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Abstract

Lagrangian integral scales, diffusivities, dispersion and velocity spectra are calculated using surface drifter trajectories in
the central North Pacific. The meridional integral time scale is relatively homogeneous throughout the region; a large
increase in the zonal time and length scales south of Hawaii is attributed to meanders in the North Equatorial Current.
Except in this current, the initial dispersion is consistent with Taylor’s Theorem. For lags of 20–120 days, the meridional
dispersion can be modeled by a constant eddy diffusivity. Shear in the mean zonal currents magnifies the zonal dispersion at
long lags. In the Lagrangian spectra, the energetic eddy band is at 3–20 days west of Hawaii, 10–40 days east and north of
Hawaii, and 20–60 days in the North Equatorial Current. In the wake of Hawaii, energetic lee vortices produce sharp peaks
in the cyclonic and anticyclonic rotary spectra. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The gyre-scale motion of the central North Pacific
Ocean consists of the eastward North Pacific Current

Ž .and the westward North Equatorial Current NEC .
The Hawaiian Islands lie near the northern extent of
the NEC, partially blocking it. West of the islands,
energetic mesoscale lee vortices dominate the instan-
taneous currents and have profound effects on the

Žtime-averaged flow field Patzert, 1969; Lumpkin,
.1998; Flament et al., 2001 . Over the last decade,

these currents and vortices have been sampled by
Ž .WOCErSVP drifting buoys Fig. 1 . Single-particle

Lagrangian integral scales, which give the dominant
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stirring scales of oceanic turbulence, can be calcu-
lated from their trajectories. Classical diffusion the-
ory relates these integral scales to the long-term
dispersion in terms of an eddy diffusivity. However,
this parameterization requires stationary and homo-
geneous currents, while oceanic drifters experience
inhomogeneous mean currents and a mesoscale field
which changes in both space and time. As a conse-

Ž .quence, Freeland et al. 1975 concluded that even
the short-time dispersion of deep, neutrally buoyant
floats cannot be described by classical theory. Subse-

Žquent drifter studies cf. Colin de Verdiere, 1983;`
.Krauss and Boning, 1987; Paduan and Niiler, 1993¨

have not found this inconsistency, although at longer
times the dispersion may not asymptote to the diffu-
sive limit of classical theory.

In this paper, we present the Lagrangian statistics
of surface drifters in the central North Pacific. In
Section 2, a brief review of classical diffusion theory

0924-7963r01r$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0924-7963 01 00014-8



( )R. Lumpkin, P. FlamentrJournal of Marine Systems 29 2001 141–155142

Ž .Fig. 1. Top: Spaghetti diagram of 20-day drifter trajectory segments. Colors give the mean drift direction legend in upper-right corner .
Bottom: Map of vorticity created from the spectra of 90-day drifter segments. Blue indicates predominantly cyclonic vorticity, red indicates
anticyclonic vorticity. Black polygons indicate the drifter group subregions. Arrows show the mean velocity of the drifter group.

is presented. Section 3 describes the drifter database
and integral scale calculations, and presents these
scales for several groups of drifters. In Section 4, the
diffusion model’s predictions are compared to the
directly observed dispersion of the drifters. It is
shown that the meridional dispersion agrees with

classical theory, but the zonal dispersion is greatly
magnified. Section 5 examines the hypothesis that
this magnification is due to meridional shear in the
mean zonal currents. The Lagrangian spectra are
examined for significant zonalrmeridional and ro-
tary motion in Section 6. Section 7 concludes by
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examining the relevance of an empirical law which
relates length and time scales to characteristic eddy
speeds.

2. Classical diffusion theory

Consider a cloud of particles released into a fluid
Ž .at a single point. The instantaneous current u t

experienced by a particle can be divided into a mean
Ž .component u identical for all particles , and ao

XŽ . Žfluctuating component u t which may vary from
.one particle to the next . The position of an individ-

Ž . XŽ .ual particle in the cloud is x t su tqx t , whereo

tX Xx s dt u t . 1Ž . Ž .H
0

² X2:Dispersion is x , where the brackets denote an
average over the particle ensemble. Assuming that uX

Ž .is ergodic, Eq. 1 can be used to derive Taylor’s
Ž .Theorem Taylor, 1921 :

tX2 2² :x s2u dt tyt R t , 2Ž . Ž . Ž .Hrms u
0

X2(² :where u ' u and the autocorrelation func-rms

tion R isu

1 Tm X XR t s lim d tu t u tqt . 3Ž . Ž . Ž . Ž .Hu 2u TT ™` 0m rms m

The characteristic time scale of dispersion is the
Lagrangian integral time

`

T s dtR . 4Ž .Hu u
0

It can be combined with the eddy speed urms to
derive the Lagrangian integral length L su T .u rms u

At short times, R f1 and the dispersion isu

² X2: 2 2x fu t t<T ballistic regime . 5Ž . Ž . Ž .rms u

In this short-time limit, the rms particle displace-
ment increases linearly with time, with a slope equal
to the rms eddy speed. At large times,

² X2: 2x f2u T t t4TŽ .rms u u

random-walk regime , 6Ž . Ž .
Ž .assuming that the integral in Eq. 4 converges. The

rms particle displacement slows from the initial rate
Ž . Ž .A t to a random-walk A6t .

By analogy with Fickian diffusion, dispersion can
Žbe parameterized as an eddy diffusivity K Taylor,x x

.1921; Batchelor, 1949; Davis, 1982 :

1 d
X2² :K s x . 7Ž .x x 2 d t

Ž .From Eq. 6 , the diffusivity asymptotes to

K su2 T , 8Ž .x x rms u

Žin the random walk regime t4T again, assumingu
X.homogeneity and stationarity for u .

3. Integral scales in the central North Pacific

A total of 356 WOCErSVP surface drifters have
been deployed in or passed through the central North

Ž .Pacific 10–308N, 140–1808W . Raw satellite fixes
of drifter position were quality-checked using a
two-step scheme and interpolated to 1r4-day inter-

Ž .vals via kriging Hansen and Poulain, 1996 . The
Ž .interpolated data span 286 drifter-years Fig. 1 .

West of the Hawaiian Islands, many cycloidal trajec-
tories are created by drifters orbiting westward-
propagating lee vortices. This westward motion is
visible on either side of 19.58N along 155–1708W.

ŽAt 19.58N, a narrow band of eastward drift colored
.green in Fig. 1 marks the Hawaiian Lee Countercur-

Ž .rent Lumpkin, 1998 . South of the islands, the mean
westward NEC dominates the trajectories, which also
display zonally extended meridional fluctuations.
East and north of the islands, the trajectories are a
mix of loops and wiggles with no visually dis-
cernible mean drift.

After formation immediately west of Hawaii, lee
vortices drift westward due to the b-effect and ad-
vection by the North Equatorial Current. Because
anticyclonic eddies tend to drift southward while

Žcyclonic eddies drift northward Chassignet and
.Cushman-Roisin, 1991 , the overall field of lee ed-

dies is not random; instead, it is organized in a
pattern superficially resembling a Karman vortex´ ´

Ž .street Lumpkin, 1998 . Rectification of this field
may produce the elongated, counter-rotating lee gyres
which extend for over 1000 km west of the islands in

Žthe time-averaged currents Lumpkin, 1998; Flament
.et al., 2001 . The vorticity structure of this geophysi-

cal-scale wake can be seen by breaking the drifter
trajectories into 90-day nonoverlapping segments,
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calculating the mean rotary spectra in 3=18 cells,
and integrating the spectra over subinertial frequen-

cies to obtain the cyclonic and anticyclonic variance.
Fig. 1 shows the resulting map of cyclonicrtotal

Ž . Ž . Ž . Ž . Ž .Fig. 2. Top: zonal left and meridional right rms eddy speed cmrs . Middle, upper: Lagrangian zonal left and meridional right time
Ž . Ž . Ž . Ž . Ž . Ž .scales days . Middle, lower: Lagrangian zonal left and meridional right length scales km . Bottom: Zonal left and meridional right

Ž 3 2 .eddy diffusivities 10 m rs .
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Ž .variance, scaled from q1 purely cyclonic to y1
Ž .purely anticyclonic . In the lee gyres, as much as
70% of the variance is of one sign; the division
between the cyclonic and anticyclonic gyre is at
19.58N, the latitude of the eastward Hawaiian Lee
Countercurrent.

In order to calculate Lagrangian statistics for the
various dynamically homogeneous regions, the 90-
day trajectory segments were organized into six
groups according to their median latitude and longi-

Ž .tude Fig. 1 . For each segment within a group, the
ensemble-averaged velocity was removed from the
drifter-derived velocities. Because direct estimates of
the autocorrelation function R are contaminated by
noise and uncertainties in the mean current, and this
contamination dominates R at large lags, the integra-

Ž .tion in Eq. 4 was truncated at the first zero crossing
Ž Žof R cf. Freeland et al., 1975; Krauss and Boning,¨

..1987; Poulain and Niiler, 1989 .
The mean scales of the six groups are shown in

Fig. 2 and listed in Table 1. The lee gyres and
northwest groups have the highest eddy kinetic en-
ergy levels, while the North Equatorial Current and

northeast groups have the lowest. The rms eddy
speeds for all groups except the cyclonic gyre are
significantly anisotropic, with zonal speeds exceed-
ing meridional speeds by a factor of 1.1–1.4. In the
cyclonic gyre, where the maximum eddy kinetic
energy levels are found, the ratio is not significantly
different from unity. For the five groups north of the
North Equatorial Current, the time scales are quite

Ž .homogeneous, with an overall mean of T , T su Õ

Ž .6.3"0.5, 4.6"0.2 days. The smallest time scales
are in the cyclonic gyre, where drifters advect rapidly
around lee vortices. The overall mean length scale of

Ž . Ž .these five groups is L , L s 68"3, 46"3 km.u Õ

Perhaps the most striking feature of Fig. 2 is the
much larger zonal time and length scales in the
North Equatorial Current. These large scales suggest

Žthat low-frequency, zonally extended meanders ra-
ther than more isotropic, higher-frequency mesoscale

. Žvortices dominate the variability here Krauss and
.Boning, 1987 . Eddy diffusivities were calculated¨

Ž . 3 2using Eq. 8 , and range from 11.9=10 m rs in
the eddy-rich anticyclonic gyre to 2.3=103 m2rs in
the North Equatorial Current.

Table 1
Lagrangian integral scales in each group, calculated from independent 90-day segments

Ž . Ž . Ž .Northwest 31.2 drifter years u ; Õ s 13.5"0.5, 12.0"0.4 cmrsrms rms
Ž . Ž .T ; T s 6.1"0.4, 4.6"0.5 daysu Õ

Ž . Ž .L ; L s 64"7, 47"4 kmu Õ

3 2Ž . Ž .K ;K s 7.9"1.3, 5.6"0.5 =10 m rsx x y y
Ž . Ž . Ž .Cyclonic gyre 35.8 drifter years u ; Õ s 15.1"0.5, 14.1"0.5 cmrsrms rms

Ž . Ž .T ; T s 4.8"0.4, 4.0"0.4 daysu Õ

Ž . Ž .L ; L s 58"7, 53"5 kmu Õ

3 2Ž . Ž .K ;K s 9.6"1.1, 7.3"0.6 =10 m rsx x y y
Ž . Ž . Ž .Anticyclonic gyre 32.2 drifter years u ; Õ s 15.0"0.8, 12.5"0.5 cmrsrms rms

Ž . Ž .T ; T s 6.1"0.6, 4.9"0.3 daysu Õ

Ž . Ž .L ; L s 74"6, 49"3 kmu Õ

3 2Ž . Ž .K ;K s 11.9"1.3, 6.6"0.4 =10 m rsx x y y
Ž . Ž . Ž .Northeast 58.8 drifter years u ; Õ s 10.3"0.4, 8.9"0.4 cmrsrms rms

Ž . Ž .T ; T s 7.6"0.5, 4.7"0.2 daysu Õ

Ž . Ž .L ; L s 69"4, 35"3 kmu Õ

3 2Ž . Ž .K ;K s 6.6"0.5, 3.3"0.2 =10 m rsx x y y
Ž . Ž . Ž .East 72.3 drifter years u ; Õ s 12.2"0.3, 11.1"0.3 cmrsrms rms

Ž . Ž .T ; T s 7.1"0.4, 4.9"0.3 daysu Õ

Ž . Ž .L ; L s 73"6, 48"2 kmu Õ

3 2Ž . Ž .K ;K s 9.5"0.7, 5.4"0.3 =10 m rsx x y y
Ž . Ž . Ž .North equatorial current 28.9 drifter years u ; Õ s 9.3"0.6, 6.7"0.2 cmrsrms rms

Ž . Ž .T ; T s 11.7"0.9, 5.8"0.5 daysu Õ

Ž . Ž .L ; L s 89"9, 35"3 kmu Õ

3 2Ž . Ž .K ;K s 8.2"1.1, 2.3"0.2 =10 m rsx x y y
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Fig. 3 shows the zonal and meridional scales and
diffusivities as functions of the rms eddy speed. For
comparison, data are included from Colin de Verdiere`
Ž . Ž .1983 eastern North Atlantic, 478N, 118W , Krauss

Ž . Žand Boning 1987 central North Atlantic from 308N¨
. Ž . Žto 558N , and Poulain and Niiler 1989 southern

.California Current System . Except for the North
Equatorial Current values, the central North Pacific
scales are consistent with the central North Atlantic
values for a given rms eddy speed, suggesting that
the underlying Eulerian length and time scales of the
mesoscale fluctuations are similar. The North Equa-
torial Current group was further south than any
drifters in the North Atlantic study; thus, the discrep-
ancy in Lagrangian zonal length scales, and the
much smaller length scales found by Colin de
Verdiere at 478N, may be caused by an Eulerian`
length scale which decreases with increasing latitude
Ž .Stammer, 1997 . The central North Pacific merid-

ional scales are also consistent with those in the
California Current; the inconsistency in zonal scales
between these studies may be due to the influence of
the North American coast.

4. Asymptotic behavior of the dispersion

Is the dispersion consistent with Taylor’s Theo-
rem? To address this, we divided the trajectories into
120-day segments and resampled the tracks every 10

Ždays, treating each segment as independent Freeland
.et al., 1975; Poulain and Niiler, 1989 . Fig. 4 shows

the rms displacement of the drifter groups, with the
Ž Ž ..ballistic growth rate Eq. 5 given by the rms eddy

speeds. Everywhere except in the North Equatorial
Current, the initial growth is consistent with Taylor’s
Theorem. Zonal dispersion in the NEC is faster than

Ž .ballistic, growing instead at ; 14.6 cmrs t.

Ž .Fig. 3. Lagrangian properties as a function of rms eddy speed left: zonal, right: meridional . Circles with standard error bars are the central
Ž . Ž .North Pacific values. For comparison, triangles give values from Krauss and Boning 1987 , pluses from Colin de Verdiere 1983 , and solid¨ `

Ž . Ž .lines from Poulain and Niiler 1989 their least-squares fits to a cloud of values .
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Fig. 4. Dispersion and diffusivity for the six drifter groups. In all cases, the upper curve is zonal and the lower is meridional. Solid lines:
Ž . Ž .rms displacement km . Thin dashed lines: ballistic rms displacement according to rms eddy speed km . Dots: eddy diffusivity calculated

Ž . Ž 3 2 . Ž . Ž 3 2 .via Eq. 7 10 m rs . Heavy dashed lines: random-walk diffusivity limit predicted by Eq. 8 10 m rs .

If the drifters enter the random-walk regime at
long times, the eddy diffusivity should approach a

constant. Fig. 4 shows the diffusivity calculated via
Ž .Eq. 7 and low-passed at 15 days, with heavy
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Ž .dashed lines indicating the limit predicted by Eq. 8 .
For all groups, meridional diffusivity reaches the
predicted value by day 20, with slight fluctuations
thereafter. Taylor’s Theorem does not describe the
zonal dispersion of any group. In the cyclonic gyre,
drifters disperse zonally like a random walk in days
15–100, with an apparent diffusivity 1.5 times greater
than predicted by the integral scales, but beyond day
100 the rms displacement resumes linear growth. In
contrast, the anticyclonic gyre group takes much

Žlonger to settle into random-walk dispersion 60
.days , but remains random-walk-like to day 120. For

all other groups, the zonal dispersion never acts like
a random walk; instead, rms displacement switches

Žfrom the linear ballistic rate except for the NEC
.group to a smaller, but still linear, growth rate

through day 120, with the diffusivity according to
Ž .Eq. 7 continuously increasing.

5. Shear dispersion

The long-time linear growth in zonal rms dis-
placement is consistent with dispersion driven by
shear in the mean zonal currents. To demonstrate
this, consider mean currents of the form

² : X ² :u su qa y , Õ s0, 9Ž .o

Ž Ž ..see Appendix of Krauss and Boning 1987 . A¨
² :spatially homogeneous estimate of u will be aver-
Žaged over a meridional scale B the maximum

.meridional size of the tracer cloud . This estimate,
denoted with a hat, is

1 Br2 X² : ² :u s d y u su . 10Ž .ˆ H oB yBr2

The estimate of uX is, thus, contaminated by the
meridional shear of the mean current:

X ² : X X X Xu suy u su qa y qu yu su qa y .ˆ ˆ o o

11Ž .

Then

² X2: ² X2: ² X X: 2² X2:u s u q2a u y qa y . 12Ž .ˆ

If uX and yX are uncorrelated,

² X2: ² X2: 2² X2:u f u q2a Õ T t , t4T , 13Ž .ˆ
Õ Õ

Ž . ² X2:where Eq. 6 has been used. Assuming u ;
Ž² X2:.O Õ ,

² X2: ² X2:u f u , 14Ž .ˆ

Ž 2 .y1for t< a T . This time scale can be estimated
Õ

as follows: east of the Hawaiian Islands, the zonal
current is 0 mrs at 268N and is y0.2 mrs at 148N,

< < y7 y1giving a ;1.5=10 s . Using this value and
Ž 2 .y1T ;3.2 days, 2a T ;930 days. Because we

Õ Õ

are interested in dispersion for tF120 days, we
Ž .proceed under the assumption that Eq. 14 applies

and restrict this derivation to the time range

y12T < t< 2a T . 15Ž .Ž .u Õ

The estimated autocorrelation of uX is

y1 TmX2 X Xˆ ² :R s u T dt u t qa y tŽ . Ž .Ž . Hu m
0

=
X Xu tqt qa y tqtŽ . Ž .

2 ² X2: ² X2:fR q2a T tR Õ r u , 16Ž .u Õ y

XŽ .where R is the autocorrelation of y t , a functiony

which decays considerably more slowly than R .
Õ

2 ² X2:Because R F 1, t < 1r2a T , and u ;y Õ

Ž² X2 .O Õ ,

R̂ fR . 17Ž .u u

The estimated autocorrelation function is not sig-
nificantly contaminated by the meridional shear in
² :u , so the integral scales should not be either.

The long-time dispersion is

tX2 X2 ˆ² : ² :x s2 u dt tyt R tŽ . Ž .ˆ H u
0

X2² :ÕtX2 2² :f2 u t dt R q2 a T tRH u Õ yX2² :u0

² X2: ² X2: 2 2s2 u T tq4 Õ a T T t , 18Ž .u Õ y

X Žwhere T is the integral time scale of y for ally

90-day independent drifter segments in the central
.North Pacific, the mean value of T is 11 days . They
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Ž .second term on the right-hand side of Eq. 18 scales
to the first term as

² X2: 24 Õ a T T t
Õ y 2;4a T t . 19Ž .yX2² :u Tu

Thus, for t)1r4a 2T ;100 days, x growsy rms

linearly due to the meridional shear of the mean
zonal current.

Ž .According to Eq. 18 , the mean shear scales as

d x rd trms
< <a ; . 20Ž .

X2² :2 Õ T T(
Õ y

< <Thus, an estimate of a can be derived from the
observed long-time dispersion. From Fig. 4, D x rrms

D t for the east group of drifters between days 100
and 120 is ;0.05 mrs. Using this value, ÕX;0.11

Ž .mrs, T ;5 days and T ;11 days, Eq. 20 gives
Õ y

< < y7 y1a ;3.5=10 s , approximately twice the direct
Ž < < y7 y1.measurement a f1.5=10 s . This discrep-

ancy may be due to the first term in the right-hand
Ž .side of Eq. 18 playing a non-negligible role. Never-

theless, given the crude scaling arguments involved,
this order-of-magnitude agreement suggests that the
gyre-scale meridional shear can account for the ob-
served long-time zonal dispersion.

6. Lagrangian spectra

The integral scales presented in this paper are
essentially first-moment descriptions of the La-
grangian velocity spectra. They do not, however,
give details of the cyclonicranticyclonic distribution
of energy or higher-moment information. In order to
examine the mean Lagrangian spectra, we took non-
overlapping 120-day segments of the drifter trajecto-
ries, removed the mean from the velocity time series,
applied a 10% cosine window and calculated the
spectra. Individual spectra within a group were used
to obtain standard error bars for the mean spectral
energy density via bootstrapping.

Fig. 5 shows the variance-preserving spectra of
zonal and meridional drifter speed. In the lee gyre,
the energetic eddy-containing band is at 3–20 days
period. This band shifts to 10–40 days for the other
groups north of the North Equatorial Current, and to

20–60 in the NEC. At the lowest resolved frequen-
cies, the zonal component of velocity is more ener-
getic than the meridional component for all groups
except the northwest and northeast. Higher-frequency

Ž .motion periods smaller than 30–40 days are every-
where isotropic. The lee gyre spectra are dominated

Ž .by sharp peaks; the rotary spectra Fig. 6 show that
these peaks are due to single-signed lee vortices.
Cyclonic peaks are at 4–6, 8 and 14 days; anticy-
clonic peaks are at 6, 12 and 22 days, with addi-
tional, barely significant peaks at 3 and 7 days. The
cyclonic spectrum in the anticyclonic gyre has a
peak at 5 days, due to strong lee anticyclones occa-
sionally advecting weaker, wind-generated cyclones
southward in the immediate lee of Hawaii.1 The
discretization of eddy energy suggests that the mo-
tion is a resonant response to direct forcing, or that
some process or combination of processes is quantiz-
ing the mesoscale variability within the eddy band
Žsuch as vortex generation by shear instability and

Ž ..downstream vortex merging Flament et al., 2001 .
For the northwest and northeast groups, anticyclonic
energy is significantly greater than cyclonic energy
throughout most of the eddy band. The northwest
spectrum also has a prominent anticyclonic peak at
15 days, possibly due to eddy generation at the

Ž .Subtropical Front Qiu, 1998 .
Log–log plots of the spectra for the zonalrmerid-

ional components of velocity are shown in Fig. 7.
The spectra of groups north of the North Equatorial
Current and east of the Hawaiian Archipelago have a
low-frequency energy plateau with a cutoff at 20–30
days, followed by a high-frequency slope of ;y2.
A similar Lagrangian spectral slope was found by

Ž .Colin de Verdiere 1983 , who attributed it to the`
off-resonance mesoscale response to direct wind
forcing. In the North Equatorial Current, the zonal
spectrum is red to the lowest resolved frequency.
Both NEC spectra have a shallow slope of ;y1.5
past a cutoff of ;40 days, which becomes even
shallower at 3–6 days before rapidly dropping at
very high frequencies. This weak spectral slope im-
plies that motion at frequencies higher than the

1 This process has been observed using a synthesis of the drifter
trajectories, AVHRR imagery and satellite altimetry by Lumpkin
Ž .1998 .
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Ž . Ž . ŽFig. 5. Variance-preserving plots frequency times energy density of the Lagrangian spectra of u solid, dark shading and Õ dashed, light
.shading for the six groups. Shading indicates the standard error bars.

Žcutoff significantly impact dispersion Rupolo et al.,
.1996 . The spectra of the lee gyre groups have a

low-frequency cutoff at 40 days, an intermediate
slope of ;y1 from 6–40 days, and a much steeper
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Ž . Ž .Fig. 6. Variance-preserving plots frequency times energy density of the Lagrangian cyclonic solid, dark shading and anticyclonic
Ž .dashed, light shading spectra for the six groups. Shading indicates the standard error bars.

high-frequency slope. A similar intermediate power-
law regime was discovered in neutrally buoyant float

Ž .spectra by Rupolo et al. 1996 , who attributed it to
the presence of coherent vortices driving anomalous
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Ž . Ž .Fig. 7. Log–log plots of the Lagrangian spectra of u solid, heavy shading and Õ dashed, light shading for the six groups. Shading
indicates the standard error bars.

dispersion over the initial 10 integral time scales.
Ž .The log–log rotary spectra Fig. 8 show that the

intermediate regime exists only in the spectra of one
sign: the dominant vorticity of that lee gyre. The
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Ž . Ž .Fig. 8. Log–log plots of the Lagrangian cyclonic solid, heavy shading and anticyclonic dashed, light shading spectra for the six groups.
The shading indicates the standard error bars.

opposite-signed spectra have a y2 slope, similar to
those east of Hawaii. Lee vortices create an interme-

diate slope of ;y3r4, with a dropoff steeper than
y3 past the high-frequency cutoff.
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7. Discussion

Is there a universal empirical law independently
relating the length and time scales of eddies to their
velocity variance? If so, maps of eddy diffusivity
could be constructed directly from maps of eddy

Ž .kinetic energy Boning, 1988 . Two models have¨
been proposed for this law. Observations of SOFAR

Ž .floats 700 and 1300 m depth deployed in MODE
and LDE suggest that the Lagrangian scales are

Ž Žrelated by Price, in Rossby et al., 1983; McWilliams
..et al., 1983 :

L su T , K su2 T , T constant. 21Ž .u rms u x x rms u u

Ž .In contrast, Krauss and Boning 1987 found¨

T sL ru , K su L , L constant, 22Ž .u u rms x x rms u u

in a study of surface North Atlantic drifters; Brink et
Ž .al. 1991 found the same relationship applied to

drifters in the California Coastal Transition Zone. As
Ž .noted by Davis 1991 , both the length and time

scales may change with changing EKE: a tendency
Ž .for observations to behave more like Eqs. 21 or

Ž .22 depends on the relative fluctuation of L andu

T . Drifter studies in the California Current systemu
Ž .Poulain and Niiler, 1989; Swenson and Niiler, 1996
have found complementary changes in the two scales
with varying u such that neither of the two laws isrms

statistically superior. As demonstrated in Fig. 3, the
central North Pacific data behave similarly. The
zonal length scales are inconsistent with the constant

Ž Ž ..time scale model Eq. 21 , and both zonal and
meridional time scales decrease with increasing eddy
speed. However, the meridional length scale in-
creases significantly with eddy speed. Neither model
is statistically superior for describing variations in
zonal diffusivity as a function of eddy speed. The
meridional diffusivity can be matched by the con-

Ž Ž ..stant time scale model Eq. 21 within the error
Žbars, while the constant length scale model Eq.

Ž ..22 cannot.
Within the North Equatorial Current, zonally

stretched, highly anisotropic meanders set the domi-
nant scales of oceanic stirring. Higher-frequency,
more isotropic eddies determine these scales to the
north. In the oceanic wake of the islands, highly
energetic and coherent lee vortices magnify the EKE

levels and diffusivities, and create relatively narrow
peaks in the rotary spectra. Except in the North
Equatorial Current, dispersion is initially ballistic.
Over at least 120 days, the meridional dispersion
remains consistent with Taylor’s Theorem, changing
from ballistic to random-walk dispersion which can
be characterized by a constant eddy diffusivity set by
the integral scales and rms eddy speed. The merid-
ional dispersion, thus, does not appear to be inhibited

Žby conservation of planetary vorticity O’Dwyer et
.al., 2000 , which should be anticipated when rms

meridional displacement has reached

y11 y1 y1('L; Urb ; 0.15 mrsr10 m s ;150 km,

y1'T; Ub ;12 days.

Zonal dispersion is considerably faster than
meridional dispersion, and is not consistent with
Taylor’s Theorem for a homogeneous flow in the
long-time random-walk limit. This is an ubiquitous
result in open-ocean drifter studies, attributed to

Žtopographic effects Rossby et al., 1975; Freeland et
. Žal., 1975 , spatial anisotropy of meanders Colin de

.Verdiere, 1983; Krauss and Boning, 1987 , the b-ef-` ¨
Ž .fect Haidvogel and Keffer, 1984 , and meridional

Žshear in the mean zonal flow Krauss and Boning,¨
.1987 . The final hypothesis is consistent with the

observed shear of the North Pacific Subtropical Gyre.
Zonal eddy diffusivities constructed from the integral
scales do not represent an asymptotic limit to the
observed growth rate of dispersion.

Calculating eddy diffusivities has become a tradi-
tion in drifter studies, and in some circumstances the
diffusion model may indeed describe the dispersion
of passive tracers. In the presence of a red cascade of
eddy energy, however, such diffusivities can be a
misleading way of closing the momentum equations.
For example, an explicit calculation of Reynolds
stress in the wake of the Hawaiian Islands reveals an
eddy-to-mean eastward momentum flux convergence
at the latitude of the Hawaiian Lee Countercurrent
Ž . Ž .19–208N Lumpkin, 1998 . Given the presence of
such a Anegative eddy diffusivity,B we advise the
reader to approach traditionally computed eddy dif-
fusivities, such as the ones presented here, with
caution!
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