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ABSTRACT

Float trajectories are compared with the distribution of climatological potential vorticity, Q, on approximate
isentropic surfaces for intermediate waters in the North Atlantic. The time-mean displacement and eddy dispersion
are calculated for clusters of floats in terms of their movement along and across Q contours. For float clusters
with significant mean velocities, the mean flow crosses Q contours at an angle of typically less than 208–308 in
magnitude in the ocean interior. The implied Peclet number in the ocean interior ranges from 1 to 19 with a
weighted-mean value of 4.4. This mean Peclet number suggests that there is significant eddy mixing in the ocean
interior: tracers should only be quasi-conserved along mean streamlines over a subbasin scale, rather than over
an entire basin. The mean flow also strongly crosses Q contours near the western boundary in the Tropics, where
the implied Peclet number is 0.7; this value may be a lower bound as Q contours are assumed to be zonal and
relative vorticity is ignored. Float clusters with a lifetime greater than 200 days show anisotropic dispersion
with greater dispersion along Q contours, than across them; float clusters with shorter lifetimes are ambiguous.
This anisotropic dispersion along Q contours cannot generally be distinguished from enhanced dispersion along
latitude circles since Q contours are generally zonal for these cases. However, for the null case of uniform Q
for the Gulf Stream at 2000 m, there is strong isotropic dispersion, rather than enhanced zonal dispersion. In
summary, diagnostics suggest that floats preferentially spread along Q contours over a subbasin scale and imply
that passive tracers should likewise preferentially spread along Q contours in the ocean interior.

1. Introduction

Float trajectories provide a Lagrangian measure of
the circulation, which is usually interpreted in terms of
zonal and meridional displacements; see studies by
Freeland et al. (1975) and Krauss and Böning (1987).
Here, we argue that the movement of floats may be
viewed more naturally in terms of their spreading along
and across potential vorticity contours. The large-scale
potential vorticity (neglecting relative vorticity) is de-
fined by
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where f is the planetary vorticity, r0 is a reference den-
sity, and ]s/]z is the vertical gradient of locally refer-
enced potential density.

The rate of change of Q of a fluid parcel moving with
velocity u and experiencing a forcing F is

DQ ]Q
5 1 u · =Q 5 F, (1)

Dt ]t

and a time and space average of (1) gives

]Q
1 u · =Q 5 F 2 = · u9Q9, (2)
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FIG. 1. On an isentropic surface, a trajectory makes an angle u
with Q (dashed contours) implying a Peclet number Pe 5 1/tanu.
Fluid parcel A, in the free limit, moves nearly parallel to Q contours
with DQ/Dt . 0 and Pe is large. By contrast in the forced or diffusive
limit, where DQ/Dt ± 0, fluid parcel B crosses Q contours with large
u and Pe is small.

where the overbars indicate means evaluated over time
and space and primes indicate eddy fluctuations.

According to (1) the instantaneous motion of fluid
parcels tends to conserve Q, with a deviation depending
on F. In the time- and spatially averaged case (2), fluid
parcels cross the time-mean, large-scale Q contours due
to the mean forcing and the divergence of eddy fluxes.
Different limits are illustrated in Fig. 1. In the unforced
limit (trajectory A) flow follows Q contours, and in the
forced limit (trajectory B) flow crosses Q contours. The
extent to which a fluid parcel crosses Q contours is
measured by the angle u between the trajectory and the
contours. The angle u is a measure of the effect of
advection compared with the combined effects of dif-
fusion and forcing, and following Rhines and Schopp
(1991), u can be related to the Peclet number:

|u 3 =Q | 1
Pe 5 5 , (3)

u · =Q tanu

where u cosu and u sinu measure the mean velocity
component parallel and normal to the Q contours; this
ratio is equivalent to the ratio of the vector cross product
and scalar product of the velocity vector with =Q. This
Peclet number differs from the traditional definition, Pe
5 UL/k, in avoiding the ambiguous choice of a char-
acteristic length scale L; U is a velocity scale and k is
the diffusivity. In the following float diagnostics, we
evaluate the mean angle with which floats move relative
to the Q contours and hence estimate the Peclet number.

Float diagnostics from a collection of experiments are
compared with Q inferred from climatology for inter-
mediate waters in the North Atlantic. This study com-
plements the comparison of isothermal floats with syn-
optic Q in the Subduction Experiment (Price and Owens
1998), the recent float study examining the crossover
of the Gulf Stream and deep western boundary current
(Bower and Hunt 2000) and the comparison of float

trajectories with f/H (where H is full the ocean depth)
by LaCasce and Speer (1999). The datasets are de-
scribed in section 2. Mean and eddy components of the
flow are evaluated in terms of Q coordinates in sections
3 and 4, respectively. In section 5 we summarize our
results and discuss the implications for the distribution
of passive tracers.

2. Potential vorticity and float data

a. Climatological potential vorticity

The Q distribution is evaluated using bottle data from
the National Oceanographic Data Center; see Levitus
and Boyer (1994) and Levitus et al. (1994) for a de-
scription of the temperature and salinity data. We per-
form our analysis on surfaces that approximate the is-
entropic surfaces followed by fluid parcels in the ab-
sence of diapycnal mixing; this approach avoids isobaric
smoothing, which can distort water mass properties (Lo-
zier et al. 1994). Here Q is evaluated from the vertical
spacing of the isentropic surfaces,

nf Dg
Q 5 2 ,

n(1000 1 g ) Dz

where z is the depth of the neutral surface, labeled gn,
calculated using the algorithm of Jackett and McDougall
(1997), and Dz is the vertical spacing of the surfaces gn

6 Dgn.1
2

For each set of floats, Q is interpolated onto a one-
degree grid along the approximate isentropic surface,
gn, close to the depth of the floats (see Table 1); see
O’Dwyer and Williams (1997) for a more detailed de-
scription of the procedure. The standard error is typi-
cally less than 10% of the Q signal over most of the
ocean interior. The resulting Q distribution is a time
average, but for the sake of simplicity we omit the
overbar from Q.

b. Neutrally buoyant floats

The float trajectories are taken from experiments con-
ducted in the intermediate waters of the tropical and
North Atlantic, listed in Table 1. The trajectories include
historical data from the tropical Atlantic, the western
North Atlantic and the eastern North Atlantic at depths
between 700 and 2000 m and the first two years of data
from the Eurofloat study in the eastern North Atlantic
at 1750 m. Shallow floats within the seasonal boundary
layer are excluded from this study: both because there
is strong diabatic forcing within the seasonal boundary
layer and because the seasonal variation of stratification
will bias the mean Q distribution. Also excluded from
this study are the floats deployed in meddies in the
eastern Atlantic. The effect of these floats is discussed
in section 3b.

We are interested in float trajectories as a proxy for
the movement of water masses, which preferentially
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TABLE 1. The float experiments used for the analysis, subdivided into northern and southern groups (labeled N and S). The gn surfaces
were chosen to be at the appropriate depth in the region of each float experiment.

Experiment
(reference) Year Position

Depth
(m)

Number
of floats

Float
days, N gn surface Map Label

PreLDE (Riser and Rossby 1983) 1976–79 258–358N, 408–808W
158–258N, 408–808W

700 43 7552 27.50 Fig. 2a PL (N)
PL (S)

Site L (Price et al. 1987) 1982–84 358–408N, 608–808W
308–358N, 608–808W

700 33 5622 27.50 Fig. 2a SL (N)
SL (S)

Gulf Stream recirculation (Owens 1991) 1980–85 358–458N, 408–708W
258–358N, 408–708W
308–458N, 408–808W

700

2000

27

38

5374

10 310

27.50

27.97

Fig. 2b

Fig. 2f

GU (N)
GU (S)
GU

Tropical Atlantic (Richardson et al. 1994) 1989–92 08–108N, 158–608W
2108–08N, 158–608W

28–108N, 108–608W
258–28N, 108–608W

800

1800

18

18

7796

9798

27.50

27.95

Fig. 2b

Fig. 2d

TA (N)
TA (S)
TA (N)
TA (S)

Eastern Basin (Zemanovich et al. 1990) 1984–91 308–408N, 158–408W
208–308N, 158–408W

1100 38 21 337 27.70 Fig. 2c EB (N)
EB (S)

Eurofloat (Speer et al. 1999) 1997–98 508–608N, 108–408W
408–508N, 108–408W

1750 20 9163 27.95 Fig. 2e EF (N)
EF (S)

spread along isentropic surfaces. Since floats are de-
signed to follow isobaric surfaces, they are not strictly
Lagrangian tracers (Davis 1991). In most regions of the
North Atlantic, the isentropic surfaces are relatively flat,
and Q diagnosed along level and isentropic surfaces is
similar. However, there may be significant differences
in the Gulf Stream region where there are strong flows
and large horizontal density gradients.

c. Maps of Q and float trajectories

The trajectories for each float experiment are plotted
on the maps of Q for the appropriate gn surface (Fig.
2). Near the equator Q contours are zonal on all the gn

surfaces. Elsewhere the Q distribution varies with the
surface. On the less dense surfaces, Q contours fan out
from the southwest to the northeast (see gn 5 27.50 and
27.70 in Figs. 2a,c). On denser surfaces, there is a Q
maximum along the eastern boundary leading to me-
ridional contours on gn 5 27.95 and 27.97 (Figs. 2d,f).
Along the Gulf Stream, there is a strong Q gradient on
the less dense surfaces, but Q becomes nearly uniform
on gn 5 27.97 (Fig. 2f). This uniform Q signal has
previously been diagnosed by McDowell et al. (1982)
and O’Dwyer and Williams (1997) in the thermocline
and deep waters, respectively. The groups of floats have
been released in regions with nearly zonal Q contours,
with two exceptions: the Eurofloat floats at 1750 m in
the northeast Atlantic, where Q contours are nearly me-
ridional (Fig. 2e), and the Gulf Stream at 2000 m, where
Q is nearly uniform (Fig. 2f).

The float trajectories reveal two distinct regimes in
the tropical Atlantic (Figs. 2b,d). In the interior, float
trajectories at both 800 m and 1800 m have large zonal
excursions along the zonal Q contours. Near the western
boundary in the Tropics, float trajectories have a strong
meridional component.

d. Defining Q coordinates

In the following sections, float displacements are an-
alyzed in terms of a coordinate system aligned along
and across Q contours (rather than along lines of lon-
gitude, x, and latitude, y). The coordinates are orientated
according to the average =Q over each float group (so
variations in the Q gradient over the group are ignored).
This simplification appears reasonable given the rela-
tively limited extent of each float group (Fig. 2); note
that a variable angle for f/H is used by LaCasce and
Speer (1999). The angle a is defined to measure the
rotation of the Q coordinates with respect to x as shown
in Fig. 3.

The mean angle, a, for each group of floats is eval-
uated from the sum of the individual angles, ai(t) ex-
perienced by each float over time,

1
a 5 a (t).O iN

The individual angle for each float position xi(t) is given
by

]Q/]x (t)i21a (t) 5 2tan ,i ]Q/]y (t)i

where i labels a float and t is the time along the trajec-
tory; the lateral Q gradients, ]Q/]xi(t) and ]Q/]yi(t), are
calculated along the gn surface by bilinear interpolation
of the one-degree gridded fields.

The mean angle of the Q contours experienced by the
groups of floats is generally small, |a| , 258 (Table 2).
An exception is the southern Eurofloat site, where Q
contours are nearly meridional, a ; 708, and there is a
large variability arising from the high curvature of Q.
In the Gulf Stream at 2000 m, Q is nearly uniform (Table
2) and it is not possible to determine a with any con-
fidence; hence these floats are analyzed in terms of x
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FIG. 2. Maps of float trajectories superimposed on the climatological Q (10212 m21 s21) for the appropriate gn surface: (a) Q on gn 5 27.50
and float trajectories from PreLDE and SiteL at 700 m, (b) Q on gn 5 27.50 and float trajectories from the Gulf Stream at 700 m and the
tropical Atlantic at 800 m, (c) Q on gn 5 27.70 and float trajectories from the Eastern Basin at 1100 m, (d) Q on gn 5 27.95 and float trajectories
from the tropical Atlantic at 1800 m, (e) Q on gn 5 27.95 and float trajectories from Eurofloat at 1750 m, and (f) Q on gn 5 27.97 and float
trajectories from the Gulf Stream at 2000 m.



APRIL 2000 725O ’ D W Y E R E T A L .

FIG. 3. Q contours (dashed lines) on an isentropic surface. The
angle between Q contours and the x coordinate is measured by a.
The mean velocity vector makes an angle u with Q contours, and
the dispersion of a cluster of floats is shown by the ellipse with
maximum dispersion at an angle u* to the Q contours.

TABLE 2. For each float group, the Q field is characterized by Q , ¹Q , and a, the angle Q contours cross latitude circles. The standard
deviation of a gives an indication of how uniform the direction of Q contours is over the region occupied by the floats.

Experiment
Depth

(m)
Q

(10212m21s21)
|¹Q |

(10218m22s21)
Angle a

(deg)

PreLDE (N)
PreLDE (S)

700
700

123
67

80
52

25 (68)
14 (61)

Site L (N)
Site L (S)

700
700

183
149

140
96

17 (63)
21 (612)

Gulf Stream (N)
Gulf Stream (S)

700
700

171
119

122
60

21 (66)
10 (62)

Gulf Stream 2000 8 1 —
Tropical Atlantic (N)
Tropical Atlantic (S)

800
800

9
27

15
15

4 (61)
2 (61)

Tropical Atlantic (N)
Tropical Atlantic (S)

1800
1800

4
0

4
5

2 (61)
2 (61)

Eastern Basin (N)
Eastern Basin (S)

1100
1100

53
42

21
19

15 (61)
13 (62)

Eurofloat (N)
Eurofloat (S)

1750
1750

12
13

9
7

222 (636)
70 (627)

and y displacements. Float trajectories are now analyzed
in terms of their mean and eddy displacements along
and across Q contours.

3. Analysis of mean float displacement

a. Evaluating mean velocity

The time-mean Eulerian velocity is evaluated over
specified regions (defined in Table 1) from the float
velocities

1
u 5 u (t), (4)O iN

where ui(t) is the daily float velocity calculated from
the float positions and the summation is applied for all
time and every float within the specified region. Note
that this Eulerian estimate differs from a Lagrangian

estimate, which would include contributions when floats
move outside the specified region; see Davis (1991) for
more discussion of this issue.

In our analysis, the partitioning of the ‘‘mean’’ and
‘‘eddy’’ signatures depends partly on the size of the
region over which the float data are binned. Defining
smaller regions provides more information about spatial
variations in the mean velocity, but the errors become
larger due to the reduced numbers of floats. Conversely,
defining larger regions leads to more statistically sig-
nificant flows, but leads to small-scale, time-mean flow
being aliased into the ‘‘eddy’’ statistics. Here we choose
to divide each float experiment into a northern and
southern group. The mean flow is evaluated for each
group, and eddy dispersion is evaluated whenever there
are more than 10 floats with trajectories longer than 100
days. Float trajectories in the tropical Atlantic are further
separated into the interior, where the climatological Q
field is evaluated, and in a boundary region, where Q
is not calculated from climatology but assumed to be
zonal, as is observed in the interior.

The time-mean Eulerian velocities, evaluated from
floats within each region, range in magnitude between
0.3 mm s21 and 81 mm s21 (Table 3). The root-mean-
square eddy velocity, ue (the standard deviation) is typ-
ically an order of magnitude larger than the mean and
is nearly isotropic; further details are given in section
4a. In general, both the mean and eddy velocities de-
crease with depth. Floats at 700 m and 800 m are more
energetic than deeper floats. In many cases the standard
error is comparable to the mean velocity.

b. Interior mean flow

The mean flow in the interior is generally greater
along Q contours than across them, as shown in Table
3. This result holds for all statistically significant flows
(boldfaced in Table 3). For the southern Eastern Basin
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TABLE 3. Mean and eddy velocities of each group of floats evaluated along and across Q contours. Note how the mean velocity is greater
along the Q contours than across them, whereas the eddy velocity is nearly isotropic. The tropical Atlantic float trajectories are separated
into those in the interior and the boundary current. Standard errors are shown in brackets and velocities significantly different from zero are
bold font. u is the angle between the mean velocity and Q contours, and Pe 5 1/tan u is an estimate of the implied Peclet number. The
asterisks (3) in the depth column indicate velocities in terms of x–y rather than Q coordinates.

Experiment
Depth

(m)

Mean velocity (1023m s21)

Along Q Across Q u (8) Pe

Eddy velocity (1023m s21)

Along Q Across Q

Interior flow
PreLDE (N)
PreLDE (S)

700
700

211.4 (64.3)
6.1 (63.0)

5.5 (64.4)
24.8 (63.0)

225
238

2.1
1.3

76 (66)
62 (64)

78 (66)
62 (64)

Site L (N)
Site L (S)

700
700

81.1 (617.4)
229.9 (66.0)

24.6 (615.2)
3.3 (65.9)

23
26

19.1
9.5

240 (624)
116 (68)

211 (621)
114 (68)

Gulf Stream (N)
Gulf Stream (S)

700
700

15.4 (610.0)
0.3 (64.9)

3.5 (69.6)
23.1 (64.9)

13
285

4.3
0.1

157 (614)
123 (65)

152 (613)
119 (65)

Gulf Stream 2000 * 22.7 (62.3) 1.1 (62.4) — — 74 (63) 75 (63)
Tropical Atlantic (N)
Tropical Atlantic (S)

800
800

5.6 (63.6)
30.7 (68.2)

22.1 (62.9)
29.0 (65.4)

220
216

2.7
3.5

91 (65)
96 (611)

72 (64)
63 (67)

Tropical Atlantic (N)
Tropical Atlantic (S)

1800
1800

0.5 (62.6)
3.3 (63.2)

0.8 (62.8)
1.2 (62.0)

56
20

0.7
2.7

55 (64)
73 (64)

59 (64)
45 (63)

Eastern Basin (N)
Eastern Basin (S)
EB(S) with meddies

1100
1100
1100

23.2 (60.8)
0.8 (61.0)

20.3 (61.3)

20.7 (60.9)
20.1 (61.2)
22.6 (61.4)

12
28
83

4.7
7.4
0.1

38 (61)
22 (62)
38 (62)

39 (61)
27 (62)
40 (62)

Eurofloat (N)
Eurofloat (S)

1750
1750

23.8 (62.4)
26.5 (21.3)

2.6 (62.5)
1.0 (61.2)

35
29

1.4
6.3

45 (63)
31 (62)

47 (63)
30 (62)

Boundary flow
Tropical
Atlantic

800 *
1800 *

212.7 (68.8)
14.8 (619.3)

17.1 (68.9)
220.5 (617.2)

254
253

0.7
0.7

97 (612)
107 (627)

98 (612)
96 (624)

group the floats deployed in meddies have been ex-
cluded from the analysis [see the example in Richardson
et al.(1989)]. These floats strongly cross Q contours and
imply that the mean flow crosses Q contours at an angle
of 838 compared to 288 without them. This signal is
consistent with theoretical studies suggesting that med-
dies are intense, isolated vortices, which are prone to
drift across mean potential vorticity contours (Flierl
1987; Colin de Verdiere 1992).

The mean flow also apparently crosses Q contours
with a large angle in the southern group for the Gulf
Stream and the northern group for the tropical Atlantic
at 1800 m, but these angles are unreliable since the
velocities are small and not significantly different from
zero. In the case of nearly uniform Q for the Gulf Stream
floats at 2000 m, the mean flow is stronger in the zonal
direction, but again the standard error is large compared
with the mean.

In most cases, the alignment of the mean flow with
Q contours is equivalent to greater zonal than meridional
flow, since the Q contours are nearly zonal. However,
in the southern Eurofloat region, Q contours and the
mean velocity are both nearly meridional; Q contours
are at an angle of 708 to latitude circles and the mean
flow only differs from Q contours by 298.

These comparisons ignore the contribution of relative
vorticity, z, to the potential vorticity. While z is small
compared with the planetary vorticity, f, their gradients
become comparable on eddy scales. For example, a typ-
ical eddy velocity of 10 cm s21 and a length scale of
100 km implies z ; 1026 s21, which is smaller than f

except close to the equator. However, the ratio of the
gradients, =z/b ; U/(bL2) ; 1, for a horizontal scale
L ; 100 km and the planetary vorticity gradient b ;
10211 m21 s21. Therefore, these comparisons are prob-
ably only robust when the floats have spread over a
scale greater than the eddy deformation scale.

c. Interior Peclet number

The angle of the floats to the Q contours implies a
Peclet number (3) ranging from typically 1 to 19 in the
interior (Fig. 4). Floats trapped in meddies in the south-
ern Eastern Basin group behave anomalously, strongly
crossing Q contours. The Peclet number here has a typ-
ical value of 7.4 when the meddies are excluded, but
the Peclet number decreases to 0.1 if floats within med-
dies are included in the analysis (Table 3). There is also
a low Peclet number of 0.1 for the southern group in
the Gulf Stream, but this estimate is unreliable since the
velocities are not statistically significant.

The mean Peclet number is 4.4 for all the floats
weighted by the number of float days (excluding those
trapped in meddies), which implies that there is signif-
icant mixing in the ocean interior. This Peclet number
is comparable to values from 3 to 6 diagnosed in eddy-
resolving numerical experiments (Rhines and Schopp
1991), but is much lower than the high Peclet number
implied by ideal thermocline models. In comparison,
Jenkins (1988) has diagnosed a relatively low Peclet
number between 1 and 2 from observations of tritium–
helium age, and Robbins et al. (2000) infer a Peclet
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FIG. 4. Histogram of u , the angle between the mean flow and the Q contours. Boxes are labeled according to Table
1. The size of a box indicates the number of observations used in the analysis; boxes labeled WB are the tropical
western boundary floats. The implied Peclet number, Pe 5 1/|tanu |, is also indicated and has a weighted-mean value
of 4.4 over the ocean interior.

FIG. 5. The relationship between the tracer distribution (dashed
contours), mean velocity (vector labeled u), and Peclet number
(1/tanu ).

number decreasing from 13 to 1.7 along s 5 26.5 and
s 5 27.1 surfaces, respectively, in the eastern North
Atlantic.

While the low Peclet number implies that there is
mixing on a subbasin scale, there is no conclusive pat-
tern of up- or downgradient movement of the floats, as
found by comparing u · =Q and ¹2Q. The lack of this
signal may partly be due to the cross-Q flow often being
smaller than the standard errors (Table 3).

The Peclet number can be used to estimate the length
scale over which tracer contrasts advected into the ocean
are likely to persist (Fig. 5). For example, consider a
tracer contrast with an initial horizontal scale Ltracer. As
the tracer moves downstream, the initial contrast will
be smeared out over a scale Lsignal 5 Ltracer/tanu 5
LtracerPe. Therefore, if tracer contrasts are injected into
the domain across streamlines over a lateral scale of
Ltracer ; 300 km, then the Peclet number estimate of
typically 4 in the interior implies that the signal will
persist downstream for 1200 km along mean streamlines
before being smeared out. Therefore we expect that trac-

ers should be quasi-conserved on the subbasin scale,
rather than over an entire basin.

d. Mean flow in the tropical western boundary

The time-mean flow in the western boundary in the
Tropics is aligned with the coastline. If the Q contours
are assumed to remain zonal in the boundary, then there
is a strong cross-Q flow implying vigorous mixing and
dissipation; note that Q is not defined in the shaded
regions in Fig. 2. The implied Peclet number reaches
low values of 0.7 for both the floats at 800 m and 1800
m (Fig. 4). However, this estimate may reflect a lower
bound since Q contours might instead be advected along
the topography and relative vorticity gradients may be-
come significant.

In summary, two different regimes are revealed here:
an interior regime where floats weakly cross Q contours,
with a Peclet number of typically 4, and a boundary
regime where floats strongly cross Q contours, with a
Peclet number less than 1. We now examine whether
the Q distribution constrains the dispersion of clusters
of floats relative to their center of mass.

4. Analysis of eddy dispersion

a. Evaluating eddy velocities and dispersion

Each float trajectory is separated into a contribution
from the time-mean Eulerian velocity over a particular
region (defined in Table 1) and an eddy deviation,

x (t) 5 x(t) 1 x9(t), u (t) 5 u 1 u9(t),i i i i

where x9 and u9 are the eddy displacement and eddy
velocity, which include contributions from both the tem-
poral and spatial variations in the flow; x(t) 5 u t is the
mean displacement from the original position and u is
the mean velocity for that particular region (4).
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The eddy velocity is typically an order of magnitude
larger than the mean velocity. The estimated errors in
eddy velocity are only a factor of 1.96/ 2 larger thanÏ
the error for the mean velocity; therefore the percentage
error is much smaller for the eddy velocity than for the
mean velocity.

For a particular direction the eddy dispersion xe(t) at
a time t and the root-mean-square eddy velocity, ue, are
given by the standard deviations:

1/2 1/2
1 1

2 2x (t) 5 x9(t) u 5 u9(t) .O Oe i e i[ ] [ ]N Ni

Assuming a Gaussian distribution, the 95% confidence
limits for each quantity are given by the factor (1 6
1.96/ 2n), where n 5 N/(T 3 frequency of observa-Ï
tion) is an estimate of the number of independent ob-
servations and T is the Lagrangian timescale, assumed
a priori to have a value of T 5 10 days.

We now analyze how the floats disperse away from
the center of mass for each float cluster, both along x
and y and along and across Q contours. Since we expect
the effect of the Q field only to be apparent on timescales
longer than that for an individual geostrophic eddy, we
focus on the float groups containing more than 10 floats
with records longer than 100 days.

b. Eddy dispersion in the interior

The dispersion increases with time for each group of
floats, as shown in Fig. 6. For float groups with long
records, the dispersion is greater along Q than across Q
(see Fig. 7 and Table 4), as shown in the tropical Atlantic
and Eastern Basin (compare the thick full and dashed
lines in Fig. 6). For these cases, the ratio of the eddy
dispersion along Q to across Q is close to the ellipticity
of the eddy dispersion ellipse (see Table 4 and the el-
lipses plotted in Fig. 8). Float groups with shorter life-
times are ambiguous: PreLDE shows greater dispersion
along Q, whereas Site L shows less dispersion, and the
southern Eurofloat group appears to be isotropic.

When there is anisotropy, the enhanced dispersion
along Q is consistent with enhanced zonal dispersion
since Q contours are nearly zonal for these sites (com-
pare thick and thin full lines in Fig. 6). This enhanced
zonal dispersion has previously been diagnosed from
float trajectories in the North Atlantic by Spall et al.
(1993). However, in the Gulf Stream at 2000 m, there
is strong, nearly isotropic dispersion where Q is nearly
uniform, rather than enhanced zonal dispersion. This
result suggests that Q contours are a more fundamental
reference frame than geographical coordinates to un-
derstand dispersion.

The anisotropy of the dispersion is indicated by its
ellipticity and the direction is measured by the angle,
u*, made by the principle ellipse with Q (Table 4). Typ-
ically |u*| is less than 178 for float clusters lasting longer
than 200 days and, on these longer timescales, the ratio

of the eddy dispersions along Q and across Q approaches
the ellipticity of the dispersion (Table 4). For shorter
timescales there are larger eddy dispersion angles for
Site L and Eurofloat.

The anisotropic dispersion is not explained solely by
anisotropy in the eddy velocity. In the Tropics, there are
enhanced eddy velocities along Q, but in other cases
the eddy velocities appear to be isotropic (including for
the Eastern Basin, see Table 3). The anisotropic dis-
persion may instead result from eddy displacements
across Q having an oscillatory nature, whereas the eddy
displacements along Q increase in time following a ran-
dom-walk spreading [see discussion by LaCasce and
Speer (1999).

The higher anisotropic dispersion along Q implies a
higher ‘‘eddy’’ diffusivity acting along Q. It is unclear
whether this anisotropic diffusivity reflects the action
of time-varying, geostrophic eddies or results from the
aliasing of small-scale, time-mean flow into these
‘‘eddy’’ statistics. For example, if the northern and
southern Eurofloat groups are analyzed together, then
the ‘‘eddy’’ dispersion shows enhanced dispersion along
meridional Q contours. In contrast, when the Eurofloat
experiment is split into two groups (as here), the ‘‘eddy’’
signal appears instead as a different time-mean flow for
each group. However, whatever separation between
mean and eddy flow is chosen, our results still suggest
that passive tracers preferentially spread along Q con-
tours in the ocean interior.

5. Conclusions

Potential vorticity has been extensively used as a the-
oretical tool to understand the general circulation (e.g.,
Rhines and Young 1982; Luyten et al. 1983). While
potential vorticity has been widely diagnosed from ob-
servations (e.g., McDowell et al. 1982; Keffer 1985;
O’Dwyer and Williams 1997), its distribution is usually
interpreted in terms of the movement of a passive tracer,
for example, in tracking the spread of mode waters (Tal-
ley and McCartney 1982). In this study, we compare
potential vorticity distributions and independent float
data in order to assess how well potential vorticity is
conserved along trajectories and hence test the assump-
tions made in theoretical models.

The large-scale potential vorticity, Q, is evaluated
along approximate isentropic surfaces using bottle data
from the NODC climatology. The independent float data
is taken from historical data and the ongoing Eurofloat
experiment in the intermediate waters in the North At-
lantic. Errors in our analysis originate from (i) using a
Q distribution inferred from climatology rather than syn-
optic data; (ii) using floats spreading on level surfaces,
rather than isentropic surfaces. Our results are sum-
marized in Fig. 8, showing the mean velocity vector,
the implied Peclet number, and eddy dispersion ellipses
(scaled for the same length of time) for each set of float
experiments.
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FIG. 6. Eddy dispersion of each group of floats where the time series is longer than 100 days, evaluated along Q and
across Q (thick lines, respectively, solid and dashed), and for comparison zonally and meridionally (thin lines, respectively,
solid and dashed). The vertical bars indicate the size of the errors. Only zonal and meridional dispersion are calculated
for the Gulf Stream at 2000 m. As the number of floats decreases with time the errors in dispersion increase.
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FIG. 7. Histogram of u*, the angle between the axis of maximum
eddy dispersion and the Q contours. Boxes are labeled with the initials
of the float experiments (see Table 1). The size of a box indicates
the number of observations used in the analysis.

FIG. 8. A summary of float diagnostics superimposed on the corresponding Q fields. Each float experiment is labeled with its Peclet
number. Mean velocities are shown by arrows [the white arrow at the bottom left is a velocity of 10 cm s21, note the different scale of (a)].
The size of the ellipse depends on the observed mean rate of dispersion extrapolated to 500 days and the orientation indicates the direction
of dispersion, u* (Table 4). Ellipses are only shown for groups with long time series, where mean dispersion is evaluated in Table 4.

In the ocean interior, the mean velocity for the float
clusters is generally greater along Q contours, than
across them (see arrows in Fig. 8). This result holds
even where Q contours are nearly meridional as in the
Eurofloat site. Float trajectories cross Q contours at an-
gles typically less than 208 to 308 in magnitude. The
implied Peclet number, Pe 5 1/tanu*, ranges from 1 to
19, and has a weighted mean value of 4.4, which implies
that there is significant interior mixing. This value is
comparable to the values 3 to 6 diagnosed in the same
manner in an eddy-resolving model by Rhines and
Schopp (1991) and is much smaller than the high values
implied from adiabatic, inviscid thermocline models.
The Peclet number reduces to less than 1 along the
western boundary of the Tropics if Q contours remain
zonal, which implies greater mixing and dissipation of
Q; however, this Peclet number estimate should be
viewed as a lower limit, since Q contours may become
aligned along the boundary current.

The Peclet number may be interpreted in terms of the
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TABLE 4. Eddy dispersion for groups of floats with lifetimes longer than 100 days evaluated along and across Q contours (over the last
100 days); note some groups of floats are excluded due to insufficient data. Dispersions significantly larger along Q than across Q are
underlined. The angle u* measures how closely the principal axis of dispersion is aligned with the direction of Q contours and the ellipticity
is the ratio of the maximum to the minimum dispersion.

Experiment
Depth

(m)
Length
(days)

Dispersion (105m)

Along Q Across Q

Ratio of
dispersion
along Q/
across Q Ellipticity

Angle
|u*| (deg)

PreLDE (S) 700 110 1.9 (60.4) 1.4 (60.3) 1.4 1.8 24
SiteL (S) 700 120 2.0 (60.3) 2.5 (60.5) 0.8 1.5 61
Gulf Stream* 2000 350 3.0 (60.4) 4.0 (60.4) — 1.4 —
Tropical Atlantic (N) 800 230 10.8 (61.8) 2.6 (60.3) 4.2 4.4 9
Tropical Atlantic (N) 1800 160 2.3 (60.4) 1.5 (60.3) 1.5 1.7 13
Eastern Basin (N)
Eastern Basin (S)

1100
1100

370
110

3.1 (60.5)
0.9 (60.2)

1.8 (60.2)
0.8 (60.1)

1.7
1.1

1.7
1.2

11
8

Eurofloat (S) 1750 170 1.1 (60.2) 1.4 (60.2) 0.8 1.1 75

distance a tracer plume spreads along streamlines (Fig.
5). If there is a tracer contrast with a length scale Ltracer,
then the tracer plume penetrates over a scale LtracerPe
before tracer contrasts are smeared out by diffusion. Our
interior Peclet number of typically 4 suggests that a
tracer plume with Ltracer ; 300 km should persist for
1200 km downstream along mean streamlines. Hence,
tracers should only be quasi-conserved along mean
streamlines over a subbasin scale, rather than over an
entire basin.

The eddy dispersion of floats also appears to be af-
fected by the background Q distribution. Enhanced dis-
persion occurs along Q contours in the Tropics and east-
ern basin where there are long float records (see Fig. 6
and dispersion ellipses in Fig. 8). Shorter float records
are ambiguous. In general, this anisotropic dispersion
along Q is difficult to distinguish from enhanced zonal
dispersion. However, strong isotropic dispersion occurs
near the Gulf Stream at 2000 m where Q is nearly uni-
form, rather than enhanced zonal dispersion. Conse-
quently, understanding the dispersion of floats in terms
of Q coordinates appears to be more fundamental than
in terms of the traditional, geographic coordinates.

In conclusion, the Q distribution appears to constrain
the spreading of floats over the subbasin scale over the
ocean interior, although there is significant mixing over
the basin scale. The preferential spreading of floats
along Q contours suggests that tracer distributions in
coarse-resolution models may be improved if a larger
eddy diffusion coefficient is used along Q contours than
across them. In particular, plumes of tracer extending
along Q contours may result from enhanced eddy dis-
persion, even in regions where the large-scale time-
mean flow is weak.
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