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Abstract.

Evaluating passive tracer advection is a common tool to study flow structures, particularly Lagrangian trajectories 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 configuration (along a meridional line

at 110◦W between 15◦S and 15◦N) during periods of one year, 25 years altogether. We exploit AVISO surface flow fields5

and solve the kinematic equation for passive tracer movement in the 2D advection tests. We demonstrate that the strength

of the advection defined by mean monthly westward displacements of the tracer clouds exhibit surprisingly large inter- and

intra-annular variabilities. Furthermore an analysis of cross-correlations between advection strength and El-Niño and Southern

Oscillation Indices (SOI) reveal a significant anti-correlation between advection intensity and ONI (Oceanic Niño Index) and

a weaker positive correlation with SOI, both with a time lag of about 3 months (the two indices are strongly anticorrelated10

near real-time). The statistical properties of advection ( 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 parameters and show by numerical simulations of the fractional Brownian motion model

that it is able to well reproduce the observed statistical properties of the tracers’ trajectories. We argue that a traditional

explanation based on the superposition of ballistic drift and a diffusion term yields different statistics and is incompatible with15

our observations.

1 Introduction

Studies of regular or chaotic advection of various tracer particles are a growing area of research thanks to measurements

of increasing sampling densities and numerical models of ever-better resolutions (Aref et al., 2017). Phenomena related to

advection cover a very wide range from molecular scales to geophysical flow fields in the atmosphere and oceans. The starting20

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 (microscopic parcel) which moves passively with the flow velocity v obeying

1



the simple kinematic equation

dr (t)
dt

= v (r (t)) ; (1)

from an initial positionr (0) = r 0 . The resulting Lagrangian trajectoriesr (t) permit an insight into the details of �ow structures25

and mixing. A fundamental �nding is that very simple time-periodic �ow �elds may advect tracers chaotically indicated by an

exponential divergence from close initial positions. In most cases, it is possible to reconstruct invariant sets of 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; Speetjens

et al., 2021). Recent important applications are connected 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 context30

of ocean �ows.

Studies of advection and material transport in the oceans have a growing importance partly because of catastrophes like

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 also has been

growing in transport of planktons (Károlyi et al., 2000; Huhn et al., 2012; Hernández-Carrasco et al., 2020; Villa Martín et al.,35

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 (Rudnickas et al., 2019; Audrey et al., 2020) and other chemicals (Behrens et al., 2020; Jones

et al., 2020). Another classical list of works aims to determine mixing rates by determining suface eddy diffusivities (see e.g.,

Abernathey and Marshall, 2013, and references therein).

Considering ocean surface current systems, the equatorial Paci�c is certainly a key region from many respects (see e.g.,40

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; Emberson et al., 2021; Power et al., 2021). By means of

recent observations (mostly Argo buoys) and high resolution numerical ocean models, it became clear that the tropical Paci�c45

region obeys 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 �ow at the depth of the pycnocline

� 50-200 m), and the shallow meridional overturning circulation both north and south of the equator.

Here we focus on the tropical Paci�c region and compute Lagrangian trajectories by passive tracer advection approach using

Eq. (1). The velocity �elds are obtained from AVISO altimetry data (Aviso; Taburet et al., 2019) which has a higher spatial50

resolution (0:25� � 0:25� ) than the global ocean numerical models (usually with1� � 1� ), whereas in regional ocean models

the model resolution can be as �ne as 3-9 km (Nefzi et al., 2014). We will demonstrate that the overall behavior of tracers is an

anomalous diffusion process which 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 and temporal scales,

from 1 to 5000 km and from 2 to 365 days. This means that the collective effects of the spatial and temporal �uctuations of55

the velocity �eld which advects the particles has some self-similar structure which gives rise to a rather uniform time evolution
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on average over several years. Instead of a constant Hurst exponent over such large ranges of spatial and temporal scales, one

might expect some cross-over effects, e.g., from (anomalous) diffusion on small scales to ballistic, drift dominated transport on

larger scales. The absence of such cross-over shows that the irregularities of the velocity �elds in space and time do not average

out even on large scales and might re�ect some kind of scale invariance of the 2D turbulent motion of these hydrodynamic60

�ows. This provides insight into the statistics of oceanic turbulence and might be of fundamental physical interest.

An alternative description would be a model with an explicit 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 in time. Our analysis clearly shows that the statistical properties of such a

quite plausible model are incompatible with the observations based on the numerical tracer advection.65

In the next Section we summarize the data sources and methodologies of the statistical analysis. The Section "Results and

discussions" gives an overview regarding the large variability we obtained in the strength of the advection, and cross-correlation

properties with the El Niño, and composite 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 analysis of the mean squared displacement in zonal direction and of �rst passage times suggest that70

an appropriate such model is the fractional Brownian motion (fBm) with some small deterministic westward drift. We �t the

parameters of this model and validate it by numerical simulations. We demonstrate that a deterministic drift term provides

negligible improvement so that we end up in a 2-parameter fBm model.

2 Data and methods

Geostrophic surface velocity �elds were obtained from the AVISO data bank (Aviso; Taburet et al., 2019). Geostrophic balance75

does not hold at the equator, but the altimetry data can still be used to infer velocities there, with somewhat lower accuracy.

The AVISO data processing algorithm implemented the method of Lagerloef et al. (1999) between� 5� latitudes (Aviso;

Taburet et al., 2019). We used the direct zonal and meridional velocity components (ugosandvgos, in units of m/s). The spatial

resolution of daily global records is 0.25� � 0:25� (1440� 720 grid-cells), land areas are masked. The temporal resolution

is 1 day between the period 1 Jan 1993 - 23 Oct 2018, however we cut the last truncated year for the proper comparison of80

annual results. Of�ine passive tracer advection were estimated by bilinear interpolation of velocity values, and solving Eq. (1)

by a fourth order Runge-Kutta method with a time step of 5 min. The position of advected parcels was recorded in every 12

hour throughout a given year (365 days). On January 1st of each year, 6600 tracers were started from a meridional line at

the longitude 110� W, between latitudes 15� S - 15� N (approximately 500 m spacing). All calculations were performed using

the packageOcean Parcels (Lange and van Sebille, 2017; Delandmeter and van Sebille, 2019) in a Python environment85

(version 3.6) with the standardNumpy (Harris et al., 2020) andScipy (Virtanen et al., 2020) libraries, maps drawn by the

Cartopy module (Met Of�ce, 2010 - 2015). As representative examples, Fig. 1 illustrates two consecutive years, 1997 and

1998. 1997 was a very strong El Niño year, and Fig. 1a demonstrates clearly the well known effect of weakened (easterly)

trade winds in such years.

3



Figure 1. The �nal position of passively advected parcels (yellow dots) after 365 days starting from 1st of January in (a) 1997 (a particularly

strong El Niño year) and (b) 1998. The initial con�guration of 6600 tracers is a meridional line at the longitude 110� W, 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 one year

of advection, red lines exhibit representative trajectories. The �ow �elds are from the AVISO data bank (Aviso; Taburet et al., 2019).

Similar numerical experiments are reported by Webb (2018), where hot parcels (T > 27� C) are advected in two years (198190

and 1982) from 24 June to the end of the year from an initial meridional line at the middle of Paci�c, north to 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 �eld, 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

also a standard approach to ignore the third dimension in such transport studies. We assume that our numerically advected tracer95

paths are suf�ciently realistic compared to, e.g., �oaters released to the ocean. Note, however, that a direct comparison of our

analysis with trajectories of drifting surface buoys or satellite altimetry is not straightforward, because our initial con�guration

(parcels arranged along a meridional line) is rather speci�c for each year. Furthermore surface buoys are directly affected by
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