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Abstract

This paper presents an analysis of WOCE/TOGA
surface drifter paths and its interpretation in conjunc-
tion with the west Pacific warm pool water motion.
Our interest here lies in the existence of scale invari-
ance in the observed data sets. The analysis proceeds
by detecting scale invariance in the drifter paths data,
and interpreting the invariance in terms of the sta-
tistical second order moment. The range of constant
scaling exponent was found to be between 5 days and
10 days, and this range corresponded with the ”long
tail” of the temporal correlation function in the zonal
direction. Velocity covariances in both the zonal and
meridional directions were computed, and correspond-
ing diffusivities were 8100 m?/sec meridionally and
41000 m?/sec zonally.

Considering the existence of large scale mean flow,
it is thought that self-similar energy cascade processes
associated with constant scaling exponent may be re-
sponsible for the anomalous zonal diffusivity, while the
meridional diffusivity may be approximated by ordi-
nary Brownian processes. We suggest that the scale
invariance of the WOCE/TOGA surface drifter paths
may be a manifestation of energy cascade processes
from large scale mean flow to smaller scale irregular
flow that is represented by fractional Brownian mo-
tion in the zonal direction.

"1. Introduction

The oceanic surface drifter paths have been often
used to describe a single realization of a water par-
cel path, which provide us with an informative La-
grangian trail of the flow excuting the nonlinear dy-
namics in the governing equations. However such data
was not enough to obtain the overall flow structure in
the space-time domain for the regime of the Navier-
Stokes quations.

The notion of chaotic behavior of Lagrangian tra-
jectories arises naturally because the Lagrangian equa-
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tions of motion define a low-order dynamical system.
The motion of individual fluid parcels would be un-
predictable beyond some short period of time. ”Pes-
simists” have argued that the ocean system is so com-
plex and nonlinear that the chaotic nature may pro-
hibit predicting such long term varability in the ocean.

Osborne et al.[1989] studied the fractal and scaling
properties of the Lagrangian trajectories of the three
satellite tracked, freely drifting buoys placed in the
Kuroshio extension region. They found that for space
scales extending from at least 20 to 150 km and time
scale from 1.5 days to 1 week, each of the trajectories
displays fractal and scaling behavior.

Sanderson and Booth [1991] analyzed drifter data
from the Northeast Atlantic and found that single par-
ticle motion has fractal dimension D==1.28 at scales
5 to 100km. Using fractional Brownian motion they
modeled the single particle trajectories to show the
time dependent variance (particle dispersion) as #3/2,
They also showed that the two-particle motions was
modeled as an accelerated fractional Brownian motion
in which the relative speed between particles increases
with the time elapsed since the two particles were in-
finitesimally near each other. Using this approach they
examined how measurements of eddy-dispersion and
integral time scale/length scale depend upon how the
drifter tracking measurements are made.

The recent development of low-cost Lagrangian drifters
that faithfully follow water particle motion to within 1

cm/sec [Niiler et al. 1987] offered us the opportunity

to measure the response of the upper ocean on a hor-

izontal scale larger than historically observed eddies

in the area and comparable to the wind response of
the ocean [McNally 1981]. The drifter data set covers

a significant area of the ocean, averaging over many

mesoscale features, so it may be an ideal observational

tool for large scale oceanic motion. The implication

of our analysis is that large scale mean surface flow

in the west Pacific warm pool region advects heat in

the mixed layer. Therefore, the role of ocean surface

circulation in maintaining the distribution of surface

temperatures will have to be revealed by analyzing

Lagrangian path data.
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In this study we focus our attention on quantifying
scale invariance of the surface flow field in the west Pa-
cific warm pool region by using WOCE/TOGA Surface
Velocity Program (SVP) drifter path data. We are in-
terested in the description of the flow in and out of
the pool to arrive at the length representing the per-
sistent isotherm geometry of the warm pool. In sec-
tion 2, scale invariance will be examined with using
WOCE/TOGA surface drfiter data from 1990 to 1991.
In section 3, diffusivity in the western tropical Pacific
warm pool region will be estimated using the velocity
variance and intergral time scale from the drifter path
data. Section 4, states the discussion and summary.

2. Scale invariance in drifter paths
2.1 Data set

Since 1988, the WOCE/TOGA Global Surface Ve-
locity Program (SVP) has been organized to deploy
and interpret data from Lagrangian drifters, which
consist of a surface buoy tethered to a drogue in the
mixed layer. The drifters were tracked with the Ser-
vice Argos system, with position rms error being less
than 200 m in latitude and 300 m in longitude.

We obtained position data for SVP Lagrangian drifters
deployed in the Pacific ocean west of date line from
1990 to 1991. The data we analyzed were SVP sur-
face drifter paths data for the periods from June 1990,
to January 1991, from September 1991 to December
1991, and from September 1992 to December 1992.

‘We selected drifter paths for 14 drfiters, out of 239
drifters, which stayed for more than 60 days in the area
of the tropical Pacific from 140E to 180E, and from the
equator to 5N (Figure 1). Positions of the drifters were
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determined several times per day by the Service Argos
system, and the sampling interval was 9.24 hours on
the average. The drifter positions were interpolated
to 6 hours by a cubic-spline interpolation scheme, and
then the interpolated position records were used to
estimate instantaneous velocities using forward differ-
ences of the interpolated positions. Mean velocities
were defined by the total displacement, for the entire
selected domain, devided by time period from the time
history of the velocity series.

2.2 Results of statistical analysis

As may be seen from Figure 1, the present data
represent measures of oceanic motions zonally scat-
tered rather than concentrated in space. Decompo-
sition of velocities into time average and fluctuating
quantities yields mean zonal velocity of 0.3 m/sec and
mean meridional velocity of 0.01 m/sec. This is im-
portant from a statistical viewpoint because spatial
inhomogenieties are then compelled to play a major
role.

In Figure 2, the correlation functions obtained from
14 drifter paths are shown. The solid line is the mean
estimator for correlation function from the 14 drifter
paths and the upper and lower broken lines repre-
sent the standard deviation. It may be noted that
the eddy fluctuations are asymmetric in the sense that
the zonal de-correlation time is longer than the merid-
ional de-correlation time. The zonal correlation func-
tion decreases up to 5 days time lag, and it has a
”long tail” plateau between 5 days to 10 days. Similar
results have been reported in the analysis of oceanic
precipitaion patterns in which the spatial and the tem-
poral auto-correlations follow near-exponential forms,
but had longer ”tails” in some space and time lags
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Figure 1. Composit drifter paths for WOCE/TOGA
Surface Velocity Program(SVP) during the period of
1990-1991.
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(Zawadzki, 1973; Nakamoto et al., 1990). Naturally,
oceanic rainfall may play an important role in the up-
per ocean dynamics in the tropical ocean, and similar-
ity in correlation functions between precipitation and
Lagrangian float trajectories was not surprising.

On the other hand, the meridional correlation func-
tion decreases more rapidly than the zonal correla-
tion function, and has a zero- crossing at 5 days, and
asymptotes to zero at 15 days time lag. The zero-
crossing was influenced by motions that have oscilla-
tions at about 10 days period, perhaps due to energy
containing eddy fluctuation.
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Figure 2. Average Lagrangian auto-correlation func-
tion from drifters for zonal velocity (a), and for merid-
ional velocity(b). The solid line is the mean estimator
from 14 drifters and the upper and lower broken lines
represent the standard deviation.

2.3 Scale invariance in drifter paths

Scaling notions are associated with lack of charcter-
istic scales over wide ranges, and the appearance of
fractal dimensions and structures. More precisely, a
system is said to be scaling (or scale invariant) over
a range if the small and large scale structures are re-
lated by a scale changing operation that involves only
the scale ratio. The result that the Brownian record
looks ”the same” under a change of resolution is called
a scale invariance or symmetry of the Brownian record.
In this study we search for the existence of such scale
invariance in the upper ocean Lagrangian data and ex-
amine its relevance to a self-similar cascade of energy
from large to small scales. The scaling exponent com-
putation method used here is the same as that em-
ployed by Provenzale et al.[1988] and explained in the
Appendix.

In Figure 3, the scale invariances for 14 drifters in
the zonal path process z(t) and in the meridional path
process y(t) are shown. It seems that scaling exists up
to 10At, or 60 hours both in the zonal direction and in
the meridional direction, however, the change in slope
for a small range of At is too small to identify the lin-
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Figure 3. Plot(a) of < z(AAt)—z(t) > vs.A and plot(b)
of < z(\At) — z(t) > vs.) in double logarithmic coordi-
nates for the 14 drifter paths.

earity. The value of the scaling exponent H, defined by
the slope between two neighboring points separated by
At , is plotted in Figure 4. It is noted that the scaling
exponent functions in Figure 4 have similar shapes to
those of the temporal correlation functions of Figure 2:
the zonal scaling exponent has a ”long tail” between 5
days to 10 days, and the zonal correlation function has
a similar ”long tail” between the same region in time
lag, while the meridional scaling exponent asymptotes
to 0.5 at 5 days, and the meridional |correlation func-
tion asymptotes to zero at about 5 ciays. The merid-
ional motion can be well approximated by Brownian
processes with scaling exponent H=0.5. Since there
was no ambient mean flow in the meridional direction,
the drifter diffusion must be mostly due to eddy fluc-
tuations meridionally.

On the other hand, there exist both mean and fluc-
tuating flows zonally. By multiplying the zonal mean
velocity of U=0.3 m/sec with the above mentioned
scaling time range (from 5 days to 10 days), we ob-
tain the corresponding zonal scaling range (from 130
km to 260 km). The "long tail”, representing devia-
tion from exponential dacay of Markovian process cor-
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relation function, may be relevant to understanding
fractional Brownian motion, having scaling range cor-
responding with that of the above ”long tail”.

These scale ranges agrees with the maximum length
scale of fractal and scaling of drifter trajectories in the
Kuroshio extension region [Osboren et al., 1989] and in
the Northeast Altamtic [ Sanderson and Booth, 1991].
It is interesting that the zonal mean velocity of 0.3
m/sec is close to the Osborne et al.’s value 0.2m/sec
that was considered to be a turbulent intensity and was
in general consistent with usually accepted bounds on
geostrophic or quasi-geostrophic turbulence [Osborne
et al., 1989]. In the next section the above scaling ex-
ponent will be examined in light of spreading of warm
water, and a single length scale from steady state dif-
fusion system will be introduced to be components of
fractal Brownian processes.
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Figure 4. The slopes in zonal direction(a) and in
meridional directionm (b) of the graphs in Figure 3
are plotted.

3. West tropical Pacific warm pool system
3.1 Introduction

Lagrangian dispersion analyses are usually based on
the original papers of Taylor [1921] in which an asymp-

totic law was found for the dispersion of particles from
a fixed origin and for the relative dispersion of par-
ticles under the assumption of homogeneity and sta-
tionarity of the underlying turbulent field. Once the
mean velocity was subtracted from the original veloc-
ity time series, the fluctuating velocity time series may
be treated as irregular events, although our data set
contains the time period of El Nino-like events. In this
sense, we consider that the El Nino-like events in our
data set may be manifestations of a nonlinear dynam-
ical system in the west Pacific warm pool region as is
the case of intermittency in three dimensional turbu-
lence.

3.2 Anomalous diffusivity and the west Pacific warm
pool

To show the diffusive character of the surface cur-
rents, the changes in meridional and zonal distance
from their initial positions of the drifters are plotted
in Figure 5 as a function of elapsed time since deploy-
ment. The number of independent trajectories has
been increased from 14 to 110 by assuming that trajec-
tories following a single drifter are uncorrelated after
5 days. This method of creating ”pseudo-trajectories”
was also adopted by Colin de Verdiere [1983], Poulain
and Niiler [1987], and Paduan and Niiler [1993].

The single particle diffusivity is defined as the time
rate of dispersion about the mean trajectory of a par-
cel. From velocity time series, we calculated the vari-

ance of velocity and the integral time scale by inte-
grating time correlation function to obtain difusion
coefficient of 41000 m?/sec zonally, and 8100 m?/sec
meridionally.
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Figure 5. Dispersion away from initial location for
110 pseudotrajectories created from 14 original tra-
Jjectories by assuming particle paths are uncorrelated
after 5 days.



The values we obtained are larger than values ob-
tained in other parts of the world ocean. For instance,
using Lagrangian surface drifter data, Paduan and Ni-
iler [1993] estimated diffusivities to be 1600 m?/sec
meridionally and 1100 m?/sec zonally in the north east
Pacific. Using satellite-tracked drifter path data in the
North Atlantic, Krauss and Boning [1987] showed that
eddy diffusivity increases from 30N to 50N by a factor
of about 4. They obtained diffusivity values of 4500
m’/sec meridionally and 6600 m?/sec zonally. They
also showed that the energy containing frequency band
of the eddies shifts towards higher frequencies in the
northern part of the Atlantic. In their case, eddies
are of approximately equal size in the North Atlantic
between 30N and 50N, but energy increases in these
eddies with increasing latitude. Consequently, a par-
ticle needs less time to surround a strong eddy, yield-
ing shorter time scales and shorter diffusivites in the
north.

If we assume eddy length scales, in the west Pa-
cific warm pool region and in the mid-latitudes, are
characterized by the local Rossby deformation radii,
we may interprete the anomalously large meridional
d1ﬁ'usw1ty in our data set: the ratio of two deforma-
tion radii between 5N and 50N is 8, which is 1.5 times
of the ratio of two meridional diffusivities between 5N

and 50N. We feel that capturing irregular eddy motion
having the local deformation length scale in the west
tropical Pacific may be responsible for the meridional
diffusivity.

The anomalous diffusivity in the zonal direction may
be interpreted in relation with fractional Brownian
motion. In order to demonstrate this, we compare po-
sition variance from Lagrangian drifter path data with
that predicted by fractional Brownian processes.

The fractional Brownian process has zero average
increments, and a variance of increments of the pro-
cesses is given by:

< [z(t) = 2(0)] >= 2, (2)

where z(t) represents the parcel location at time ¢t [Man-
delbrot and Van Ness, 1968; Sanderson and Booth,
1991]. The above relation shows that fractional Brow-
nian particle with H >1/2 moves anomalously large
distance from the origin over a finite range of physi-
cal scales, as compared with ordinary Brownian mo-

tion. Figure 6 shows the variance for artificially added

drifter paths. For meridional paths, the variance fol-
lows ordinary Brownian type diffusion, which leads the
square dependence for small time and linear depen-
.dence after decorrelation time. However, the variance
for zonal paths showed different characteristics from
that of the meridional ones. The variance has square
dependence for small time. From 5 days to 10 days,
when the correlation has long tail and scaling exponent
of constant value H=0.7, the variance has the power of

1.4, as shown by the above equation. This means that
the zonal diffusion for a time range between 5 days to
10 days may be governed by fractional Brownian type
diffusion.
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Figure 6.The position variance plotted logarithmi-
cally as a function of time for zonal direction (a), and
for meridional direction(b). (a) breaks a Brownian
process diffusion from 5 days to 20 days, while (a) re-
veals Brownian processes upto 20 days.

3.3 Scale invariance in the west Pacific warm pool

‘We seek scale invariance in the context of dynami-
cal interpretation of the west Pacific warm water pool.
Our motivation is to see if we can interprete the exis-
tence of a range in which the system can choose any
length scale. In such a scale range, the system bahaves
as if it excutes self-similar energy cascade turbulent
processes rather than ordinary Brownian processes.
‘We feel that self-similar energy cascade processes may
possiblly explain the existence of scaling invaliance in
the warm pool region: the irregular eddy motion in
the warm pool region is fed and drained by large scale
mean flow [Wyrtki, 1988] which seems irregular and
unpredictable.

If the Lagrangian drifter tracking represents water
particle motion in the warm pool, and if the water par-
ticle position is governed by increment stationary pro-
cesses, then observers can not distinguish short time
increment from long time increment of Lagrangian drifter
paths. In the range of constant scaling exponent, one
can never distinguish the characteristic time scale, or
equivalent length scale in the range of 130km and 260km.

This can be understood by re-writting classical dif-
fusion equations into the staedy diffusion equation in

the moving coordinate system with mean flow speed,
since the steady state equations represent time scale
invariance: one can not trace time history of the dif-
fusion in the fractal/scaling ranges.

Let the sea surface temperature of the tropical Pa-
cific warm pool be described by the following zonal
diffusion equations in the moving coordinate system

as:
oT 6T 8T oT T
E +D 5z .2 DyW+Dza—ZEa (2)

where z is the zonal direction of the isotherm propaga-
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tion, y is perpendicular to z, and : is the vertical direc-
tion. The vertical diffusivity D, is small compared with
horizontal diffusivities, D, and D,. The first term in
the left hand side represents advection by zonal mean
curent velocity vy. The steady state solution satisfies
the above equation with the left side set to be zero.
The above equation can be written as

8 8T, 18T D,dT

Oza—x(a_x”Ga_z*EaTﬁ’ )

where Ip = D, /vy and the vertical diffusion term was
neglected compared with horizontal diffusion terms.
Using the diffusivities computed from the integral time
scales for drifter paths time records, the ratio of the
meridional diffusivity and the zonal diffusivity was com-
puted to be D,/D,=0.2. Neglecting this term the above
equation has a single length scale Ip. Using the zonal
diffusivity of 41000 m?/sec from the drifter path anal-
yses, and an advection velocity of 0.3 m/sec from the

mean Lagrangian drifter speed in the zonal direction,
we obtain [p to be 136 km. This means that the en-
semble of the suspended matter behaves as if it were
governed by the fractal system with the upper bound
being 136 km. When zonal length scale becomes [p,
the ensemble of Lagrangian drifter paths may be re-
garded as a spreading substance which is governed by
the above Brownian type diffusion equation. We can
interpret the self-similarity in Lagrangian paths as an
approximation of an accumulation of any number of
consecutive occurences of the frcatal process with the
upper bounded length scale of 136km.

For time scales upto 5 days to 10 days, or equiva-
lently, for length scales upto 136 km to 270 km, each
realization of Lagrangian drifter may take any values
and in this sense there exist no specific scale for each
realization. Each paths looks ramdom realization to
observers; however one part of paths is an exact copy
of the other part with constant scaling exponent of
H=0.7. These essemble can be statistically described
by steady state diffusion equations with a single length
scale approximately 130km.

4. Disscussion and Summary

We have shown that there exists a scale invariance
in the west tropical Pacific drifters deployed in the
WOCE/TOGA surface velocity program. The drifter
paths in the zonal direction showed a range of scale in-
variance, with approximate scaling exponent of H=0.7,
upto 5 days to 10 days, while drifter paths in the
meridional direction indicated ordinary Brownian mo-
tion after 5 days with approximate scaling exponent of
H=0.5. Using the mean translation velocity of the en-
semble of drifters (0.3 m/sec zonally and 0.01 m/sec
meridionally) the above scaling ranges corresponded
with upto 130 km to 260 km zonally and several kilo-
meters meridionally.

With using Taylor’s classical turbulent regime, the
particle paths variance and diffusivity are computed,
and these values are compared with the equivalents
predicted from fractional Brownian processes.

Using velocity variance and integral time scale ob-
tained from WOCE/TOGA surface drifter tracking,

meridional and zonal diffusivities were computed. These
values were anomalously large compared with those
obtained from drifter paths in mid-latitudes of the
world ocean. However, the variance and diffusivity
agreed with those predicted, by the fractional Brown-
ian process zonally, and by Brownian processes merid-
ionally. Since the diffusivities were computed by us-
ing velocity variance and integral time scale, the mag-
nitudes of diffusivities may be strongly influenced by
the estimation of the magnitude of the ambient mean
flow. In this sense we may reserve concluding remarks
on anomalous diffusivities in the west tropical Pacific
warm pool. However it was noted that the two differnt
approachs identified the common scale range satisfy-
ing self-similarity and a ”long tail” in auto correla-
tion functions in our data sets. We hypothesized the
anomalously large diffusivities to be a manifestation of
fractional Brownian motion in the range between 130
km and 260 km.

The mechanism of exhibiting scale invariance in the
zonal time history of drfiter positions was further pro-
posed by introducing diffusion equations with a single
length scale, which was the accepted upper bound of
geophysical turbulence and can be considered to be the
upper bound of fractional Brownian processess. We
speculate that the surface Lagrangian flow feature in
the warm water pool may be related with a self-similar
energy cascade processes from large scale mean flow to
small scale irregular motion in the zonal direction.
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Appendix

We note that the scale invariance is not the same
as the classical law of similarity in which the size of
the region is determined by a length L, and the ve-
locity is based on a mainstream velocity, V. In the
classical regime, all similar flows, sharing the same
Reynolds number, can be found by rescaling the solu-
tion of nondimensional Navier-Stokes equations. Flows
at different speeds past different locations and with dif-
ferent viscosity depends on the single number VL/v.

Suppose that at time t=0, the water parcel is lo-
cated at the origin of the real line, and let z(¢) be
the coordinate of the parcel at the time t. The ran-
dom process z(t) is obviously not stationary. However
the set of paths traversed by the water parcel during
consecutive and equal time intervals form a stationary
random sequence.

Consider the increments of the process given by

<z(AAt+ 1) = z(t) >= A <z(At+1) - z(t) >,



where ) is arbitrary and At is the minimum time lag
between observations. The bracket means taking the

ensemble avérage of the process. The stationarity means

that the above increment is a function of the time lag
A only. In the actual data analysis, the above ensemble
average was replaced with the time average by generat-
ing different realizations shifted by the de-correlation
time lag.
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