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Outline

Introduction

Zonal jets might play an important role in the ocean
circulation and their effects on tracer transport should
be included in ocean climate models. These models
do not resolve mesoscale fluctuations and therefore
cannot reproduce eddy-driven mean flow in general,
and zonal jets in particular. In order to develop a
proper parameterization, it is necessary to gather
observational data and study the transport
characteristics of jets. In the future, the amount of
Lagrangian drifter data will rapidly increase. It is
important to build a framework of analysis that links
parametrizations of mesocale fluctuations to
Lagrangian statistics.

Background

In adiabatic and non-viscous flow, a fluid particle
tends to conserve both its buoyancy and its potential
vorticity. A tracer lying on isopycnals will be dispersed
only in regions where potential vorticity is
approximately constant on the isopycnal.

I The lateral spreading of passive tracers across the
core of zonal jets is believed to be suppressed by
large isopycnal potential vorticity gradients.The
diffusivity constant appropriate to a flux-gradient
parameterization for the turbulent tracer transport is
therefore expected to have a minimum in the jet.

I Potential vorticity (PV) is a conserved quantity in
adiabatic and non-viscous flows, and the mixing of
potential vorticity is suppressed similar to the mixing
of passive tracers. However, PV is an active tracer
and its fluxes can be expressed in terms of
momentum- and buoyancy fluxes.

Revisited data

Eden (2009) tested a paramterization for
eddy-momentum fluxes in a numerical model of
zonally averaged flow. The forcing by the momentum
flux is expressed as diffusion of potential vorticity and
buoyancy, and the diffusivity constant is found by a
suitable closure. He used an eddy resolving model
(i.e. not averaged) to validate the diffusivity constant
resulting from the closure. We revisit the diffusivity
estimates for horizontal buoyancy and potential
vorticity, obtained from the eddy-resolving model by
calculation of eddy-fluxes and the assumption of a
flux-gradient relationship. This data will be referred to
as Eulerian estimates of diffusivity, and we compare
these estimates to Lagrangian single- and
two-particle statistics.

Objective

I Can we find Lagrangian float statistics which
resemble the distribution of PV diffusivity obtained
from Eulerian estimates?

The Numerical Model and Eulerian Analysis

Zonal Flow in a Channel
I Heating (cooling) at equatorward (poleward)

boundary, no surface forcing
I Width: 4500km, Depth: 2000m
I Rossby Radius Lr = Nh

fπ = 96km, Inverse Eady
growth rate σ = M

N2 = 4.8d

Eulerian Diffusivity Estimates

Diffusivity estimates for PV and buoyancy are shown
below. The black lines indicate the zonal mean zonal
flow. Within the eastward jets, both diffusivities are
significantly reduced.

Lagrangian Drifters and Mean Particle Velocity

We partition the meridional plane in a grid of bins of 200km x 200m. We
map a pseudo-trajectory to a bin if its central point is located in the bin. The
mean particle velocity calculated from 200 day trajectories shows the
expected meridional overturning circulation caused by the diabatic forcing
in the restoring zones. Black lines indicate Lagrangian zonal mean flow.

Single Particle Diffusivity

Different Estimates for meridional diffusivity Kyy

I Taylor (1921): Kyy ' −2 d
dt〈r

′2
y〉

I Davis (1991):
Kyy(x, t) = −〈v ′y(t0|x, t0)y ′(t0 − t |x, t0)〉
Note that the above equation contains an Eulerian
velocity fluctuation, which must be estimated with
Lagrangian data.

I Bratseth (1998): Kyy(∆t) = 1
4∆t(y

′
+ − y ′−)2, where

+ and − refer to t + ∆t and t −∆t respectively.

Results
I All 3 methods show a minimum of Kyy in the jets at

a lag of 15 days.
I At the 50 day lag the diffusivities defined by Davis

(1991) and Bratseth (1998) show minima within
the jets. While the difference between values
inside and outside the jet is on the order of 1-2
magnitudes for the Davis-diffusivity, the difference
of Bratseth-diffusivity is about 1 order of
magnitude.

I It is common practice to estimate the asymptotic
limit of the diffusivity tensor by its maximum. The
underlying assumption is that velocity-
autocorrelations decay without a pronounced
negative lobe. The last row shows time-series for
Kyy (left, for the ten northernmost bins) and the
maximum of Kyy (right). Adopting this practice
leads to the conclusion that mixing is enhanced in
the cores. However, the upper panels show that it
is essential to consider the time-series of Kyy
beyond its maximum.

Two-Particle Statistics

Two-particle dispersion statistics are obtained by
measuring the separation rate of two neighbouring
particles released at the same time. Two points are
considered to be a pair of neighbours if the first point
of their trajectory lies in a cylinder with a diameter of
100km and a height of 200m.

Top: Mean square distance between two released
particles as a function of time: Dyy(t) = (y ′1 − y ′2)2.
Only the northernmost 10 bins are shown.

Bottom: Dyy at a lag of 50 days.

Horizontal Anisotropy

Single-particle estimates for Kxx
From top to bottom: Taylor-, Davis- and Bratseth-diffusivity. The
data for the zonal component Kxx of the single-particle
Davis-diffusivity tensor was very noisy in the baseline
experiment. Presumably, this noise is caused by the strong
shear of the zonal mean flow. We use a different set of particles,
integrated with the velocity u† = u− u, where u is the zonal
mean zonal velocity. The meridional component Kyy is also
shown for comparison. The magnitude of Kxx is larger than Kyy
at all depths, and surface-intensified.

Bottom: Two-particle estimates of dispersion:
The two-particle dispersion in zonal direction is largest in the the
jet-cores. This is expected considering the strong shear of the
zonal flow and the rather large initial distance of two
neighbouring points (up to 100km). A two-particle dispersion
calculation with particles integrated with u† will be done soon.

Conclusions and Discussion

Conclusions
I The meridional transport induced by mesoscale- fluctuations of a dynamically consistent flow field

featuring zonal jets was analyzed using purely Lagrangian single- and two-particle statistics. The
Lagrangian statistics indicate reduced dispersion or mixing within zonal jets, which corresponds to
qualitatively similar results obtained previously from an Eulerian diffusivity estimate.

I The common practice of interpreting the maximum of K (as a function of time-lag) as its asymptotic limit,
leads to the conclusion that mixing in jet-cores is enhanced. To detect mixing barriers, enough Lagrangian
data must be gathered such that the time-series of dispersion rates can be extended well beyond the
maximum without large error.

I Estimation of zonal diffusivities with purely Lagrangian data is difficult because of the strong shear of the
zonal mean velocity.

Discussion
I In our study we find similarities in the meridional distribution of Lagrangian estimates of isopycnal diffusivity

and Eulerian estimates of lateral diffusivity for potential vorticity and buoyancy. It remains to be seen
whether or not there exist any similarities in the zonal direction.

I Theoretically, single-particle estimates of diffusivity rely on the assumption of a random-walk behaviour of
individual particles. The presence of a coherent, meandering zonal flow which is thought to act as a
mixing-barrier, cannot lead to random-walk behaviour. Nevertheless, diffusivity estimates using
single-particle statistics yield a physically reasonable distribution in the vicinity of the jets and in the jet
cores.

I Previous studies suggest that unresolved tracer transport in the ocean can generally not be modelled with
an eddy diffusivity. Diffusive transport parametrizations are adequate for flows in which the turbulent
fluctuations cause multiple, statistically independent particle displacements during an interval Tu in which
the mean advection changes the tracer concentration significantly. The length of Tu depends on the
strength of the mean advection and the steepness of the mean-tracer gradient. The time-series of Kyy in
our model suggests that meridional particle displacements can be viewed as statistically independent
between intervals of 50 days.
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