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Abstract. Evaluating passive tracer advection is a common
tool to study flow structures, particularly Lagrangian trajec-
tories ranging from molecular scales up to the atmosphere
and oceans. Here we report on numerical experiments in
the region of the tropical Pacific (20◦ S–20◦ N), where 6600
tracer parcels are advected from a regular initial configura-
tion (along a meridional line at 110◦W between 15◦ S and
15◦ N) during periods of 1 year for 25 years altogether. We
exploit AVISO surface flow fields and solve the kinematic
equation for passive tracer movement in the 2D advection
tests. We demonstrate that the strength of the advection de-
fined by mean monthly westward displacements of the tracer
clouds exhibit surprisingly large inter- and intra-annular vari-
abilities. Furthermore, an analysis of cross-correlations be-
tween advection strength and the El-Niño and Southern Os-
cillation (SOI) indices reveal a significant anticorrelation be-
tween advection intensity and ONI (the Oceanic Niño Index)
and a weaker positive correlation with SOI, both with a time
lag of about 3 months (the two indices are strongly anticor-
related near real time). The statistical properties of advec-
tion (time-dependent mean squared displacement and first
passage time distribution) suggest that the westward-moving
tracers can be mapped into a simple 1D stochastic process,
namely fractional Brownian motion. We fit the model pa-
rameters and show by numerical simulations of the fractional
Brownian motion model that it is able to reproduce the ob-
served statistical properties of the tracers’ trajectories well.
We argue that a traditional explanation based on the super-
position of ballistic drift and a diffusion term yields different
statistics and is incompatible with our observations.

1 Introduction

Studies of regular or chaotic advection of various tracer par-
ticles are a growing area of research thanks to measurements
with increasing sampling densities and numerical models
with ever-better resolutions (Aref et al., 2017). Phenomena
related to advection cover a very wide range from molecu-
lar scales to geophysical flow fields in the atmosphere and
oceans. The starting point of the subject is certainly the
simplest case: passive tracer advection (Aref, 1984; Ottino,
1990). In a fluid treated as a continuum, one can conceptually
mark a particle (a microscopic parcel) that moves passively
with flow velocity v from the initial position r(0)= r0 and
obeys the simple kinematic equation

dr(t)
dt
= v (r(t)) . (1)

The resulting Lagrangian trajectories r(t) permit an insight
into the details of the flow structures and mixing. A funda-
mental finding is that very simple time-periodic flow fields
may advect tracers chaotically, as indicated by an exponential
divergence from their close initial positions. In most cases, it
is possible to reconstruct invariant sets of a fractal nature in
the phase space related to chaotic advection (see, e.g., Péntek
et al., 1995; Cartwright et al., 1999; Tél et al., 2000; Speet-
jens et al., 2021). Recent important applications are con-
nected to the exploration of Lagrangian coherent structures
(Haller, 2015; Hadjighasem et al., 2017; Haller et al., 2018;
Beron-Vera et al., 2018; Callies, 2021; Haller et al., 2021),
mostly in the context of ocean flows.
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Studies of advection and material transport in the oceans
are growing in importance, partly because of catastrophes
such as the Deepwater Horizon explosion (Gulf of Mexico,
2010; see, e.g., Olascoaga and Haller (2012)) or the nuclear
disaster in Fukushima (Japan, 2011; see, e.g., Prants et al.
(2017). Besides these extreme events, “traditional” interest
has been growing in the transport of plankton (Károlyi et al.,
2000; Huhn et al., 2012; Hernández-Carrasco et al., 2020;
Villa Martín et al., 2020), heat (Webb, 2018; Adams et al.,
2000; Ruggieri et al., 2020), salt (Delcroix and Picaut, 1998;
Sanchez-Rios et al., 2020; Paul et al., 2021), oxygen (Rud-
nickas et al., 2019; Audrey et al., 2020) and other chemi-
cals (Behrens et al., 2020; Jones et al., 2020). Another clas-
sical list of works aim to determine mixing rates by deter-
mining surface eddy diffusivities (see, e.g., Abernathey and
Marshall, 2013, and references therein).

When considering ocean surface current systems, the
equatorial Pacific is certainly a key region from many re-
spects (see, e.g., Reverdin et al., 1994; Yu and McPhaden,
1999; Grodsky and Carton, 2001; Chepurin and Carton,
2002; Capotondi et al., 2005; Izumo, 2005; Kessler, 2006;
Bulgin et al., 2020; Wang et al., 2020; Power et al., 2021).
The El Niño–Southern Oscillation (ENSO) has a near-global
impact on weather, agricultural yields, air quality and even
landslides (Grove, 1998; Collins et al., 2010; Chang et al.,
2016; Luo et al., 2018; Timmermann et al., 2018; Ember-
son et al., 2021; Power et al., 2021). Based on recent obser-
vations (mostly Argo buoys) and high-resolution numerical
ocean models, it has become clear that the tropical Pacific
region has a complicated 3D structure. Besides the surface
currents, determining features are the equatorial upwelling
zone (resulting in poleward Ekman transport), the equatorial
undercurrent (an energetic eastward flow at the depth of the
pycnocline ∼ 50–200 m), and the shallow meridional over-
turning circulation both north and south of the Equator.

Here we focus on the tropical Pacific region and com-
pute Lagrangian trajectories by a passive tracer advection ap-
proach using Eq. (1). The velocity fields are obtained from
AVISO altimetry data (Aviso, 2022; Taburet et al., 2019),
which has a higher spatial resolution (0.25◦× 0.25◦) than
global ocean numerical models (usually 1◦× 1◦), whereas
the resolution in regional ocean models can be as fine as 3–
9 km (Nefzi et al., 2014). We will demonstrate that the over-
all behavior of tracers is an anomalous diffusion process that
is slower than a pure drift but faster than simple diffusion.
The novel observation here is that the Hurst exponent of this
anomalous diffusion process is a constant value for a large
range of spatial (from 1 to 5000 km) and temporal (from 2 to
365 d) scales. This means that the collective effect of the spa-
tial and temporal fluctuations of the velocity field that advects
the particles has some self-similar structure, which gives rise
to a rather uniform time evolution on average over several
years. Instead of a constant Hurst exponent over such large
ranges of spatial and temporal scales, one might expect some
crossover effects, e.g., from (anomalous) diffusion on small

scales to ballistic, drift-dominated transport on larger scales.
The absence of such crossover effects shows that the irregu-
larities of the velocity fields in space and time do not average
out, even at large scales, and might reflect some kind of scale
invariance of the 2D turbulent motion of these hydrodynamic
flows. This provides insight into the statistics of oceanic tur-
bulence and might be of fundamental physical interest.

An alternative description would be a model with an ex-
plicit ballistic drift term plus normal diffusion. The drift term
would then describe the time dependence of the mean value
of the zonal particle positions, and the normal diffusion term
would explain why the variance of this distribution grows
over time. Our analysis clearly shows that the statistical prop-
erties of such a quite plausible model are incompatible with
the observations based on numerical tracer advection.

In the next section, we summarize the data sources and
methodologies of the statistical analysis. The section “Re-
sults and discussion” gives an overview of the large vari-
ability we obtained in the strength of the advection and of
cross-correlation properties with the El Niño and compos-
ite Southern Oscillation indices. The trajectories indicate a
strong westward drift and relatively weak dispersion in the
meridional directions, which provides a mapping to a one-
dimensional stochastic random walk model. Statistical anal-
ysis of the mean squared displacement in the zonal direction
and of first passage times suggests that an appropriate model
of this kind is fractional Brownian motion (fBm) with some
small, deterministic, westward drift. We fit the parameters of
this model and validate it using numerical simulations. We
demonstrate that a deterministic drift term provides negligi-
ble improvement, so we end up with a two-parameter fBm
model.

2 Data and methods

Geostrophic surface velocity fields were obtained from the
AVISO data bank (Aviso, 2022; Taburet et al., 2019).
Geostrophic balance does not hold at the Equator, but the
altimetry data can still be used to infer velocities there, albeit
with somewhat lower accuracy. The AVISO data-processing
algorithm implemented the method of Lagerloef et al. (1999)
between the latitudes±5◦ (Aviso, 2022; Taburet et al., 2019).
We used the direct zonal and meridional velocity compo-
nents (ugos and vgos, in units of m s−1). The spatial reso-
lution of daily global records is 0.25◦× 0.25◦ (1440× 720
grid cells). Land areas are masked. The temporal resolu-
tion is 1 d between the period 1 January 1993 and 23 Oc-
tober 2018; however, we cut out the last truncated year to
allow the proper comparison of annual results. Offline pas-
sive tracer advection was estimated by bilinear interpolation
of velocity values and by solving Eq. (1) using a fourth-order
Runge–Kutta method with a time step of 5 min. The posi-
tions of advected parcels were recorded every 12 h through-
out a given year (365 d). On 1 January each year, 6600 trac-
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ers were started from a meridional line at longitude 110◦W
and between latitudes 15◦ S and 15◦ N (with approximately
500 m of spacing). All calculations were performed using the
package Ocean Parcels (Lange and van Sebille, 2017; De-
landmeter and van Sebille, 2019) in a Python environment
(version 3.6) with the standard Numpy (Harris et al., 2020)
and Scipy (Virtanen et al., 2020) libraries. Maps were drawn
using the Cartopy module (Met Office, 2010–2015). As rep-
resentative examples, Fig. 1 illustrates two consecutive years,
1997 and 1998. 1997 was a very strong El Niño year, and
Fig. 1a clearly demonstrates the well-known effect of weak-
ened (easterly) trade winds in such years.

Similar numerical experiments are reported in Webb
(2018), where hot parcels (T > 27 ◦C) are advected in two
years (1981 and 1982) from 24 June to the end of the year
from an initial meridional line in the middle of Pacific, north
of the Equator (see Figs. 26 and 27 in Webb, 2018). The high
variability of the North Equatorial Counter Current (NECC)
is nicely demonstrated.

We have no access to the vertical velocity field, and no
model for the advection of particles in 3D with the ocean
surface as a boundary. Clearly, real transport is not restricted
to the topmost horizontal layer of the ocean, but it is a useful
approximation and a standard approach to ignore the third
dimension in such transport studies. We assume that our nu-
merically advected tracer paths are sufficiently realistic com-
pared to, e.g., floaters released to the ocean. Note, however,
that a direct comparison of our analysis with trajectories of
drifting surface buoys or satellite altimetry is not straight-
forward because our initial configuration (parcels arranged
along a meridional line) is rather specific for each year. Fur-
thermore, surface buoys are directly affected by surface wind
shear, so their drifts do not always reflect the displacements
of underlying water parcels (Reverdin et al., 1994; Grodsky
et al., 2011).

Based on the advection data for each year, we adopted
two definitions of an “advection index” (AdI) to characterize
the westward drift strength. A rather large fraction of parcels
travel to the east from the initial position and remain trapped
in the eastern equatorial Pacific (see Fig. 1). However, in this
work, we do not consider their complicated behavior, but
rather focus on the westward-moving tracers. The monthly
advection indices AdI1 and AdI2 are defined as the ensemble
mean values of two metrics: (1) the zonal distance and (2) the
total trajectory length (meridional drift components are in-
cluded) from the positions at the end of the previous month.
We will see that there is no difference between the values of
both standardized indices, demonstrating that westward drift
completely dominates. On an absolute distance scale, AdI1
is systematically lower than AdI2, as expected, but the dif-
ference is negligible.

In order to connect the AdI with well-known large-scale
climate patterns, we determined cross-correlations with two
standard indices, the Southern Oscillation Index (SOI) and
the Oceanic Niño Index (ONI). (Actually, we also checked

other distant index values, such as Arctic Oscillations and
Antarctic Oscillations, but we only obtained meaningful cor-
relations with the two “local” diagnostic quantities.) The
standardized SOI is obtained from the monthly or seasonal
differences in air pressure between Tahiti and Darwin, Aus-
tralia (Trenberth and the Atmospheric Research Staff, 2020).
ONI is almost the same as the “traditional” Niño 3.4 index,
being based on mean sea surface temperature anomalies over
the area 5◦ S–5◦ N, 170–120◦W. ONI is the operational defi-
nition used by NOAA to define an El Niño or La Niña event.

Normalized cross-correlations between two signals x(t)
and y(t) are determined as usual:

X(τ)=
〈[x(t)− x][y(t + τ)− y]〉

σxσy
, (2)

where the time lag τ represents a temporal shift of ±τ
months between the two time series, an overbar denotes a
temporal mean and σ is the standard deviation of the given
time series. Note that according to the above definition (real-
ized in the scipy.signal.correlate() routine), the
second signal y(t)moves along the time axis in both positive
and negative directions with respect to x(t). Thus, a positive
lag correlation means that y(t) leads x(t), and vice versa.

The confidence interval (at a level of 99 %) for cross-
correlations is obtained in the following way. It is well known
that the presence of serial or higher-order autocorrelations
in x(t) and y(t) can yield spurious cross-correlations (e.g.,
Zwiers, 1990; Ebisuzaki, 1997; Massah and Kantz, 2016).
Following the proposal in, e.g., Ebisuzaki (1997), we com-
puted 10 000 surrogate data sets {x′i(t)} for x(t) by the iter-
ative amplitude adjusted Fourier transform (IAAFT) method
(Kantz and Schreiber, 1997; Hegger et al., 1999; Schreiber
and Schmitz, 2000; Lancaster et al., 2018). Such surrogates
reproduce the amplitude distribution and power spectrum of
the source record x(t). We used 100 iterations in a given run
to build the ensemble {x′i(t)}. Then we calculated X(τ) by
Eq. (2) for each pair [x′i(t),y(t)] of signals. After arranging
cross-correlation values for each time lag τ in increasing or-
der, the 99 % confidence interval was obtained from the per-
centile range [0.05, 99.5] (i.e., we dropped the lowest 50 and
highest 50 values from an ordered test ensemble of 10 000
members). Note that the surrogate data method is a modi-
fication of classical bootstrapping, where both the marginal
distribution of the data and their serial correlations are con-
served when creating otherwise random samples.

The statistical analysis of advection is based on two stan-
dard measures, the first passage time (FPT) (Metzler et al.,
2014b) and the mean square displacement (MSD) (Jánosi
et al., 2010; Haszpra et al., 2012; Kepten et al., 2015). Both
measures have a transparent definition: in our setup, the FPT
is the time when a given longitude is crossed by a par-
cel and the MSD is calculated as the time evolution of the
squared distances from the initial location. In the second
case, a refined statistics is also adopted by computing the
time-averaged mean square displacement (TAMSD) (Lubel-
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Figure 1. The final positions of passively advected parcels (yellow dots) after 365 d. Start date: (a) 1 January 1997 (a particularly strong El
Niño year) and (b) 1 January 1998. The initial positions of the 6600 tracers were along a meridional line at longitude 110◦W and between
latitudes 15◦ S–15◦ N (black vertical line on the maps). The white/blue lines indicate the western/eastern envelopes of the tracer clouds after
1 year of advection, while red lines exhibit representative trajectories. The flow fields are from the AVISO data bank (Aviso, 2022; Taburet
et al., 2019).

ski et al., 2008; Kepten et al., 2015; Sikora et al., 2017; Maraj
et al., 2021). In this case, the whole trajectory of a parcel
is evaluated by introducing the time window parameter w,
which changes from 12 h to 315 d (2× 315 time steps in the
record). This time window moves along the trajectory step
by step, and a temporal mean is computed for the squared
displacements in window w. This procedure is computation-
ally rather demanding, but it smooths out, e.g., seasonal and
intraseasonal fluctuations.

3 Results and discussion

3.1 Advection index

As discussed in the previous section, in order to determine
the strength and variability of the advection, we use two
(monthly) advection indices AdI1 and AdI2. The subsequent
analysis distinguishes two subsets of tracers based entirely on
their initial positions: parcels north/south of the geographic
Equator are separated into northern/southern sections be-
cause it is not clear a priori whether these two advection
processes have the same statistical properties. The reason
for this simplistic subset definition is that hemispherical sur-
face winds and surface ocean currents in a given short pe-
riod are determined not by the geographic zero latitude but
rather by the thermal or heat equator, which actually has a
strong coincidence with the Intertropical Convergence Zone
(ITCZ) (Amador et al., 2006a; Kessler, 2006b). The location

of the ITCZ or, equivalently, the thermal equator is not sim-
ply zonal, and has an annual cycle that follows the changes in
the incoming shortwave solar radiation flux. The mean posi-
tion of it is around 5◦ N because the ice mass of the Antarctic
and the lower fraction of land in the Southern Hemisphere
result in a lower mean temperature south of the geographic
Equator. This mean location is clearly visualized by maps of
annual precipitation in the region (see, e.g., Fig. 7. in Amador
et al., 2006a) or by the long-term mean position of the NECC
(see, e.g., Fig. 1 in (Hsin and Qiu, 2012) or Figs. 1 and 3
in (Wijaya and Hisaki, 2021)). The dynamic relocation of
ITCZ over the year has the consequence that trade winds and
ocean surface currents also change, so advected parcel tra-
jectories often cross the geographic Equator and the mean
thermal equator. There are some years (usually with weaker
advection strengths) when the separation of the northern- and
southern-drifting parcels is clear, as is the presence of the
NECC (see Fig. 1a). In other years (usually those with strong
advection), such separation is not so clear (see Fig. 1b).

We note here that the instantaneous (daily) location of the
ITCZ line is a delicate question, which is why the ITCZ is
usually illustrated by long-term mean values in the litera-
ture. We could not figure out an adequate method to separate
parcels on the two sides of the ever-changing ITCZ line.

Figure 2 exhibits the advection indices together with the
ONI (Oceanic Niño Index). The definitions of AdI1 and AdI2
result in almost identical standardized monthly mean val-
ues, indicating that pure zonal drift dominates for westward-
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Figure 2. Standardized advection indices AdI1 and AdI2 determined as ensemble averages of the monthly westward displacements. The first
is based on the monthly zonal distance from the position at the end of the previous month; the second is the total trajectory length in a month
(meridional components are also taken into account). For a comparison of variabilities, the ONI (Oceanic Niño Index) is also plotted as black
lines. (a) northern section; (b) southern section.

Figure 3. Cross-correlation between the monthly advection index
AdI1 for the northern and southern subsets of advected parcels
(red). Dashed blue/black line indicates the time lag at which the
cross-correlation is at its absolute minimum /maximum. The gray
band indicates the 99 % confidence interval, as described in Sect. 2.

moving parcels. (Standardization is obtained in the usual
way: by removing long-term mean values and normalizing
by the standard deviation.) A simple visual inspection is
enough to detect substantial differences between the north-

ern and southern subset of parcels (compare Fig. 2a and b).
Indeed, when we determine cross-correlations [Eq. (2)] for
the northern and southern advection indices, there are some
remarkable features; see Fig. 3.

The first remarkable aspect of Fig. 3 is that the real-time
positive correlation is rather moderate (X(0)= 0.55), so the
northern and southern Pacific currents are not strongly cou-
pled. The second aspect is the presence of a weaker but sta-
tistically significant (at the 99 % level) anticorrelation with a
time lag of 7 months (X(τ = 7)=−0.31). Similar anticor-
relation is usually explained by the fact that the seasons in
one hemisphere appear in counterphase with the seasons in
the other hemisphere. For this reason, practically every cli-
matology that considers monthly mean values and anomalies
automatically assumes a time lag of 6 months. Note that in
Fig. 3, neither the location of the minimum nor those of the
faint local maxima of positive correlations precisely follow
the periodicity of 1 calendar year. While seasonality in the
weather is not essential in the tropical band, the annual cycle
of the location of the thermal equator follows the changes in
insolation.

The observed relatively weak real-time positive corre-
lation and the statistical feature of the phase shift of ∼
7 months between the northern and southern tracer subsets
suggested to us that all subsequent statistical tests should be
performed separately. We will illustrate that the results are
very similar but not identical.
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3.2 Cross-correlations with the climate indicators ONI
and SOI

Figures 4 and 5 illustrate the cross-correlations Eq. (2) be-
tween the two monthly climate indicators ONI and SOI and
the advection index AdI1 separately for the two hemispheres
or the joint AdI1 incorporating the monthly zonal distances
traveled by all the westward-drifting parcels. For the ONI,
the main feature is an absolute negative minimum at a time
lag of 3 months. SOI has a positive correlation at the same
time lag. Furthermore, a weaker but significant positive cor-
relation with ONI and a negative correlation with SOI (at
least in the Southern tracer subset) appear with a time lag
of −7 months. All these are fully consistent with the well-
known strong real-time anticorrelation between ONI and
SOI.

Since the two quasiperiodic oscillations ONI and SOI are
strongly anticorrelated in near real time, the advection in-
dex behaves as expected. The interpretation for a time lag
of 3 months is not so trivial. Obviously, correlation is not
equivalent to a causal link; the only information that can be
extracted with high confidence is the temporal sequence of
events. The time lag of 3 months suggests that when the
ONI index rises (the Niño 3.4 area warms up), and the SOI
index decreases (the air pressure anomaly between Tahiti
and Darwin drops) in parallel, the advection strength de-
creases significantly 3 months later. Analogous behavior oc-
curs in the opposite direction: when ONI drops and SOI
increases, the westward advection is accelerated 3 months
earlier. This rather long delay is somewhat perplexing, be-
cause it is known that the characteristic response time of the
ocean surface currents to zonal wind bursts (lasting typically
5–15 d) is a few days at most. This is observed around the
Antarctic Circumpolar Current (Webb and de Cuevas, 2007)
and at the western sector of the equatorial Pacific (McPhaden
et al., 1992; Delcroix et al., 1993; Richardson et al., 1999).
It is well known that during an El Niño event, the prevailing
trade winds and the surface westward currents suffer from a
temporary reversal in the western part of the Pacific basin.
Our analysis suggests that this reversal, blocking advection,
propagates toward the eastern basin for about 3 months.

We have already mentioned that the tropical Pacific cur-
rents have a rather well-known complex 3D structure. Capo-
tondi et al. (2005) and Izumo (2005) determined lag correla-
tions between various branches (equatorial undercurrent and
shallow meridional overturning cells) and the spatial mean
of the sea surface temperature over the Nino3.5 area. High-
resolution 3D ocean models have found significant cross-
correlations with various time lags on the scale of months.
Izumo (2005) observed anticorrelations between the SST
signal and the surface divergence (poleward Ekman trans-
port) with a lag of 5.5 months, equatorial upwelling (τ = 5
months), equatorial undercurrent (τ = 3 months) and pyc-
nocline convergence (τ = 0.5 months), suggesting that the
changes in the 3D current structure lead the appearance of

an El Niño signal. An interesting result noted by Capotondi
et al. (2005) is that equatorward mass convergence along the
pycnocline and equatorial upwelling are related to the SST.
The strongest correlation is found when SST leads the merid-
ional mass convergence by 2 months, a result that seems
to disagree with the view that changes in the strength of
the subtropical-tropical cells (STCs) cause the SST changes.
Since we do not have access to the 3D flow structure, we
cannot relate our finding (that SST lags behind advection
strength changes by ∼ 3 months at the very surface) to the
results of Capotondi et al. (2005). They notice, however, that
“phase relationships among the different STC components
can be largely affected by the zonal averaging procedure be-
cause of the continually evolving nature of the STCs.”

3.3 Statistical properties of westward advection

From Fig. 1, it is evident that the tracers exhibit highly
complex motion that contains many aspects of stochastic-
ity. Therefore, it is natural to analyze the tracer trajectories
in terms of a diffusive process. We do so by focusing on
three essential characteristics that allow us to better under-
stand which stochastic process is best suited to explaining
the observed phenomena.

Firstly, we determine the mean squared displacement
(MSD) as a function of time. The MSD is defined as the av-
erage over many trajectories (i.e., an ensemble average) of
the square of the distance between the initial point and the
endpoint at time t of each trajectory, so we use the formula

MSD(t) := 〈(x(t)− x0)
2
〉, (3)

where 〈. . .〉 denotes the average over all the trajectories with
westward tendencies. For a classical diffusion process, it
is known that MSD(t)∝ t , while for ballistic motion (i.e.,
a purely deterministic drift), MSD(t)∝ t2. Empirically, we
find that MSD(t)∝ t2H withH ≈ 0.9 (see Fig. 6), i.e., faster
than linear growth over time, but still less fast than ballis-
tic motion. Such behavior is called superdiffusion (see, e.g.,
Bourgoin, 2015, and references therein), and in models it
is caused by certain properties of the noise. For stationary
increments, i.e., for a time-independent distribution of the
noise, superdiffusion can be caused in two ways. The first
is by long-range temporal correlations where the noise is not
white but its autocorrelation function decays with the power
law c(τ )∝ τ−2H−1, and hence there is no finite correlation
time. Alternatively, the noise can stem from a distribution
with a fat tail, so it does not have a finite second moment.
In this case, rare but huge jumps of the diffusive path allow
particles to disperse much more quickly than they do diffu-
sively. Any kind of superposition of these two mechanisms is
also possible, so there are many different models that behave
superdiffusively. We will employ additional analysis in order
to identify the origin of this anomalous diffusive behavior.

One such additional statistic is the time-averaged mean
squared displacement TAMSD; see Fig. 7. Empirically, this
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Figure 4. Cross-correlation between ONI and the monthly advection index AdI1 for the northern and southern subsets of advected parcels
(red). Dashed blue/black line indicates the time lag at which the cross-correlation is at its absolute minimum /maximum. The gray band
indicates the 99 % confidence interval, as described in Sect. 2. (a) AdI1 for the northern subset (see Fig. 2a). (b) AdI1 for the southern subset
(see Fig. 2b). (c) Cross-correlation between ONI and the monthly advection index AdI1 for all the westward-moving parcels. The strongest
anticorrelation occurs at +3 months in each case, meaning that the advection strength AdI1 leads ONI: a marked weakening of advection is
followed by a warming SST signal with a delay of 3 months, and vice versa.)

Figure 5. Cross-correlation between SOI and the monthly advection index AdI1 for the northern and southern subsets of advected parcels
(red). Dashed blue/black line indicates the time lag at which the cross-correlation is at its absolute minimum/maximum. The gray band
indicates the 99 % confidence interval, as described in Sect. 2. (a) AdI1 for the northern subset (see Fig. 2a). (b) AdI1 for the southern
subset (see Fig. 2b). (c) Cross-correlation between SOI and the joint monthly advection index AdI1 for all the westward-moving parcels. The
strongest correlation occurs at +3 months in each case, meaning that the advection strength AdI1 leads SOI: a strengthening of advection is
followed by an increasing pressure anomaly (above-normal air pressure at Tahiti and below-normal air pressure at Darwin, Australia) with a
delay of 3 months, and vice versa.

displays power-law scaling with the same exponent ≈ 1.8 as
the MSD. This is a signature of ergodicity (Metzler et al.,
2014a), which restricts the choice of models further.

As a third statistic, we study the first passage time distribu-
tion. This is the distribution of the times needed by individual
trajectories to pass through some predefined longitude circle.
Since all particles start at 110◦W, this study considers the
zonal motions of the tracers. We study four different posi-
tions of the line for passage, namely those that are 1, 2, 4 and
8◦ west of the starting position. The corresponding distribu-
tions are shown in Fig. 8. The universal property of these dis-
tributions is a steep increase after some minimum time and
a power-law decrease, t−α . The power α (≈ 1.1) is indepen-
dent of the line to be passed and is a further characteristic of
the underlying stochastic process.

We evaluated the mean squared displacement of the par-
ticles up to distances of 10 000 km and for time windows of

up to 1 year (Fig. 6), where the fractional Brownian motion
model reproduces the observed anomalous diffusion well for
the whole range of scales (see below). However, the nontriv-
ial scaling of the MSD is not enough on its own to iden-
tify fractional Brownian motion as the correct model among
several other anomalous diffusion processes, so we also per-
formed a study of the first passage times. In this specific as-
pect, we restricted ourselves to distances and times of at most
900 km and 100 d, respectively. The reason for this is that,
during many of the years (one is shown in Fig. 1a), a large
fraction of the particles do not cross the 8◦ distance from the
place where they were released. This means that the number
of particles that contribute to the first passage time distribu-
tion becomes smaller with increasing distance, and so, even
for 16◦, statistical sampling of the probability density is not
good enough.
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Figure 6. Mean squared displacement (MSD) for the advected
parcels in units of km2. The spherical geometry was fully taken
into account when calculating distances from the initial positions.
(a) MSD for the northern subset (lin-lin plot). The error band re-
flects the standard deviation obtained from year-by-year statistics.
(b) MSDs for both the northern (black) and southern (blue) sub-
sets of parcels on a double-logarithmic scale. The dashed red line
illustrates a power law with an exponent value of around 1.8.

3.4 Fractional Brownian motion model

We can explain both behaviors of the tracers – that of the
first passage time and that of the MSD – using a model of
fractional Brownian motion (fBm). This is the path gener-
ated by accumulating (integrating) fractional Gaussian noise
over time, and has two free parameters. One is the Hurst ex-
ponentH ; the other is a generalized diffusion coefficient kH ,
which determines the amplitude of the noise. For this model,
it has been shown that the MSD scales as t2H (Metzler and
Klafter, 2000, 2004), i.e., the scaling of the MSD follows
the same power law as the scaling of the TAMSD. The first
passage time distribution shows a power law decay for large
times, with power α = 2−H (Molchan, 1999). In addition,
it is a Gaussian model, i.e., the distribution of the endpoints

Figure 7. Time-averaged mean squared displacement (TAMSD) for
the advected parcels in units of km2. The spherical geometry was
fully taken into account when calculating distances in moving time
windows of sizew. (a) TAMSD for the northern subset (lin-lin plot).
The error band reflects the standard deviation obtained from year-
by-year statistics. (b) TAMSDs for both the northern (black) and
southern (blue) subsets of parcels on a double-logarithmic scale.
The dashed red line illustrates a power law with an exponent value
of around 1.8.

of trajectories as well as all distributions of the increments
x(t + δ)− x(t) are Gaussian for all t > 0 and δ > 0.

The results in Sect. 3.3 suggest that H = 0.9. We can es-
timate the noise amplitude from the absolute values of the
MSD in Fig. 6: the generalized diffusion coefficient is ap-
proximately 500 and 1000 km2 d−1.8 for the southern and
northern parcels, respectively. Note that a direct comparison
of the generalized diffusion coefficient kH with those used in
the literature for normal diffusion cannot be performed, since
they have different units of time and roles in the model. In
our superdiffusive fBm model, diffusion generates some ef-
fective drift. Compared to a model of normal Brownian dif-
fusion plus an explicit ballistic drift, our model without an
explicit drift term needs a larger generalized diffusion coef-
ficient since it also generates an effective drift.
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Figure 8. Normalized empirical frequency distribution of the first
passage time (FPT) for the (a) southern subset and (b) northern sub-
set of advected parcels on a double-logarithmic scale. Four different
boundaries are shown at 1, 2, 4 and 8◦ west from the initial posi-
tions of the tracers. The straight black line parallel to the envelopes
illustrates a power law with an exponent value of around −1.1.

Let our time-discrete model of the time-continuous frac-
tional Brownian motion have a time resolution of 1 d. Then
the model noise amplitude is ε =

√
2kH . Hence, our model is

x(t)=
∑t
i=1εξi , where t is the time in days, ξ is the power-

law-correlated Gaussian noise with unit variance and zero
mean, and x(t) is the distance of the tracer from its starting
position x(0)= 0 in the zonal direction in km.

The results of the simulations are shown in Figs. 9 and
10. For the first passage time, we have approximated the dis-
tances from degrees using 111 km degree−1, i.e., we numer-
ically calculated the first passage time distributions for dis-
tances x of 111, 222, 444 and 888 km.

Sanders and Ambjörnsson (2012) suggest that the first pas-
sage time distribution has the following probability density:

φ(t)' ctH−2 exp
[
−γ (

s2

4kH t2H
)β
]
, (4)

where kH is the abovementioned generalized diffusion coef-
ficient, H is the Hurst exponent, which was estimated to be

Table 1. Fit parameters of the first passage time distribution (see
Eq. (4)) to the empirical first passage times of the tracers in the
northern (left) and southern (right) hemisphere. Notice that the es-
sential parameter H has not been fitted but is given by the scaling
of the MSD. Numerical fitting was performed by the nonlinear least
squares method.

s c β γ s c β γ

1 0.25 1.9 0.04 1 0.28 2.0 0.07
2 0.29 2.6 0.44 2 0.35 2.5 1.36
4 0.36 4.0 81.43 4 0.44 3.6 2.45× 102

8 0.52 1.2 25.26 8 0.59 4.0 1.02× 105

H ≈ 0.9 for the ocean drifters, and the three free parameters
c,βandγ are fitted to the process. Their values can only de-
pend on H and kH and the units of space and time, but they
have not been derived analytically for the case of fractional
Brownian motion, so we are free to fit them. Note, however,
that they only affect the short-term behavior, since the expo-
nential term tends to unity for large times t and the probabil-
ity decays with the power law tH−2.

We see in Fig. 9 that Eq. (4) with the parameters reported
in Table 1 shows an excellent match to the empirical data
from the oceanic tracers in the Northern and Southern hemi-
spheres. Numerical simulations of this fractional Brownian
motion process are in equally good agreement (Fig. 10), and
we see that the fluctuations of the first passage time distri-
bution of the oceanic tracer particles around the theoretical
curve are of the same magnitude as the fluctuations of the
numerical fBm trajectories, so they can be explained by mere
statistical fluctuations.

In Fig. 1, we can see a quite clear westward drift for many
of the trajectories. Such a drift term can also be included in
the fractional Brownian motion model. A rough estimate of
the drift velocity is about 5 km d−1, so it is slow compared
to the diffusion. While this slow drift leaves the bulk of the
first passage time distribution unaffected, it might lead to a
cutoff at long times. Such cutoffs can be seen in data from
the Northern Hemisphere (see Fig. 10): after about 1 year, all
tracers have reached the boundary, and the first passage time
distribution drops to zero. Since this is a small correction,
and since the development of the corresponding mathemati-
cal theory is still incomplete, we do not study here the fBm
model with drift here.

While a pure fBm model has no preferred direction in
space (i.e., particles diffuse both westward and eastward with
the same statistics), reality suggests two modifications that
can be included in our model: there are boundary conditions
(the American continent) that prevent particles from moving
eastward (this might be taken into account by including a re-
flecting boundary in our fBm model), and there might be a
westward drift of a few km d−1 that can be explicitly incor-
porated. Actually, the question of how much diffusion con-
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Figure 9. Comparison of the first passage time distribution of the fractional Brownian motion model (see Eq. (4)) with the empirical data
for the (a) northern subset and (b) southern subset of advected parcels. Note that, to allow better visual comparison of the data to the fBm
model, the values are multiplied by a factor of 10 for 2◦, a factor of 100 for 4◦ and a factor of 1000 for 8◦.

Figure 10. Comparison of the first passage time distribution of the fBm simulation with empirical data for the (a, c) northern subset (kH =
1000 km2 d−1.8) and (b, d) southern subset (kH = 500 km2 d−1.8) of advected parcels. The short solid black lines show the asymptotic
behavior tH−2 with Hurst exponent H = 0.9, and the insets show the early behavior of the distribution on a linear scale. The time step 1t
was chosen to be 0.0001 for 6600 runs.

tributes to the westward advection is a very relevant one: our
study tells us that if an explicit drift term is really needed in
our model, it should be quite low – in the range of 5 km d−1

or less. The strong persistence of the stochastic process, i.e.,
the long-range temporal correlations of the random incre-
ments to the path, ensures that steps change their signs rarely,
and hence produce motion that looks as if it is being directed
over long time intervals. Therefore, in the fBm model, the ap-
parent drift is a sole consequence of the persistence of fBm,
and we are able to reproduce the statistical properties of the
tracers without including a drift term.

4 Conclusions

We have studied oceanic transport in the equatorial Pacific
using observed and publicly available fields of surface ve-
locities. Within these time-dependent fields, we numerically
studied the trajectories of tracer particles released along a lat-
itude circle at 110◦W within the latitude range [−15◦,+15◦].
We found nontrivial cross-correlations between advection in-
dices and indices representing ENSO, with a time lag of 3
months. Beyond that, the erratic motions of individual par-
ticles showed two phenomena: an overall westward drift,
which has been described in many previous articles, and the
random deviations from this mean flow, which is in the focus
of our world.
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We should mention a possible limitation of the advection
indices we defined. Since all the parcels start from the eastern
boundary of the Pacific basin, the tracer cloud spreads grad-
ually westward (mostly), and covers different regions after
different time intervals throughout the year. In this respect,
the eastern basin seems to dominate the statistics. Firstly, we
emphasize that the statistical theories of random advection
processes refer to the same situation: a cloud of tracers re-
leased from a restricted region that is gradually affected by
the changing flow field with ever-increasing time. Secondly,
we argue that, e.g., a uniformly distributed initial configura-
tion (similar to drifting surface buoys at a given time instant)
also has some shortcomings. Parcels starting from the west-
ern part of the basin quickly approach the coastal areas of the
numerous islands and the continent; therefore, their trajecto-
ries are deflected by the local currents mostly in the merid-
ional direction, and give a spurious contribution to the west-
ward drift statistics. This is also the reason why we restricted
an experiment to 1 year.

Using the statistics of the mean squared displacement , we
found that the trajectory randomness is related to superdif-
fusion, i.e., the dispersion of particles is much faster than
would be the case for a normal diffusion process (Figs. 6
and 7). This may be of high relevance to the spread of pollu-
tants. A study of first passage times showed us that this pro-
cess is well described by fractional Brownian motion. This
implies that the statistics are still Gaussian, but the “noise”
that makes the tracers diffuse has long-range temporal corre-
lations. Indeed, long-range temporal correlations have been
observed in many geophysical data sets before, such as in
temperature and precipitation time series, but the Hurst ex-
ponent H ≈ 0.9 is particularly large here, so the stochastic
process is strongly non-Markovian and has a long memory.

We conclude that the collective effects of the spatial and
temporal fluctuations of the velocity field that advects the
particles have some self-similar structure that gives rise to a
rather uniform time evolution on average over several years.
In the end, our model contained only two parameters: the
Hurst exponent H and the generalized diffusion coefficient
kH . This is a huge simplification compared to the simula-
tion of the advection process, and will be useful for modeling
and predicting the spread of advected passive scalars such as
pollutants, nutrients or thermal energy in this region of the
ocean.

Code and data availability. Global geostrophic velocity fields are
openly available after registration at the EU Copernicus Marine Ser-
vice (https://resources.marine.copernicus.eu/products, EU Coperni-
cus Marine Service, 2022). Codes are based on the standard Python
modules described in Sect. 2 (“Data and methods”). Advection ex-
periments were performed using the package Ocean Parcels (Lange
and van Sebille, 2017; Delandmeter and van Sebille, 2019), which is
fully documented at https://oceanparcels.org/ (last access: 9 March
2022).

Author contributions. IMJ and HK designed the research; IMJ, AP
and HK performed the research; AP and HK contributed new nu-
merical/analytical tools; IMJ, AP, JACG and HK analyzed the data;
and IMJ, AP, JACG and HK wrote the paper.

Competing interests. The contact author has declared that neither
they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We thank the two anonymous referees for their
extremely careful reading and remarks, which promoted signif-
icant improvements in the revised version. This work was sup-
ported by the Hungarian National Research, Development and In-
novation Office under grant numbers FK-125024 and K-125171,
and by the Max Planck Institute for the Physics of Complex Sys-
tems. Jason A. C. Gallas was supported by CNPq, Brazil; grant PQ-
305305/2020-4.

Financial support. This research has been supported by the
Nemzeti Kutatási, Fejlesztési és Innovaciós Alap (grant nos.
FK-125024 and K-125171), the Max-Planck-Institut für Physik
Komplexer Systeme (Visitor Programme grant), and the Conselho
Nacional de Desenvolvimento Científico e Tecnológico (grant no.
305305/2020-4).

The article processing charges for this open-access
publication were covered by the Max Planck Society.

Review statement. This paper was edited by Erik van Sebille and
reviewed by two anonymous referees.

References

Abernathey, R. P. and Marshall, J.: Global surface eddy diffusivities
derived from satellite altimetry, J. Geophys. Res.-Oceans, 118,
901–916, https://doi.org/10.1002/jgrc.20066, 2013.

Adams, J. M., Bond, N. A., and Overland, J. E.: Regional
variability of the Arctic heat budget in fall and win-
ter, J. Climate, 13, 3500–3510, https://doi.org/10.1175/1520-
0442(2000)013<3500:RVOTAH>2.0.CO;2, 2000.

Amador, J. A., Alfaro, E. J., Lizano, O. G., and Ma-
gaña, V. O.: Atmospheric forcing of the eastern trop-
ical Pacific: A review, Progr. Oceanogr., 69, 101–142,
https://doi.org/10.1016/j.pocean.2006.03.007, 2006a.

Aref, H.: Stirring by chaotic advection, J. Fluid Mech., 143, 1–21,
https://doi.org/10.1017/S0022112084001233, 1984.

Aref, H., Blake, J. R., Budi, M., Cardoso, S. S. S., Cartwright,
J. H. E., Clercx, H. J. H., El Omari, K., Feudel, U., Golesta-
nian, R., Gouillart, E., van Heijst, G. F., Krasnopolskaya,

https://doi.org/10.5194/os-18-307-2022 Ocean Sci., 18, 307–320, 2022

https://resources.marine.copernicus.eu/products
https://oceanparcels.org/
https://doi.org/10.1002/jgrc.20066
https://doi.org/10.1175/1520-0442(2000)013<3500:RVOTAH>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<3500:RVOTAH>2.0.CO;2
https://doi.org/10.1016/j.pocean.2006.03.007
https://doi.org/10.1017/S0022112084001233


318 I. M. Jánosi et al.: Advection in the equatorial Pacific region

T. S., Le Guer, Y., MacKay, R. S., Meleshko, V. V., Met-
calfe, G., Mezi, I., de Moura, A. P. S., Piro, O., Speet-
jens, M. F. M., Sturman, R., Thiffeault, J.-L., and Tuval, I.:
Frontiers of chaotic advection, Rev. Mod. Phys., 89, 025007,
https://doi.org/10.1103/RevModPhys.89.025007, 2017.

Audrey, D., Cravatte, S., Marin, F., Morel, Y., Gronchi, E., and
Kestenare, E.: Observed tracer fields structuration by middepth
zonal jets in the tropical Pacific, J. Phys. Oceanogr., 50, 281–
304, https://doi.org/10.1175/JPO-D-19-0132.1, 2020.

Aviso: Altimetry products were processed by SSALTO/DUACS and
distributed by AVISO+ with support from CNES, https://www.
aviso.altimetry.fr, last access: 9 March 2022.

Behrens, M. K., Pahnke, K., Cravatte, S., Marin, F., and Jeandel, C.:
Rare earth element input and transport in the near-surface zonal
current system of the Tropical Western Pacific, Earth Planet. Sci.
Lett., 549, 116496, https://doi.org/10.1016/j.epsl.2020.116496,
2020.

Beron-Vera, F. J., Hadjighasem, A., Xia, Q., Olascoaga, M. J.,
and Haller, G.: Coherent Lagrangian swirls among subme-
soscale motions, P. Natl. Acad. Sci. USA, 116, 18251–18256,
https://doi.org/10.1073/pnas.1701392115, 2018.

Bourgoin, M.: Turbulent pair dispersion as a ballistic cas-
cade phenomenology, J. Fluid Mech., 772, 678–704,
https://doi.org/10.1017/jfm.2015.206, 2015.

Bulgin, C., Merchant, C., and Ferreira, D.: Tendencies, variability
and persistence of sea surface temperature anomalies, Sci. Rep.,
10, 7986, https://doi.org/10.1038/s41598-020-64785-9, 2020.

Callies, U.: Sensitive dependence of trajectories on tracer
seeding positions – coherent structures in German Bight
backward drift simulations, Ocean Sci., 17, 527–541,
https://doi.org/10.5194/os-17-527-2021, 2021.

Capotondi, A., Alexander, M. A., Deser, C., and McPhaden,
M. J.: Anatomy and decadal evolution of the Pacific
Subtropical–Tropical Cells (STCs), J. Climate, 18, 3739–3758,
https://doi.org/10.1175/JCLI3496.1, 2005.

Cartwright, J. H. E., Feingold, M., and Piro, O.: An Introduction
to Chaotic Advection, in: Mixing: Chaos and Turbulence, edited
by: Chaté, H. Villermaux, E., and Chomaz, J.-M., Springer US,
Boston, MA, pp. 307–342, https://doi.org/10.1007/978-1-4615-
4697-9_13, 1999.

Chang, L., Xu, J., Tie, X., and Wu, J.: Impact of the 2015 El
Niño event on winter air quality in China, Sci. Rep., 6, 34275,
https://doi.org/10.1038/srep34275, 2016.

Chepurin, G. A. and Carton, J. A.: Secular trend in the near-surface
currents of the equatorial Pacific Ocean, Geophys. Res. Lett., 29,
1828, https://doi.org/10.1029/2002GL015227, 2002.

Collins, M., An, S.-I., Cai, W., Ganachaud, A., Guilyardi, E., Jin,
F.-F., Jochum, M., Lengaigne, M., Power, S., Timmermann, A.,
Vecchi, G., and Wittenberg, A.: The impact of global warming
on the tropical Pacific Ocean and El Niño, Nature Geosci., 3,
391–397, https://doi.org/10.1038/ngeo868, 2010.

EU Copernicus Marine Service: https://resources.marine.
copernicus.eu/products [data set], last access: 9 March 2022.

Delandmeter, P. and van Sebille, E.: The Parcels v2.0 La-
grangian framework: new field interpolation schemes, Geosci.
Model Dev., 12, 3571–3584, https://doi.org/10.5194/gmd-12-
3571-2019, 2019.

Delcroix, T. and Picaut, J.: Zonal displacement of the western equa-
torial Pacific “fresh pool”, J. Geophys. Res.-Oceans, 103, 1087–
1098, https://doi.org/10.1029/97JC01912, 1998.

Delcroix, T., Eldin, G., McPhaden, M., and Morlière, A.: Ef-
fects of westerly wind bursts upon the western equatorial Pa-
cific Ocean, February–April 1991, J. Geophys. Res.-Oceans, 98,
16379–16385, https://doi.org/10.1029/93JC01261, 1993.

Ebisuzaki, W.: A method to estimate the statistical signifi-
cance of a correlation when the data are serially corre-
lated, J. Clim., 10, 2147–2153, https://doi.org/10.1175/1520-
0442(1997)010<2147:AMTETS>2.0.CO;2, 1997.

Emberson, R., Kirschbaum, D., and Stanley, T.: Global connec-
tions between El Niño and landslide impacts, Nat. Commun., 12,
2262, https://doi.org/10.1038/s41467-021-22398-4, 2021).

Grodsky, S. A. and Carton, J. A.: Intense surface currents in the
tropical Pacific during 1996–1998, J. Geophys. Res.-Oceans,
106, 16673–16684, https://doi.org/10.1029/2000JC000481,
2001.

Grodsky, S. A., Lumpkin, R., and Carton, J. A.: Spurious trends in
global surface drifter currents, Geophys. Res. Lett., 38, L10606,
https://doi.org/10.1029/2011GL047393, 2011.

Grove, R.: Global impact of the 1789–93 El Niño, Nature, 393, 318–
319, https://doi.org/10.1038/30636, 1998.

Hadjighasem, A., Farazmand, M., Blazevski, D., Froyland, G.,
and Haller, G.: A critical comparison of Lagrangian meth-
ods for coherent structure detection, Chaos, 27, 053104,
https://doi.org/10.1063/1.4982720, 2017.

Haller, G.: Lagrangian coherent structures, Annu. Rev. Fluid
Mech., 47, 137–162, https://doi.org/10.1146/annurev-fluid-
010313-141322, 2015.

Haller, G., Karrasch, D., and Kogelbauer, F.: Material barriers to
diffusive and stochastic transport, P. Natl. Acad. Sci. USA, 115,
9074–9079, https://doi.org/10.1073/pnas.1720177115, 2018.

Haller, G., Aksamit, N., and Encinas-Bartos, A. P.: Quasi-objective
coherent structure diagnostics from single trajectories, Chaos,
31, 043131, https://doi.org/10.1063/5.0044151, 2021.

Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Vir-
tanen, P., Cournapeau, D., Wieser, E., Taylor, J., Berg, S., Smith,
N. J., Kern, R., Picus, M., Hoyer, S., van Kerkwijk, M. H., Brett,
M., Haldane, A., del Río, J. F., Wiebe, M., Peterson, P., Gérard-
Marchant, P., Sheppard, K., Reddy, T., Weckesser, W., Abbasi,
H., Gohlke, C., and Oliphant, T. E.: Array programming with
NumPy, Nature, 585, 357–362, https://doi.org/10.1038/s41586-
020-2649-2, 2020.

Haszpra, T., Kiss, P., Tél, T., and Jánosi, I. M.: Ad-
vection of passive tracers in the atmosphere: Batch-
elor scaling, Int. J. Bifurcat. Chaos, 22, 1250241,
https://doi.org/10.1142/S0218127412502410, 2012.

Hegger, R., Kantz, H., and Schreiber, T.: Practical implementation
of nonlinear time series methods: The TISEAN package, Chaos,
9, 413–435, https://doi.org/10.1063/1.166424, 1999.

Hernández-Carrasco, I., Alou-Font, E., Dumont, P.-A.,
Cabornero, A., Allen, J., and Orfila, A.: Lagrangian flow
effects on phytoplankton abundance and composition along
filament-like structures, Progr. Oceanogr., 189, 102469,
https://doi.org/10.1016/j.pocean.2020.102469, 2020.

Hsin, Y.-C. and Qiu, B.: Seasonal fluctuations of the sur-
face North Equatorial Countercurrent (NECC) across

Ocean Sci., 18, 307–320, 2022 https://doi.org/10.5194/os-18-307-2022

https://doi.org/10.1103/RevModPhys.89.025007
https://doi.org/10.1175/JPO-D-19-0132.1
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
https://doi.org/10.1016/j.epsl.2020.116496
https://doi.org/10.1073/pnas.1701392115
https://doi.org/10.1017/jfm.2015.206
https://doi.org/10.1038/s41598-020-64785-9
https://doi.org/10.5194/os-17-527-2021
https://doi.org/10.1175/JCLI3496.1
https://doi.org/10.1007/978-1-4615-4697-9_13
https://doi.org/10.1007/978-1-4615-4697-9_13
https://doi.org/10.1038/srep34275
https://doi.org/10.1029/2002GL015227
https://doi.org/10.1038/ngeo868
https://resources.marine.copernicus.eu/products
https://resources.marine.copernicus.eu/products
https://doi.org/10.5194/gmd-12-3571-2019
https://doi.org/10.5194/gmd-12-3571-2019
https://doi.org/10.1029/97JC01912
https://doi.org/10.1029/93JC01261
https://doi.org/10.1175/1520-0442(1997)010<2147:AMTETS>2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010<2147:AMTETS>2.0.CO;2
https://doi.org/10.1038/s41467-021-22398-4
https://doi.org/10.1029/2000JC000481
https://doi.org/10.1029/2011GL047393
https://doi.org/10.1038/30636
https://doi.org/10.1063/1.4982720
https://doi.org/10.1146/annurev-fluid-010313-141322
https://doi.org/10.1146/annurev-fluid-010313-141322
https://doi.org/10.1073/pnas.1720177115
https://doi.org/10.1063/5.0044151
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1142/S0218127412502410
https://doi.org/10.1063/1.166424
https://doi.org/10.1016/j.pocean.2020.102469


I. M. Jánosi et al.: Advection in the equatorial Pacific region 319

the Pacific basin, J. Geophys. Res.-Oceans, 117, C06001,
https://doi.org/10.1029/2011JC007794, 2012.

Huhn, F., von Kameke, A., Pérez-Muñuzuri, V., Olascoaga,
M. J., and Beron-Vera, F. J.: The impact of advective trans-
port by the South Indian Ocean Countercurrent on the Mada-
gascar plankton bloom, Geophys. Res. Lett., 39, L06602,
https://doi.org/10.1029/2012GL051246, 2012.

Izumo, T.: The equatorial undercurrent, meridional overturning cir-
culation, and their roles in mass and heat exchanges during El
Niño events in the tropical Pacific ocean., Ocean Dyn., 55, 110–
123, https://doi.org/10.1007/s10236-005-0115-1, 2005.

Jánosi, I. M., Kiss, P., Homonnai, V., Pattantyús-Ábrahám,
M., Gyüre, B., and Tél, T.: Dynamics of passive tracers
in the atmosphere: Laboratory experiments and numerical
tests with reanalysis wind fields, Phys. Rev. E, 82, 046308,
https://doi.org/10.1103/PhysRevE.82.046308, 2010.

Jones, M. R., Luther, G. W., and Tebo, B. M.: Distribu-
tion and concentration of soluble manganese(II), sol-
uble reactive Mn(III)-L, and particulate MnO2 in the
Northwest Atlantic Ocean, Marine Chem., 226, 103858,
https://doi.org/10.1016/j.marchem.2020.103858, 2020.

Kantz, H. and Schreiber, T.: Nonlinear Time Series
Analysis, Cambridge University Press, Cambridge,
https://doi.org/10.1017/CBO9780511755798, 1997.

Károlyi, G., Péntek, Á., Scheuring, I., Tél, T., and
Toroczkai, Z.: Chaotic flow: The physics of species co-
existence, P. Natl. Acad. Sci. USA, 97, 13661–13665,
https://doi.org/10.1073/pnas.240242797, 2000.

Kepten, E., Weron, A., Sikora, G., Burnecki, K., and Garini,
Y.: Guidelines for the fitting of anomalous diffusion
mean square displacement graphs from single parti-
cle tracking experiments., PLoS ONE, 10, e0117722,
https://doi.org/10.1371/journal.pone.0117722, 2015.

Kessler, W. S.: The circulation of the eastern tropi-
cal Pacific: A review, Progr. Oceanogr., 69, 181–217,
https://doi.org/10.1016/j.pocean.2006.03.009, 2006.

Kessler, W. S.: The circulation of the eastern tropi-
cal Pacific: A review, Progr. Oceanogr., 69, 181–217,
https://doi.org/10.1016/j.pocean.2006.03.009, 2006b.

Lagerloef, G. S. E., Mitchum, G. T., Lukas, R. B., and Niiler, P. P.:
Tropical Pacific near-surface currents estimated from altimeter,
wind, and drifter data, J. Geophys. Res.-Oceans, 104, 23313–
23326, https://doi.org/10.1029/1999JC900197, 1999.

Lancaster, G., Iatsenko, D., Pidde, A., Ticcinelli, V.,
and Stefanovska, A.: Surrogate data for hypothesis
testing of physical systems, Phys. Rep., 748, 1–60,
https://doi.org/10.1016/j.physrep.2018.06.001, 2018.

Lange, M. and van Sebille, E.: Parcels v0.9: prototyping a La-
grangian ocean analysis framework for the petascale age, Geosci.
Model Dev., 10, 4175–4186, https://doi.org/10.5194/gmd-10-
4175-2017, 2017.

Lubelski, A., Sokolov, I. M., and Klafter, J.: Nonergodicity mimics
inhomogeneity in single particle tracking, Phys. Rev. Lett., 100,
250602, https://doi.org/10.1103/PhysRevLett.100.250602, 2008.

Luo, X., Keenan, T. F., Fisher, J. B., Jiménez-Muñoz, J.-C., Chen,
J. M., Jiang, C., Ju, W., Perakalapudi, N.-V., Ryu, Y., and Tadić,
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