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ABSTRACT

A hybrid Lagrangian—Eulerian model for calculating the trajectories of near-surface drifters in the ocean is
developed in this study. The model employs climatological, near-surface currents computed from a spline fit of
al available drifter velocities observed in the Pacific Ocean between 1988 and 1996. It also incorporates
contemporaneous wind fields calculated by either the U.S. Navy [the Navy Operational Global Atmospheric
Prediction System (NOGAPS)] or the European Centre for Medium-Range Weather Forecasts (ECMWF). The
model was applied to 30 drifters launched in the tropical Pacific Ocean in three clusters during 1990, 1993, and
1994. For 10-day-long trajectories the forecasts computed by the hybrid model are up to 164% closer to the
observed trajectories compared to the trajectories obtained by advecting the drifters with the climatological
currents only. The best-fitting trajectories are computed with ECMWF fields that have a temporal resolution of
6 h. The average improvement over all 30 drifters of the hybrid model trajectories relative to advection by the
climatological currents is 21%, but in the open-ocean clusters (1990 and 1993) the improvement is 42% with
ECMWF winds (34% with NOGAPS winds). This difference between the open-ocean and coastal clusters is
due to the fact that the model does not presently include the effect of horizontal boundaries (coastlines). For
zeroinitial velocities the tragjectories generated by the hybrid model are significantly more accurate than advection
by the mean currents on time scales of 5-15 days. For 3-day-long trajectories significant improvement is achieved
if the drifter’sinitial velocity is known, in which case the model-generated trajectories are about 2 times closer
to observations than persistence. The model’s success in providing more accurate trajectories indicates that
drifters’ motion can deviate significantly from the climatological current and that the instantaneous winds are
more relevant to their trajectories than the mean surface currents. It also demonstrates the importance of an
accurate initial velocity, especially for short trajectories on the order of 1-3 days. A possible interpretation of
these results is that winds affect drifter motion more than the water velocity since drifters do not obey continuity.
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1. Introduction

In this work we develop a method for reconstructing
observed trajectories of near-surface drifters in the Pa-
cific Ocean by incorporating climatological currents
with real-time winds. Accurate prediction of (near) sur-
face particle trgjectories, in the ocean, is of paramount
importance for a number of operational activities, such
as search and rescue and monitoring the spread of pol-
lutants. Prediction of particle trajectories is extremely
difficult because the uncertainties in our knowledge of
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the ocean’sflow field and itsforcing functions are quick-
ly amplified by the chaotic nature of nonlinear advection
(Aref 1984, 1990). This inherent limitation of the pre-
dictability of ocean particle trajectories facilitates op-
timal use of data. Available data that can be used for
trajectory prediction consist primarily of either histor-
ical sea surface velocity measurements from ship drift
(Mariano et al. 1995) and buoys (Niiler 2001), sea sur-
face height (Lagerloef et al. 1999) and mixed-depth cli-
matologies (Rao et al. 1989), or (quasi) real-time data
such as wind, drifting buoys, and sea surface height
anomalies from satellites (e.g., TOPEX/Poseidon). In
addition, numerical models can be used to simulate par-
ticle trajectories and/or provide Eulerian velocity esti-
mates on a regular space-time grid for input into a La-
grangian-based prediction model. The numerical mod-
els' complexity ranges from simple (in the Eulerian
sense) analytical models for the flow field that only
contain afew adjustable physical parameters(e.g., Bow-
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er 1991; Dutkiewics and Paldor 1994) to high-resolution
ocean circulation models that have more parameters and
requireinitial and forcing fields (Garraffo et al. 2001a,b;
Garfield et a. 2001; McClean et al. 2002). The opti-
mization of available data for Lagrangian prediction is
a difficult problem because (a) the turbulent flow field
is highly nonlinear in many oceanic regimes; (b) there
exists a wide range of available data with different (i)
space-time resolution that is usually sparse, (ii) error
characteristics, and (iii) measurement type, for example,
Eulerian, isobaric, mixed layer, and (quasi) Lagrangian;
and (c) there is also a hierarchy of dynamical and sta-
tistical models. Exhaustive testing with in situ ocean
data and extensive Monte Carlo simulations are nec-
essary for evaluating different prediction models and
different input data because the optimization is highly
nonlinear and practical requirements dictate predictions
for short time scales of a week or less. On these time
scales, Lagrangian motion is sensitive to initial condi-
tions (Davis 1982; Flierl 1981) and asymptotic theories
for turbulent dispersion do not apply.

Models of the oceanic velocity field traditionally as-
sumeit can be decomposed into alarge-scale mean field,
a turbulent field consisting of both correlated velocity
fluctuations and random fluctuations, and a component
forced by winds, pressure gradients, and rotation. The
simplest such models assume that the velocity field u
is given by

u=u+u, (1.1

where U is the large-scale mean velocity, usually de-
rived by either forming a climatological average of all
available velocity data, fitting a few basis functions to
local subsets of the data, using the output of a numerical
model, or based on a simple analytic expression for the
flow field. The turbulent velocity components, u’, have
been modeled as Brownian diffusion, as a Markov or
autoregressive (AR) model of order one, and, recently,
as higher-order AR(2) and AR(3) models (Griffa 1996;
Pasquero et al. 2001; Berloff and McWilliams 2002).
As the model order increases, so do the number of pa-
rameters that need to be estimated for each velocity
component. In particular, an AR(1) model for adiscrete
time process sampled at equal time increments At is of
the form

u'(t) = au’(t — At) + &, (1.2
where ¢ is a (two dimensional) Gaussian-distributed
process with zero-mean and prescribed variance and a
= (1 — At/T), where T is the integral time scale cal-
culated by integrating the Lagrangian velocity covari-
ance function, R(7), over al positive values of 7, that
is,

T= fx R(7) dr. 1.3

Model (1.2) is the random flight model and was in-
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troduced into meteorology by Thomson (1986, 1987).
It has been the model of choice in a few recent ocean-
ographic dispersion analyses (Bauer et al. 1998) and
Lagrangian predictability studies (Ozgokmen et al.
2000, 2001; Castellari et al. 2001). Thismodel isagood
approximation if the observed form of R(7) decays ex-
ponentially. However, if R(7) contains significant neg-
ative sidelobes (indicating wave processes), then an
AR(2) model should be used instead of the AR(1) model
(1.2). The relevant parameters for an AR model for u’
in Eg. (1.1) in this region were estimated by Bauer et
al. (1998, 2002) using a larger set of drifters.

An alternate, dynamical approach for calculating hor-
izontal velocitiesisaforced particle model on arotating
sphere, proposed by Dvorkin et al. (2001) and Paldor
et al. (2001) for reconstructing the trajectories of con-
stant-level balloons in the atmosphere. This model has
successfully reconstructed balloon trajectories in both
the tropical stratosphere and extratropical troposphere
by assuming that the advection of a particle consists of
the (weighted) sum of the airflow given by the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) standard fieldsand a** correctional”” velocity.
The latter was determined from a L agrangian dynamical
model that included pressure gradient forcing (deter-
mined from the gradient of Montgomery streamfunc-
tion), rotation (i.e., Coriolis), and Rayleigh friction.

In the present study, we adopt a similar approach to
that of Eq. (1.1) for surface driftersin the Pacific Ocean,
but instead of modeling u’ in Eq. (1.1) (i.e., theturbulent
velocity) we model U using a Lagrangian dynamical
model that incorporates instantaneous winds and cli-
matological surface currents into the drifter-forced mo-
tion.

A key element in our hybrid Lagrangian model isthe
incorporation of the wind stress in the motion of near-
surface drifters. In state-of-the-art ocean circulation
models, this element requires a complex turbulence clo-
sure scheme, but in the simplest model, one assumes a
uniform slab of water over which the observed wind
stress is uniformly distributed. The only physical pa-
rameter in this slab model is the Ekman (or approxi-
mately the mixed layer) depth.

A similar approach was applied by Lagerloef et al.
(1999), who employed a steady-state model where the
velocities of a surface slab of mean depth h are the
solution of the system:

—fhu
fhu

—gh(emlox) + mlp — ru,, (L4a)

(1.4b)

where f is the Coriolis parameter, 7 is the sea surface
height, (7%, 7v) are the horizontal wind stress compo-
nents, r is the Rayleigh friction coefficient, u, and v,
are Ekman components of the velocity field, and p =
1025 kg m~2 is the water density. The various data
required as forcing on the right-hand side include near-
surface World Ocean Circulation Experiment (WOCE)/

—gh(dmlay) + Ilp — ru,,
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Tropical Ocean Global Atmosphere (TOGA) driftersin
the tropical Pacific at a nominal depth of 15 m; 10-m
current velocities from the TOGA Tropical Atmosphere
Ocean (TAO) array; Special Sensor Microwave Imager
(SSM/I) winds; and sea surface height anomalies from
TOPEX/Poseidon. These were used in fitting the model
parameters to the observed currents by least squares.
The mean mixed layer depth, h, was found by Lagerloef
et al. (1999) to be (32 = 1.2) m, and their Rayleigh
friction parameter, r, is (2.15 + 0.3)10-*m s1, that is,
a velocity relaxation time, h/r, of order 1.5 days.

In comparison to these estimates, a time-dependent,
wind-forced slab model, originally proposed by Pollard
and Millard (1970), has successfully reproduced the ob-
served currents in various oceanographic settings (see,
e.g., Kundu 1976; Kase and Olbers 1979) with avelocity
relaxation time between 2 and 8 days and mixed layer
depth of 45-55 m. The velocity relaxation time that
emerges from all these slab, mixed layer models is on
the order of a few days. As for the Ekman depth, the
estimate by Lagerloef et al. (1999) of about 30 m is
more relevant to our study sinceit isderived in the same
geographic location.

Both the drifter trajectories generated by the hybrid
model and those due to advection by the climatological
surface currents are compared to observed drifter tra-
jectories in order to assess the improvement afforded
by the model. We selected surface drifter trajectories
from the tropical Pacific to quantify the performance of
our hybrid model in reconstructing drifter trajectories.
This region was chosen for a number of reasons: 1)
there are anumber of driftersthat were launched in tight
clusters, so that we can evaluate the model’s perfor-
mance over a number of different realizationsin agiven
area and time; 2) the area is rich in ocean phenomena
with equatorial jets and a strong eddy motion; and 3) a
number of different analyses that are required for this
quantification in the present study were already avail-
able to us. Bauer et al. (1998) calculated mean fields,
integral time scales, and diffusivities for these drifters.
Theresults of Bauer’s study indicate that an AR(1) mod-
el for each turbulent Lagrangian horizontal velocity
component is a good assumption for our analysis do-
main.

The remainder of this paper is organized as follows.
In section 2 we develop the governing equations of the
hybrid model. Section 3 provides the details of the var-
ious sources of data used for quantifying the improve-
ment afforded by the hybrid model, and the methods in
which these data were employed. Section 4 contains the
results of the application of the hybrid model to recon-
struct the observed trajectories. We end in section 5with
concluding remarks.

2. The hybrid model

The hybrid model, employed in the present study, is
an adaptation of the atmospheric hybrid model for cal-
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culating the trajectories of high-altitude, constant-level
balloons described in Dvorkin et al. (2001) and Paldor
et al. (2001). The underlying concept of the model is
that drifters fully obey the same Newton's second law
of motion as water columns. However, nearby launched
drifters are observed to diverge much faster than the
horizontal divergence of water columns in the surface
layer (e.g., Fig. 4 of Paduan and Niiler 1993). Thisfast
divergence, as seen by the convergence of seaweed and
plastics at the surface, implies that in contrast to water
columns drifter trajectories are not constrained by the
continuity equation that links the pressure gradient force
with the divergence of the horizontal velocity. The cor-
rection velocity, V,, which differentiates between the
climatological surface velocity field, V.., and the drift-
er's velocity, V,, is calculated from Newton's second
law of motion by taking into account the best available
estimates of all forces known to act on the drifter. The
correction velocity is then linearly combined with the
climatological velocity field to yield the model drifter
velocity according to

Vdr = avoor + (1 - a)vclimv (21)
where o measures the fraction of drifter velocity con-
tributed by the correction velocity, that is, its deviation
from the climatological velocity at its location.

We use a slab model for calculating the dimensional
(denoted by an asterisk) correction velocity Vi, =
(ux,, vx,) of adrogued drifter of vertical span H (i.e.,
the surface buoy and the drogue represent the velocity
over an Ekman depth H). The vertically averaged (be-
tween z = —H and z = 0) momentum equations on
earth (no planar approximation) are (see Gill 1982)

dug, /dt = v, Sin(¢)[22 + U5, /R cos(¢)]

+ I H — y*u¥, (2.29)

and
dv(,:\’or/dt = _u:or Sn(¢)[29 + l*lgor/R COS(d))]

+ Y H — y*vE,. (2.2b)
In system (2.2), Q) and R are the earth’s frequency of
rotation and radius, respectively; ¢ is the latitude;
I'x(I'Y) is the wind stress at the ocean’s surface in the
zonal (meridional) direction divided by the density of
water; and y* isthe Rayleigh friction coefficient. Thus,
1/y* is the velocity relaxation time, that is, the time it
takes the velocity to settle back to e~ of its value after
the wind ceases to blow.

These equations are nondimensionalized (e.g., Paldor
and Killworth 1988) by scaling time and length by 1/(2())
and R, respectively. The resulting velocity scale, 20R, is
931 m s%, so nondimensiona oceanic velocities are of
order 10-3. The nondimensional form of (2.2) is



AucGusT 2004

du,, /dt = v, Sin(¢)[1 + U, /cos(¢p)] + 7/6 — YUy,

(2.39)
and
dvg, /dt = —U,, SIN(P)[1 + Uy, /COS(p)] + TY6 — vy
(2.3b)

Here, al variables are nondimensional, so 7*(7v) is
I'*(I'Y) scaled by (2Q0R)?, and 6 = H/R. The parameter
d is not incorporated into the wind stress, 7, since we
wish to be able to examine the effect that changesin H
have on the dynamics separately from the effect of the
wind stress. The time scale of 1/(2Q)) = 1 day/(4w) =
6/7 h implies that a dimensional relaxation time, 1/y*,
of N days corresponds to a nondimensional Rayleigh
friction coefficient, vy, of 1/(4=N) = 0.08/N.

Once the correction velocity is calculated based on
the wind field and the drifter’s location, the drifter is
advected to new coordinates according to

dep/dt = v, = (2.30)
d)\/dt = Udr/COS(d)) = [aucor + (1 - Ol)Uc|im]/COS(¢).

(2.3d)

In the practical application of model equation (2.3) the
time derivatives on the left-hand side are computed at
the drifter position, that is, in the Lagrangian formu-
lation. At each integration time step the gridded values
of both wind stress, 7, and climatological velocity V .,
are interpolated to the drifter location. The next section
provides the details of the data sources for both fields
and the way they are interpolated to the drifter location.
For each of the observed drifter trgjectories, system
(2.3) was integrated, starting from the drifter’s launch
position, in time steps of 0.1 nondimensional time units,
about 11 min so that the error of the fifth-order inte-
gration scheme does not exceed 10-5. The initial ve-
locity was assumed either zero, simulating real casesin
which the initial velocity is not known, or known from
the first velocity data point. Given the ever-increasing
use of GPS-tracked emergency beacons, initial positions
and velocities may be availablein practical applications.
The effect of known initial velocitiesis detailed in sec-
tion 4.

Since the wind stress and climatological fields are
given only every 6 or 24 h, temporal interpolation into
integration time steps is also required, which was done
by bicubic splines (see section 3 for more details on the
interpolation scheme). By integrating Egs. (2.3c) and
(2.3d) one gets the new drifter position. This procedure
is repeated for 40N nondimensional time steps, yield-
ing an N-day-long trajectory [A(t), ¢(t)]. The computed
trajectory for the prescribed values of « and vy is then
compared to the observed trajectory of the particular
drifter being simulated. Many trajectories with different
(a0, y) values were estimated for each drifter in the
clusters listed in Table 1. The average separation be-

QUq + (1 - a)vclimi
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TaBLE 1. Summary of number of drifters in the three clusters used
here and their launch sites and dates.

No. of
Cluster drifters Launch site Launch date
1990 16 5°N, 220°E 18-22 Nov
1993 5 5°S, 270°E 25 Oct
1994 9 20°N, 200°E 5-7 Oct

tween the simulated and observed drifter trajectory, as
afunction of these parameters, different wind products,
and knowledge of initial velocity, is quantified in sec-
tion 4.

3. Data and methodology

The data sources used (drifter trajectories, climato-
logical near-surface currents, and wind stressfields), and
the way they were incorporated in the hybrid model,
are described here.

a. Data sources
1) DRIFTER TRAJECTORIES

Drifter trajectories from the archive of near-surface
drifters of the National Oceanic and Atmospheric Ad-
ministration (NOAA) Atlantic Oceanographic and Me-
teorological Laboratory (AOML) are used for evaluat-
ing different numerically generated trajectories. These
ARGOS-tracked drifters are drogued with a 1-m-di-
ameter holey sock centered at 15 m. [More details on
the drifters’ design, tracking, and data processing are
provided in Hansen and Poulain (1996), and online at
http://www.aoml.noaa.gov/phod/dac/dacdata.html.] The
drifter data used here are the krigged drifter positions
with a temporal resolution of 6 h.

The three drifter clusters we used for quantifying the
hybrid model’s improvement have also been analyzed
by Ozgdkmen et a. (2001). They performed trajectory
predictions using a simplified Kalman filter that assim-
ilates significantly correlated, contemporaneous La-
grangian data into the random flight model—Eg. (1.1).
The Ozgokmen et al. (2001) work provides bounds on
the Lagrangian prediction error that can be expected in
the present study. The expected error in the present study
should be smaller than that given by turbulent dispersion
(50-150-km rms spread over 7 days) but larger than the
prediction error when contemporaneous data are assim-
ilated (about 15 km for a 7-day prediction).

A summary of the number of drifters in each of the
three clusters used here, and the time and location of
launch, is given in Table 1. The first N-day segment of
each of the drifter trajectories in Table 1 was simulated
using the hybrid model described in section 2. In Fig.
1 we provide the geographical location of the launch
site of each cluster in the tropical Pacific.
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Fic. 1. Study area of the three drifter clusters used in this study (see Table 1 for more details).

2) CLIMATOLOGICAL NEAR-SURFACE CURRENTS

Climatological near-surface ocean currents were con-
structed from the 1988-96 WOCE drifter dataset by
using the interpolation technique developed by Bauer
et al. (1998). Briefly, velocity time series along an in-
dividual drifter trajectory was calculated from krigged
position data using the technique detailed in Hansen and
Poulain (1996). Bicubic least squares smoothing splines
were then fitted to monthly subsets of each drifter ve-
locity component, u(A, ¢, t) and v(A, ¢, t), to form the
large-scale mean velocity field, ug.(A, ¢) and
Usim(A, @), as afunction of longitude A and latitude ¢
with a spatial resolution of 0.1°. Figure 2 shows the
climatological, near-surface currents in the areas where
the three clusters used in the present study were
launched.

3) WIND STRESS FIELDS

For wind stressforcing (I'™and I'Y) we used two fields.
The first is the Navy Operational Global Atmospheric
Prediction System (NOGAPS) wind stress estimates
from 1990 to 1996, produced at a horizontal resolution
of 1.25° and a temporal resolution of one field per day.
[These data are available from The Florida State Uni-
versity (FSU), Web site: http://www.coaps.fsu.edu/
WOCE/SAC/models/nogaps/.] We have also used the
ECMWF wind stress for the years 1990 and 1993 to
make sure our results are not specific to NOGAPS
winds. These fields have a similar spatial resolution of
1.125° but a 4-times-higher temporal resolution of one
field every 6 h. However, these wind fields are not as
freely available as the NOGAPS fields. Consequently,
ECMWF wind fields were not used for the 1994 cluster
that is near the coast of Hawaii.

b. Application of the various data in the hybrid
model

The wind stress and climatological current were in-
terpolated to the numerically generated drifter location
from the gridded values at each integration time step
(recall that the integration time step is 11 min = 0.1
nondimensional units). The observed |ocations from the
N-day trajectory of each drifter were interpolated to an
equidistant time series of 0.1 nondimensional time in-
tervalsto enable a quantification of the distance between
observed and calculated tragjectories at every time step
(see exact formula in the following section). The inter-
polation scheme that produced the results described in
the next section was a bicubic spline with three points
on each side in both space and time. An application of
a much simpler, linear interpolation scheme resulted in
only slightly less accurate trajectories and a somewhat
shorter run time.

Most of our results were computed with an Ekman
depth of 30 m [i.e., 6 = (30 m)/Rin Egs. (2.3a,b)], in
accordance with the mixed layer (Ekman) depth found
by Lagerloef et al. (1999), but we have also experi-
mented (see section 4) with other Ekman depths.

4. Results

Each of the calculated trajectories was initiated with
its [A(0), ¢(0)] set by the launching site (longitude,
latitude) of an observed drifter trgjectory (designated
by #i), and its initial velocity [u(0), v(0)] was set to
zero. Examples of thetrajectoriesthat result from known
initial velocities are described at the end of this section.
The difference between the N-day-long trajectory cal-
culated for given («, ) values and the corresponding
observed trajectory of drifter # was quantified by mea-
suring the mean separation between the two trajectories
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over the course of N days (4N7 nondimensional time
units), as follows. The instantaneous separation at time
t=j-ot(6t=0.1,j=0,...,40N7) between observed
drifter # and its numerical counterpart is simply the
length of the arc (on a unit sphere) that connects their
(longitude, latitude) coordinates. Thus, the nondimen-
sional instantaneous separation at time j - ot is

Di(a, ) = cos~![sin(¢,) Sin(¢)

+ cos(¢,) cos(d,) cos(A, — Ay)],
4.2)

where (A,, ¢,) and (A,, ¢,) are the observed and cal-
culated positions of drifter #i at timej - ot.

The average separation of the two trajectories be-
tweent = Oandt = J- 6t is therefore, simply

14
D@ %) = 3 2 Di(a, 7). (4.2)
=

The mean separation during the entire N-day-long
trajectory D;(«, vy) is defined as D} for J = 40N in
Eq. (4.2), which is a measure of the mean error of the
numerical trajectory generated by the hybrid model with
the particular («, y) values in simulating observed tra-
jectory #i. The average of the D;(«, ) values of M
trajectories (each designated by subscript i), D(«, y) =
(M) 3 Di(a, 7), is a more reliable quantitative esti-
mate of how well the hybrid model simulates drifter
trajectories for particular («, ) values used for pre-
dicting all M observed trajectories.

Recall fromitsdefinition that « = 0Oimpliesadvection
of the drifter by the climatological surface current only.
Accordingly, theimprovement factor of the hybrid mod-
el with given values of « and y relativeto pureadvection
by the mean surface currents for all drifters, IF(«, v),
is defined as the ratio between the two D values, that
is,

Di(a = 0)

IF(a, y) = D(a = 0)/D(a, y) = — 4.3)

E Di(ai ‘Y)

i=1

(improvement is achieved for IF > 1.0), and the im-
provement factor for a particular drifter #i is

IFi(a, ¥) = Di(a = 0)/Di(e, ). (4.4)

Note that there is no simple relationship between
IF(a, v) and IF;(«, y) since the former is the ratio
between the sum of D;(« = 0) over al i and the sum
of Di(«, y), while the latter is the ratio between values
of D;(a = 0) and D,(«, 7), that is, for a particular i as
prescribed in Eq. (4.4).

From its definition it is clear that higher IF > 1.0
values indicate more significant improvement of the hy-
brid model for the particular («, y) values compared to
advection by climatology (« = 0).

The IF(«, y) contours were calculated from a large
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Fic. 2. Drifter trajectories in (a) the 1990 cluster, (b) the 1993
cluster, and (c) the 1994 cluster, and the annual-mean, climatological,
near-surface, velocity fields for each study area. Closed circles along
the trajectories mark 1-day intervals. Velocity fields are subsampled
for clarity of presentation.

(including unrealistically long relaxation times) matrix
of (e, y) values spanning the ranges « = [0.001, 0.002,
...,0.009,0.01,0.02,...,0.99, 1.0l and y = [0, 0.001,
0.002, ..., 0.009, 0.01, 0.02, ..., 0.99, 1.0], as well
as for @« = 0 (when the value of y does not affect the
tragjectory). Thus, the total number of runs[i.e., pairs of
(a, y) vaues] for each of the 30 drifters was 110*109
+ 1 = 11991. This choice of the number of pairs en-
ables both high resolution at small («, y) values and a
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Fic. 3. An example of an observed trajectory (of drifter no. 25 of
the 1993 cluster, thick solid curve), the trajectory obtained from ad-
vection by the climatological currents (dot—dashed curve), and the
trajectory calculated by the hybrid model with the ECMWF winds
(thin solid curve; IF = 2.640) and the NOGAPS winds (dashed curve;
IF = 2.321).

sufficiently dense grid for producing the IF contours.
Values of y larger than 1.0 represent fast relaxation
times (shorter than 6/ = 1.9 h), and they produced
small IF valuesin al cases (see below) since the drifter
hardly moves at all from itsinitial position. Most com-
putations in the next subsections were done for N = 10
days, in line with estimates of Ozgokmen et a. (2001),
but other trajectory lengths were also considered.

a. Best trajectories of the hybrid model

The relevant, 10-day-long trajectories of drifter num-
ber 20025 (this is the drifter’s ID number at AOML
archive) of the 1993 cluster are shown in Fig. 3 for both
NOGAPS (dashed curve) and ECMWEF (thin solid
curve) winds with zero initial correctional velocity. The
(a, 7y) values that yield the best trajectories are (1.00,
0.08) for ECMWF winds and (1.00, 0.16) for NOGAPS
winds, and the IF(«a, v) 005 Values of these trajectories
are 2.640 and 2.321, respectively. Thus, the hybrid mod-
el’'s trgjectories are over 164% (132% for NOGAPS)
closer to the observed trajectory (thick solid curve) than
the trajectory due to pure advection (dot—dashed curve).
Note that « = 1.0 yields the best trajectory for both
wind fields; that is, the climatological, near-surface cur-
rents play only anegligiblerole, if any, in the advection
of the drifter.

When the simulated trgjectory of this same drifter
was initialized with the observed velocity provided by
AOML [i.e, by letting V,(t = 0) = [Vgos —
(1 — @)V, iml/e, where V. is the observed drifter ve-
locity at t = O] the resulting best IF value with ECMWF
forcing is 3.424 compared with 2.640 in the case of zero
initial velocity described above [i.e., when V., (t = 0)
= 0 is assumed].

The two IF values of the particular observed trajec-
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Fic. 4. The hybrid model’s result for a ‘““numerical” trajectory
generated by the climatological currents. The best IF of 3.77 obtains
at « = 0.002; i.e., an addition of a very small correctional velocity
component improves the pure advection drastically when the latter
is a good predictor.

tory shown in Fig. 3 are the highest of all 30 trajectories
(i.e., 11991*30 = 359 730 |IF values) simulated in this
study [with V,(t = 0) = Q], but other simulated tra-
jectories have IF values close to these best ones. Ob-
viously, there are («, ) values that yield IF,(a, v) <
1.0 for some drifters, so no general conclusion can be
reached based on a single trajectory simulation. A wide
range of best « values is expected given the high var-
iability of drifter trajectories due to the energetic eddy
field that is not captured in the climatology nor by the
simple particle model. In order to ascertain that in sim-
ple (artificial) cases the hybrid model produces the ex-
pected results, we applied the model to an *‘ observed”
trajectory generated from the climatological currents.
One expects the hybrid model to yield a good fit with
a = 0 and the best fit with « = 0, both of which are,
indeed, the result shown in Fig. 4, where D(a = 0) =
6.353 X 1075, D(a = 0.002, v = 1.0) = 1.685 X 10-°.

Two important conclusions can be reached from this
trivial experiment on the interpretation of the hybrid
model results for asingle drifter. Thefirst isthat alarge
IF value (i.e., 3.77) obtains even when the best-fitting
trajectory is not significantly different from pure ad-
vection. This occurs when the latter is close to the ob-
served trajectory so that a slightly improved trajectory
yields a tiny denominator in Eq. (4.4) (i.e., ‘‘zero” di-
vided by ‘“zero” can yield a very large value). The
second conclusion relates to the proper interpretation of
the («, v) values that yield the best-fitting trajectory:
sufficiently small values of « should be considered as
0.0, and the value of y should only be interpreted for
its order of magnitude. The result shown in Fig. 4 raises
the important issue of the robustness of the results to
slight changes in the parameter values. This point will
be addressed shortly, when averaged IF values for sev-
eral drifters (belonging to one or more clusters) will be
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Fic. 5. Contour plot of IF(«, y) obtained with NOGAPS wind
stress for (a) open-ocean 1990 and 1993 clusters and (b) al three
clusters. Very few («, y) pairs yield IF < 1.0 in the open-ocean
clusters shown in (a) where the minimal IF value is 0.999, and with
a > 0.6 the IF values exceed 1.1 for nearly al y values. The addition
of the Hawaiian 1994 cluster [shown in (b)] lowers all IF values since
the boundary conditions associated with the presence of coastlines
are currently ignored in the model.

employed to quantify the hybrid model’s improvement
in various circumstances and for different («, y) values.

b. Open-ocean and coastal drifters

Figures 5a and 5b are contour plots of the average
IF(«, y) over the 21 open-ocean trajectories of the 1990
and 1993 clusters and the average | F over 30 trajectories
in al three clusters, respectively, for NOGAPS winds.
These results, obtained for 10-day-long trajectories,
show that in both cases the best IF values occur at «
= 1and y = 0.12 (relaxation time of 16 h), which
demonstrates the following points.

The first point is the weakness of the present hybrid
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model in handling coastlines, which is clearly evident
in the comparison between Fig. 5a and Fig. 5b. The
1994 cluster was launched near the islands of Hawaii
(see Fig. 1) that affect the observed drifter trajectories
by imposing the no-normal-flow condition. The cli-
matological currents do not flow normal to the coastline.
The no-normal-flow boundary condition is not imposed
on the correctional velocity [i.e., Egs. (2.3a) and (2.3b)]
in the particle model, and some of the predicted trajec-
tories, with a # 0, pass over land. For « > 0 improve-
ment (over pure advection) using the particle model is
not expected near the coasts since the coastal boundary
conditions are ignored, and because these wind products
do not contain the smaller and faster phenomena near
land—sea boundaries, such as sea breezes and the to-
pographic steering by mountains. Indeed, for the 1994
Hawaiian cluster the application of the hybrid model
did not provide a statistically significant improvement
over advection by the climatological, near-surface cur-
rents (not shown). The inclusion of the 9 drifters (out
of atotal of 30) of this cluster, therefore, has simply
lowered the IF values of Fig. 5a throughout the entire
(a, y) matrix. Note, however, that adding this cluster
has a much more pronounced effect on the maximal IF
value (decrease from 1.336 to 1.205) than on the min-
imal value (decrease from 0.999 to 0.993 only).

The second point is that, overall, in both Figs. 5aand
5b there are no contours with IF < 1.00; that is, («, y)
pairs yield trajectories that are not worse than pure ad-
vection. The minimal |IF of all 30 driftersin Fig. 5bis
0.993 and the maximal |F is 1.205, so the 0.05 contour
resolution in Fig. 5b cannot capture the 0.007 difference
from 1. For the open-ocean clusters shown in Fig. 5a
the minimal IF is only 0.001 smaller than 1.00, so the
worst hybrid model trajectories are not significantly
worse than advection by the currents. In both cases, for
a sufficiently larger than 0.0 the trajectories generated
by the hybrid model are significantly closer to the ob-
served ones than pure advection.

The robustness of the IF contours in Fig. 5 implies
that the model provides reliable results for clusters of
drifters, which indicates that at the best-fitting («, )
values improvement can be expected in a statistical
sense but not necessarily for each and every drifter. In
fact, for three of the 1990 drifters the individual IF
values at the best («, y) values were found to be less
than 1.0. A quick identification of these three drifters
showed that these are exactly the same three southern
driftersthat moved nearly purely westward for thewhole
10-day period. Sincethewindsat 2°N (where thesethree
drifters traveled) were blowing nearly paralel to the
climatological currents (see Fig. 2a) and to the drifter
tragjectory, the winds could only deflect the numerical
trajectories northward (in the Northern Hemisphere),
which will displace these trgjectories away from the
observed ones. Thus, in cases where the hybrid model
provides no improvement over pure advection the rea-
son can be traced to a physical disagreement between
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Fic. 6. Contour plot of the average IF(«, y) over 21 drifter tra-
jectories of the open-ocean 1990 and 1993 clusters using ECMWF
wind fields. Maximal IF value is 1.428 and the minimal value is
0.999. The corresponding | F values using NOGAPS winds are shown
in Fig. 5a, where the maximal and minimal values are 1.336 and
0.999, respectively.

the steady, wind-driven, Ekman trgjectories and the ob-
served trajectories.

The best predicted trajectories for drifter ID number
11668, 11676, and 11706, from the 1990 cluster had «
values of 0.0. These drifters, the southernmost drifters
in Fig. 2a, are in the South Equatorial Current (SEC),
which is well represented in the climatological mean
flow. We presume that in well-defined strong current
regimes, like equatorial jets and western boundary cur-
rents, the hybrid model offers little improvement over
advection by well-documented climatological currents.
The low latitude of these trajectories (2°N) might be the
reason that Ekman dynamics does not dominate their
motion.

c. The effect of wind fields' temporal resolution

The IF contours of the 21 open-ocean trajectories
(1990, 1993 clusters) forced by NOGAPS winds (Fig.
5a) can be compared to the IF contours calculated with
ECMWF winds that have 4-times-higher temporal res-
olution (Fig. 6). Here, the maximal average IF is higher
than with NOGAPS winds (1.428 versus 1.336) but the
minimal IF is0.999, exactly the same as with NOGAPS
winds (i.e., minimal IF is insignificantly smaller than
1.00 in both wind fields). Since the spatial resolutions
of the two fields are only dlightly different (1.125° ver-
sus 1.25°) the main improvement attained with ECMWF
fields seems to result from their 4-times-higher tem-
poral resolution. The best value of « equals 1.0 for both
fields but the best v value in ECMWEF fields is some-
what lower, implying a longer relaxation time. In order
to ascertain that the improvement attained with the
ECMWF winds is indeed due to their higher resolution
we generated | F contoursfor trajectories cal culated with

Mixed layer depth (meters)

FiG. 7. The change in the value of 1/y* (h) that yields the best IF
for « = 1 as afunction of Ekman depth H (m) [recall that 6 in Egs.
(2.3a) and (2.3b) equals H/R]. Wind forcing is provided by NOGAPS
and the observed trajectories belong to the 21 drifters of the open-
ocean 1990 and 1993 clusters.

daily averages of the sasme ECMWEF fields. This cal-
culation resulted in maximal |F of 1.275 (obtained with
a = 1, y = 0.02), which is smaller than both IF =
1.428 obtained with 4 per day ECMWEF fields and IF
= 1.336 obtained with 1 per day NOGAPS winds. Thus,
forcing the model with higher-resolution winds leads to
more accurate drifter trajectories.

d. The effect of Ekman depth

All drifters in the present study were drogued at 15
m, while the results shown in the preceding sections
were computed for an Ekman depth of 30 m, which was
shown in Lagerloef et al. (1999) to be the relevant depth
in the tropical Pacific Ocean. Since predictive power is
also required in search and rescue operations, where the
objects extend only a few meters below the ocean’s
surface, a comparison with results calculated for athin-
ner Ekman depth is in order.

It isclear that when the Ekman depth isthin, the same
wind stress will constitute a stronger forcing in our ver-
tically averaged model, which will yield an increased
acceleration. Thus, in order for the correctional velocity
not to become too large the friction coefficient, v,
should be increased. This issue is accentuated by the
fact that the best IF values occur near « = 1, so the
correctional velocity provides nearly all the advection
velocity of the drifter. Indeed, these findings are con-
firmed by theresults shownin Fig. 7, inwhich thevalues
of 1/y* that yield the best IF valuesfor « = 1.0 increase
monotonically with the Ekman depth — H [note: 6 in
Egs. (2.3a,b) equals H/R]. It is also apparent from these
results that the increase of 1/y* with H is nearly linear,
though the reason for it is not quite clear. As before,
trajectory length is 10 days, and a look at other trajec-
tory lengths is now in order.
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Fic. 8. The IF contours are, from top to bottom, 3-, 7-, 10-, 14-,
and 20-day-long trajectories using NOGAPS winds for the open-
ocean clusters. For short and long trajectories most |IF values are
smaller than 1.00, indicating that at long times, the errorsin the wind
dominate the trajectory.

e. Trajectory length

All calculations up to this point were made for 10-
day-long trajectories. For long trajectories one can ex-
pect the wind correction to the climatological currents
to diminish, since by definition the climatological cur-
rents become more meaningful at long time scales.
However, this expectation may be false due to the cha-
otic nature of Lagrangian drifters and short correlation
time scales of near-surface motions. After a few days
to a week, drifter velocities along a trajectory are no
longer correlated. The chaotic nature of Egs. (2.2a) and
(2.2b) implies a sensitivity of Egs. (2.3c) and (2.3d) to
the exact («, y) values. Optimal « values for individual
trajectories were usually near 0.0 or 1.0, indicating a
non-Gaussian, bimodal « distribution such asthat found
in strongly nonlinear systems.

For much shorter trajectories the temporal resolution
of the winds (1 per day for NOGAPS fields) and the
use of zero initial velocity imply that order 1-day-long
trajectories are not expected to be accurately calculated
by our model. The general features of al IF contours
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Fic. 9. Thevariation of maximal IF valuewith thetrajectory length.
Wind forcing is by NOGAPSfields. For all trajectory lengths between
3 and 20 days the maximum IF occurs at « = 1.

of 5- to 15-day-long trajectories are very similar to those
of the 10-day-long contours shown in Fig. 5a. As is
clear from the middle three panels of Fig. 8, there are
no contours with IF < 1.0, and the maximal IF value
obtains for « = 1.00 and vy of order 0.15. However, for
3- and 20-day-long trajectories the IF contours in Fig.
8 have a significantly different pattern: most («, y) pairs
yield IF < 1.00 and [1.0 — minimum(IF)] > [maxi-
mum(lF) — 1.0], implying that the worst-case trajec-
tories outweigh the best-case ones.

The variation of the maximal |F value with trajectory
length is shown in Fig. 9. The maximal IF value occurs
for 10-day-long trajectories. Above 3 weeks and below
3 days, the hybrid model does not afford a significant
improvement. The climatological currents are based on
a spline fit to all data in each given month, so it best
captures monthly time scales. Because of the chaotic
nature of oceanic trajectories and theinaccuraciesinthe
wind, the prediction errors for the wind-driven particle
model grow rapidly with time. At short time scales of
3 days, on the other hand, the use of zero initial velocity
seems to be the culprit for the poor performance of the
hybrid model (see section 4f). High-resolution ECMWF
winds improve the Lagrangian prediction on short time
scales: maximal |IF for 3-day trajectories is 1.2 versus
1.1 with NOGAPS (in both cases, best IF values are
obtained with « = 1). However, for 1-day-long trajec-
tories even ECMWF winds yield maximal IF of 1.009,
that is, no significant improvement over pure advection.

f. Initial velocity

The effect of initializing the hybrid model with V ,(t
=0) = [Vge — (1 — @)Vgnlla (where V. is the
observed drifter velocity at t = 0) instead of V. (t =
0) = Ois studied here for 3-day-long trajectories using
ECMWEF [a similar effect of V,(t = 0) # 0 occurred
with NOGAPS winds]. The results shown in Fig. 10 for



1 —
ool 0.95 -
0.8 1
07F g
o6k 0.95

=05
04 4
0.3}

0.2 /1/*1\1\
{ 1

01f 105—————1.05—

T A

1.057 1A, 15—

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

0.9t 1 |
N \ |
0.7f 11
0.6F
>=0.5" 1
0.4t
12—
0.3- 12&\12\12
T2
02— ———1. A —
14 1.4 14— 1.4
01— 18——18 — 18— 18 J
0g _ o4 6——rl
0 ‘ ‘ ‘ =628 ‘ 76— 28567

0.1 0.2 0.3 0.4 0.5 0.6 07 08 0.9 1
o

FiG. 10. The|F contoursfor 3-day-long trajectories when the hybrid
model is forced by ECMWF winds and initialized with (a) V., (t =
0) = 0and (b) \/oor(t = O) = (Vobs - (l - C()Vcllm)/ﬂ{ [Where Vobs is
the observed drifter velocity, i.e., V4 (t = 0) = V. (t = 0)]. The best
IF value of the hybrid model initialized by the observed drifter ve-
locity is 2.79, compared with the persistence model—V  (t) = V (t
= 0)—of 1.5 only

ECMWEF winds convincingly demonstrate that the use
of the correct initial velocities greatly improves the per-
formance of the hybrid model. The maximum IF value
of 1.208 in Fig. 9a increases to 2.790 in Fig. 10b due
only to the incorporation of the observed initial velocity
in the calculations (both maximal IF values occur at «
= 1.0 and low y < 0.03), and the corresponding min-
imal IF values increase slightly (from 0.917 to 0.963).
Also, for y values between about 0.15 and 0.65 all IF
values that are smaller than 1.0 when the model is ini-
tialized with zero velocity become larger than 1.0 when
the observed velocity is used in the model’s initializa-
tion. A comparison of Fig. 10a with Fig. 8a further
demonstrates the effect that an increase in temporal res-
olution of the wind fields has on the performance of the
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Fic. 11. A comparison between the 3-day-long trajectories gen-
erated by observation of drifter no. 25 of the 1993 cluster (thick solid
line), advection by the climatological currents (dot—dashed line), per-
sistence—i.e., advection by the observed initial velocity (dotted line),
and the best (a = 1, y = 0.08) trgjectory of the hybrid model forced
by ECMWF winds (thin solid line) and initialized with the observed
initial velocities. The two former models completely miss the ob-
served inertial loop caused by the wind forcing while the hybrid
model captures many of its overall features. Note also that the ob-
served initial drifter velocity (indicated by the persistence line) is
directed opposite to the climatological currents.

hybrid model. When the model is forced by ECMWF
winds (Fig. 10a) that have four fields per day the max-
imal IF increases to 1.208 from the 1.099 value it has
when the model is forced by NOGAPS winds (Fig. 8a)
that only have one field per day. The corresponding
minimal IF values are hardly changed.

The improvement of the hybrid model for all 21 tra-
jectories can be compared to a simple model—persis-
tence—where one assumes that the drifter velocity re-
mains unchanged with time, that is, V() = V.t =
0). The IF value afforded by the persistence model for
the drifters shown in Fig. 10 is only 1.5 compared with
2.79 best IF value of the hybrid model.

An inspection of the four trajectories of drifter num-
ber 25 (observed, hybrid model, climatological, and per-
sistence) shows (Fig. 11) that the observed inertial loop
caused by the wind forcing is partially captured by the
hybrid model but it is totally missed by the other two.
It also demonstrates that the persistence trajectory is
directed 180° to the climatological currents!

5. Discussion and concluding remarks

The simple and practical model presented in thisstudy
employs the best available estimates of the wind stress
to calculate a correction to the climatological surface
currents. This approach differs fundamentally from tra-
ditional methods in which this correction is assumed to
have a known form (e.g., Gaussian with zero mean),
and only the parameters of thisform are updated at each
time step based on previous times' calculations (e.g.,
Ozgokmen et al. 2000, 2001). The application of wind
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data, and not a different algorithm for updating/calcu-
lating a parameter such as the variance of the current,
is the novelty of the present approach. It also differs
from dynamical models of wind-driven particle trajec-
tories (e.g., Paldor 2002), in which the nonlinear terms
result in chaotic trajectories.

Comparing our model with that of Lagerloef et al.
(1999) one can interpret our V, as the time-dependent
counterpart of their U .—the average velocity of the Ek-
man layer. In order to make the correspondence, one
has to substitute V., of Eq. (2.1) for the pressure gra-
dient term in Lagerloef et al.’s Egs. (1) and (2) using
the geostrophic relationship. Their total velocity, V, is
simply the sum of U, and this geostrophic velocity, all
of which are steady. Since our model is time dependent,
itisnot surprising that it has atime-dependent correction
velocity that satisfies the differential equation, with
time-dependent coefficients (2.3a) and (2.3b). Our linear
combination coefficients, «, and (1 — «) are the coun-
terparts of the two **empirical regression coefficients,”
a, and a, (which do not necessarily add up to 1), that
define the drifter velocity in Lagerloef et al.’s Eq. (9).

The negligible contribution of V,,, as well as the
dominance of the wind-driven motion, in our study is
in contrast to the results reported in Ralph and Niiler
(1999). We speculate that in regions like the Gulf
Stream, the use of feature or contour-based methods
(Mariano and Chin 1996), and the use of satellite data
for detecting the near-real-time position of the current
will lead to better estimatesof U [in Eq. (1.1), i.e., Vi
and hence to more accurate trajectory predictions. Fu-
ture use of satellite data for incorporating eddy/vortex
structures that are not well represented in V;,,, [see the
discussion in Kennan and Flament (2000) regarding the
contribution of an instability vortex to drifter trajectories
in the Tropics] will greatly improve the reconstruction
of drifter trajectoriesin strong eddy fields by the hybrid
model developed in this work.

The main findings of this study can be summarized
as follows.

Thewind stress providesthe main forcing for drogued
drifter trgjectories at the ocean’s surface on time scales
shorter than 20 days. Therefore, reliable, real-time wind
fields are required for an accurate prediction/reconstruc-
tion of these trajectories. The role of climatological,
near-surface currents is negligible for these trajectories
unless the region is well sampled and a strong current
dominates the surface dynamics. This conclusion agrees
with the result obtained by Ozgokmen et al. (2001), who
found that advection by the climatological flow field is
not a good indicator of drifter motion, but it does not
hold in well-sampled, strong-current regimesand it con-
tradicts the results of Ralph and Niiler (1999).

The relaxation time (i.e., the e-folding decay time of
the drifters’ velocity) for 5- to 15-day-long trajectories
varies between 0.5 and 1 day, but the best « value is
1.0 for all trgjectories shorter than 20 days. For trajec-
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torieslonger than 20 daysthe wind-field errorsdominate
the corrections to the climatological currents.

Higher resolution of the wind fields results in sig-
nificantly more accurate trajectories.

The model’s typical improvement over advection by
the climatological currents is 20%-35% in the open
ocean depending on the wind field and with zero initial
velocity. In the presence of coasts the improvement of
the model is greatly reduced since the boundary con-
dition of no-normal flow is not imposed in the model
and since the coarse-resolution wind products used in
this study do not adequately represent the smaller-scale
wind fields near the coast. For nearly all («, ) pairs
the hybrid model generates more accurate tragjectories
than advection by the climatological currents.

Accurate initial velocities are crucial for an accurate
simulation of trajectories shorter than 3 days, but their
effect diminishes with the trajectory’s length. When an
accurate initial velocity exists the hybrid model per-
forms significantly better than persistence (IF of 2.8
versus 1.5).

For an Ekman depth thinner than 30 m one only has
to increase the drag coefficient, that is, shorten the re-
laxation time, to obtain significant improvements.
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