realizations show significant changes in
the shape of the along-stream velocity field when represented in
the geographic coordinate system, which approximately cancel
out in the averaging process.

Figures 2 and 3 illustrate, as an example, the distribution of
the velocity field during the May 1982 realization, in both natu-
ral and geographic coordinates. This realization corresponds to
the largest departure of the instantaneous Gulf Stream from its
mean direction, in the whole set of XBT/Pegasus realizations. At
this time, the Gulf Stream was flowing 96◦T, i.e. rotated clock-
wise by 45◦ with respect to the direction normal to the actual

(d)

(a) (b)

(c)

Fig 2. Distribution of velocity components for May 1982 as a function
of depth, in (a), (b) natural and (c), (d) geographic coordinates. v and u
denote the velocity components perpendicular and parallel to the
section (along-stream and cross-stream in natural coordinates). The
shaded area corresponds to negative values.

Tellus 57A (2005), 4



694 A. W. RATSIMANDRESY AND J. L . PELEGRÍ

(d)

(a) (b)

(c)

Fig 3. As in Fig. 2, but plotted as a function of temperature.

geographic section (51◦T). Figure 2 illustrates the standard (x, z)
view of both velocity components (perpendicular to and along
the section) in geographic and natural coordinates. In geographic
coordinates, we may appreciate the ubiquitous tilting of the axis
of maximum velocity as a function of depth for both components,
which have similar maximum values because of the temporary
offshore heading of the Gulf Stream (Figs. 2c and d). In natu-
ral coordinates, the tilting is also evident for the perpendicular
(along-stream) component (Fig. 2a), while the component of the
velocity along the line (cross-stream) shows the expected very
small values (Fig. 2b). The along-stream velocity field in natural
coordinates closely resembles that found for the mean along-
stream velocity (Fig. 1a).

Figure 3 presents these same observations but now as a func-
tion of temperature. In natural coordinates, the axis of the max-
imum along-stream velocity is well aligned with temperature

(Fig. 3a) and the cross-stream velocity is rather small (Fig. 3b).
In the geographic representation, however, both components of
the velocity tilt in opposite directions (Figs. 3c and d). The simple
reason for this is that HR’s definition of the Gulf Stream natural
coordinate system is such that the absolute velocity is approxi-
mately equal to the actual along-stream velocity component all
over the section. The natural system allows us to examine the
distribution of the real along-stream velocity (by choosing the
direction of the along-stream flow as the direction perpendicular
to the section), which will usually differ from the distribution of
the velocity components in an arbitrary coordinate system (like
the geographic one).

Figure 4a illustrates how the central region is characterized by
a vertically straight axis of zero mean (non-dimensional) relative
vorticity, ζ/ f ∼= (∂v/∂x)/ f , where f is the Coriolis parameter
and the along-stream velocity v is measured in the natural co-
ordinate system. This relative vorticity is always smaller than
the planetary vorticity so the Rossby number is everywhere less
than 1. Figure 4b illustrates a similar situation for the May 1982
realization, although in this instance we may actually appreciate
the existence of small lateral displacements in the line of zero
relative vorticity. Maximum absolute (non-dimensional) relative
vorticity values are everywhere less than 0.4 for the mean ve-
locity field, although they reach values almost as large as 0.8 in
the cyclonic side of the current during May 1982. Recall that the
x = 0 position was chosen as the Gulf Stream front (HR), which
causes the surface zero relative vorticity (along-stream velocity
maximum) to take place a few kilometres west from the origin
in both Figs. 4a and b.

4. Atmospheric jet stream analogy

The existence of many similarities between western boundary
currents and the upper-level tropospheric jet streams has been
long recognized. Several characteristics of the atmospheric jet
stream, such as vertical structure, dynamics of meanders (waves
in the jet stream) and vertical mixing processes, have been recog-
nized to occur also in oceanic jets (Rossby, 1951; Newton, 1978;
Bower, 1989; Bower and Rossby, 1989; Pelegrı́ and Csanady,
1994). It thus seems useful to dedicate some effort to investigate
whether the velocity structure of the jet stream retains its ver-
tical alignment when plotted in isentropic coordinates, i.e. as a
function of potential temperature.

In an instantaneous section of the upper-level jet stream, the
axis of maximum velocity approximately follows the frontal
discontinuity, such that it appears tilted with height (see, for
example, the review by Keyser and Shapiro, 1986, and ref-
erences therein). Figure 7.10 of Dutton (1986) exhibits such
a tilting in vertical coordinates, but it also presents the much
less common perspective of a jet stream that becomes verti-
cally aligned when plotted as a function of potential temper-
ature. In order to examine this different perspective, we have
used the National Center for Environmental Prediction (NCEP)
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(a) (b)

Fig 4. Non-dimensional relative vorticity, as
a function of temperature in natural
coordinates, obtained from (a) the mean
Pegasus data and (b) the May 1982 Pegasus
realization. The shaded region corresponds
to negative vorticity values.

reanalysis data, provided by the National Oceanic and Atmo-
spheric Administration–Cooperative Institute for Research in
Environmental Sciences (NOAA–CIRES) Climate Diagnostics
Center, Boulder, Colorado, USA (http://www.cdc.noaa.gov/). A
word of caution seems appropriate here about the automatic pro-
cedure in this data resource, which allows taking averages over
specified sections. This procedure differs markedly from our en-
semble averages because it does not shift the origin to take into
account the position of the jet maximum. This causes the mean
ensembles obtained with NCEP’s automatic procedure usually to
display the opposite tilting to individual realizations, apparently
because of the latitudinal shift in the level of maximum winds.
This feature may also be observed on mean sections obtained
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) operational analyses (e.g. Davies and Rossa,
1998) or in synthetic velocity fields for the jet stream (Trenberth,
1992).

Figures 5 and 6 present the zonal velocity field across the
57.5◦E meridional section, for 7 and 13 February 1992, respec-
tively. This section has been chosen as corresponding to a region
where the stream has a rather stable zonal orientation (Tenen-
baum, 1996). In each figure we present the velocity structure in
isobaric (logarithmic scale, approximately indicative of height)
and isentropic coordinates. The representation in isobaric coor-
dinates illustrates how the upper-level jet stream axis of maxi-
mum (eastward) wind velocity is tilted approximately following
the frontal zone. However, the orientation of this axis changes
dramatically when plotted in the isentropic coordinate system,
being aligned in the vertical on 7 February (Fig. 5) and tilted in
the opposite direction on 13 February (Fig. 6).

In order to investigate the reason for this different behaviour,
we have examined the orientation of the jet stream (at the level of

maximum winds) with respect to the meridional section. Figure
7 presents the velocity field at 250 hPa (approximately the level
of maximum winds) every 2 d from 3 February to 13 Febru-
ary 1992. This figure illustrates the core of the jet stream stably
aligned in a zonal direction from 3 February until 7 February.
After 7 February, the orientation of the jet stream starts drift-
ing noticeably towards the north, and by 13 February it has an
important meridional component. In the above terminology, the
section for 7 February (when the jet is vertically aligned with
potential temperature) corresponds to a natural representation of
the along-stream velocity field, while 13 February (jet tilted with
potential temperature) is a geographic one.

5. Discussion

The representation of the velocity data in isopycnic (isentropic)
coordinates provides a new view to the structure of oceanic (at-
mospheric) jets. One main feature is that the jet axis is untilted
with (potential) temperature whenever the jet is viewed in a nat-
ural coordinate plane (where the jet is perpendicular to the sec-
tion). In order to scrutinize the vertical alignment of the Gulf
Stream in isopycnic coordinates, we may use the Hall (1994)
synthetic temperature field, developed for the Gulf Stream from
XBT data collected at about 68◦W, some 300 km downstream of
the Pegasus section. The Hall (1994) analytical expression for
temperature, as a function of pressure and cross-stream coordi-
nate, was obtained fitting the data to a cross-stream reference
x = 0 defined as where the 15◦C isotherm crosses the 200-m
depth. In the plotted synthetic field, however, the origin appears
to be very close to the origin used for the Pegasus data set, i.e.
halfway between where the 12◦ isotherm crosses 400 and 600 m
(HR).
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(a)

(b)

Fig 5. Isotachs of zonal wind, in m s−1, across the 57.5◦E meridional
section on 7 February 1992 as a function of (a) logarithm of pressure
and (b) potential temperature. In (a) the potential temperature field, in
◦C, is also shown (dashed lines).

Figure 8a shows the synthetic temperature field and the cor-
responding along-stream geostrophic velocity distribution, vg,
under the assumption of a no-motion level at 1200 m. The veloc-
ity field clearly illustrates the tilting of the stream with depth. If
we had used the 5◦C isotherm as the level of no motion (a natural
choice when making geostrophic calculations in the isopycnic
system), the result would essentially be unchanged, although the
slope of the axis of maximum velocity would slightly increase
(not shown). Figure 8b shows the geostrophic velocity field now
plotted as a function of cross-stream coordinate and temperature,
and illustrates that the stream appears approximately aligned in
the vertical. Figure 8c presents the (normalized) relative vorticity
distribution calculated as ζ g/ f = (∂vg/∂x)/ f . This figure em-
phasizes that the along-stream velocity field is vertically aligned
with temperature by showing the existence of a zero ζ g axis at x
∼= 0, where the velocity field is tangent to the isopycnals (Fig. 8a),
a situation similar to that observed in Fig. 4.

(a)

(b)

Fig 6. As in Fig. 5, but for 13 February 1992.

It may perhaps be argued that an appropriate choice of refer-
ence velocity would lead to any desired alignment. Such a choice
could however approximately align the velocity field only within
some limited depth range. To examine the actual importance of
the selection of the reference level, we consider the following
three cases in which the density surfaces retain an inverted sym-
metry around the z-axis (Fig. 9). In all cases, we assume that
the deepest isopycnal is a reference level with zero velocity, that
density changes by a constant increment between adjacent isopy-
cnals, and that the slope of the isopycnals in the centre vertical
line is twice the slope in the lateral vertical lines.

In the first case, we consider a flat isopycnal to be the zero ve-
locity reference level and we let the overlying isopycnals become
steeper towards the sea surface. In this case, the jet axis remains
vertically straight when viewed in both density and depth coordi-
nates (Fig. 9a). In the second case, we consider that all isopycnals
have the same shape and are uniformly distributed with depth,
and we let the lowest density surface have zero velocity. In this
case, the axis of maximum velocity does appear as tilted (Fig. 9b)
but the isotachs remain tangent to the isopycnals at x = 0,
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(a) (b) (c)

(d) (e) (f)

Fig 7. Horizontal velocity field at 250 hPa every 2 d, from 3 February to 13 February 1992. The vectors indicate the magnitude and direction of the
velocity field at 2.5◦ latitude–longitude grid points, while the dotted lines represent the absolute isotachs in m s−1. The solid line indicates the
position of the meridional section in Figs. 5 and 6.

indicating that the velocity field would be straight when plot-
ted as a function of density. In the last case, we consider again
all isopycnals to have constant shape but we let the stratification
decrease with depth. As in the previous case, the axis of max-
imum velocity tilts with depth but now this deviation is more
noticeable in the less-stratified deep layers (Fig. 9c). The poten-
tial contribution arising from the selection of a reference level
is however rather small. This is confirmed by the calculations
performed using the Hall (1994) temperature field both with a
1200-m reference level (Fig. 8a) and with the 5◦C isotherm as the
reference level. The velocity field changes no more than a few
cm s−1 so the choice of reference level cannot be held responsible
for the observed vertical alignment. This result is consistent with
an analogous behaviour for the jet stream, where no simple ve-
locity distribution at the bottom boundary (or another reference
level) may usually be specified.

The responsibility of the observed vertical alignment can thus
only rest on the actual distribution of the density field. To check

this hypothesis, we have constructed a density distribution that
has nearly perfect inverted symmetry around x = 0 (this has been
done by choosing one single isothermal and successively chang-
ing its value while shifting it in depth; not shown). This idealized
density distribution causes the geostrophic velocity field to be-
come aligned with depth but tilted with respect to density, with
isotachs crossing isopycnals within the stream core. The conclu-
sion is that the observed density alignment of the jet axis has
to be associated to the real density–depth structure, a somewhat
distorted density field that lacks symmetry with respect to x =
0 (Figs. 1a and 8a).

Let us finally examine whether it is possible for the
geostrophic velocity field to be vertically aligned with both (po-
tential) temperature and depth. We focus on the oceanic case,
the extension to the atmosphere being straightforward; writingv

= v(x , T ) = v[x , T (x , z)] the following relation holds
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(a) (b) (c)

Fig 8. Distributions obtained using the Hall (1994) synthetic temperature field. (a) Temperature (solid line), in ◦C, and along-stream geostrophic
velocity (dashed line), in m s−1, as a function of depth. (b) Along-stream geostrophic velocity, in m s−1, as a function of temperature. (c)
Non-dimensional relative vorticity as a function of temperature. The thick solid and dashed lines in (a) illustrate the orientation of the axis of
maximum velocities as a function of temperature and depth, respectively. Adapted from Ratsimandresy (2002).

z z z
x x x

(a) (b) (c)

Fig 9. Schematic representation of three idealized density sections and the corresponding geostrophic velocities. The solid and dotted lines
represent equally spaced isotachs and isopycnals, respectively (arbitrary units). The grid formed by small squares, and the thin dashed horizontal line
in (b) and (c), are included for visualization purposes.

Hence, the location of the maximum current in (x, z) coordinates,
∂v/∂x |z = 0, must satisfy
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where α is the thermal expansion coefficient, dρ = −α dT , and
the last equality is found after using the thermal wind equation
in isopycnic coordinates ∂v/∂ρ = (g/ρ f ) ∂z/∂x (e.g. Pelegrı́
and Csanady, 1994).

Alternatively, by considering v = v(x , z) = v[x , z(x , T )], we
have the following relation
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The requirement of a zero cross-stream v derivative at constant
temperature, ∂v/∂x |T = 0, implies
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with the last equality again found after using the thermal
wind equation, but now in isolevel coordinates, ∂v/∂z =
−(g/ρ f ) ∂ρ/∂x .

We wonder whether ∂v/∂x |z = 0 (eq. 2) or ∂v/∂x |T = 0
(eq. 4) at x = 0. The right-hand sides of eqs. (2) and (4) have
the same size, always different from zero within a baroclinic
jet. Relation (2) implies that if ∂v/∂x |z is zero at x = 0, then
∂v/∂x |T cannot be zero at this same location, the opposite aris-
ing from relation (4). The conclusion is that the jet may not be
vertically aligned with both depth and (potential) temperature.
For this to occur, the right-hand side terms in relations (2) or (4)
have to be zero, which will not happen unless the isothermals
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Fig 10. Illustration showing why the shape of an isotach differs
whether plotted in isopycnic or vertical coordinates (see text for a
detailed explanation). To facilitate the representation, we consider an
upper-thermocline region where ∂z/∂ρ is constant.

become horizontal (i.e. the baroclinic current itself disappears).
This analysis, of course, does not exclude the possibility that the
stream may be aligned neither with depth nor with density, but
the observational fact is that oceanic (and atmospheric) streams
are vertically aligned with density (potential temperature).

Figure 10 illustrates the above ideas for the special case when
∂z/∂ρ is constant. In this case, the depth–density transformation
is easily visualized by a vertical displacement of the water parcel
between its corresponding depth and density values. The illus-
tration clearly shows that a density-symmetric isotach becomes
twisted when plotted against depth. Thin dashed lines represent
both depth and flat density levels and thin solid lines represent the
tilted (jet-like in geostrophic balance) density field. The squares
represent water parcels; empty squares show their location in the
isopycnic system (or in a non-rotating vertical reference system)
while filled squares show their location in a rotating vertical ref-
erence system. The thick dashed line connects the empty squares
and represents an isotach of a vertically straight jet (viewed in
isopycnic coordinates) while the thick solid line connects the
filled squares and illustrates how this isotach would be viewed
in a rotating vertical reference system.

6. Conclusions

A remarkable result that arises from HR’s unique XBT and Pe-
gasus data set is that the Gulf Stream remains vertically aligned
when plotted, in natural coordinates, as a function of tempera-
ture. This conclusion is true regardless of whether we consider
individual or mean realizations. It is also true for both actual

and geostrophic velocities, the latter obtained from a synthetic
temperature field for the Gulf Stream (Hall, 1994). These ideas
are confirmed and strengthened by the analysis of the upper-
level jet stream velocity structure, the atmospheric counterpart
of the Gulf Stream. The axis of this jet, when viewed in a natural
coordinate system, remains straight in isentropic coordinates.

We have shown that an oceanic (atmospheric) baroclinic cur-
rent (jet) may be aligned either with depth or with density, but not
simultaneously with both. The actual Gulf Stream density–depth
field lacks symmetry with respect to the cross-stream origin but
leads to a stream that is vertically aligned in density. This axis
of maximum velocity, a vertically straight column, has its total
vorticity value given by the local planetary vorticity. Although a
locus of maximum velocity will always have zero relative vortic-
ity, the fact that this happens simultaneously to a whole straight
water column is remarkable. Because the upper-thermocline lay-
ers (8◦C < σ θ < 18◦C) have near-constant stratification (e.g.
Pelegrı́ and Csanady, 1994), it turns out that this vertical column
has near-constant potential vorticity.

The generalization of the observed alignment to different re-
gions of the Gulf Stream and to other intense currents seems
plausible given the number of realizations in the HR data set,
and the atmospheric jet analogy. It is also consistent with the ob-
servations of Johns et al. (1995) that the Gulf Stream baroclinic
transport is nearly invariant beyond Cape Hatteras, and agrees
with the argument of Rossby (1999) on the immense supply of
energy by the rapidly flowing Gulf Stream, such that it main-
tains a stiff structure along its path. Further verification of the
above ideas requires simultaneous density and velocity measure-
ments in other portions of the Gulf Stream and in other intense
currents. These ideas could also serve for verification purposes,
using high-resolution numerical models.
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