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Oceanic mass transport by

mesoscale eddies

Zhengguang Zhang," Wei Wang,"* Bo Qiu”

Oceanic transports of heat, salt, fresh water, dissolved CO,,_and other tracers regulate
global climate change and the distribution of natural marine resources. The time-mean
ocean circulation transports fluid as a conveyor belt, but fluid parcels can also be trapped
and transported discretely by migrating mesoscale eddies. By combining available satellite
altimetry and Argo profiling float data, we showed that the eddy-induced zonal mass
transport can reach a total meridionally integrated value of up to 30 to 40 sverdrups
(Sv) (1 Sv = 10° cubic meters per second), and it occurs mainly in subtropical regions,
where the background flows are weak. This transport is comparable in magnitude to that
of the large-scale wind- and thermohaline-driven circulation.

eat and material transports in oceans play a
dominant role in regulating Earth’s climate
and in controlling the oceanic absorption
of greenhouse gases that are responsible
for global warming. Large-scale wind- and
thermohaline-driven ocean circulation has tradi-
tionally been regarded to constitute the major
part of the oceanic transport, and its spatiotem-
poral variations to have profound climate and
biogeochemical impacts. However, by tracking
water masses (7) and radiocarbons (2), observa-
tional studies have revealed that the large-scale
circulation alone cannot explain the oceanic tran-
sports. Since the detection of their ubiquitous
presence in the oceans more than three decades
ago, oceanic mesoscale eddies with length scales
about 50 to 300 km have been recognized as key
contributors in transporting heat, dissolved car-
bon, and other biogeochemical tracers (3-6).
Unlike the large-scale circulation that tran-
sports fluids and their properties continuously,
mesoscale eddies can trap fluid parcels within
the eddy core and transport them discretely
(7, 8). Our theoretical understanding of the pro-
cesses involving mesoscale eddies remains, how-
ever, incomplete. For example, many existing
studies have treated transport by eddies as a
simple diffusion process that tends to obscure
the redistribution processes of dynamical and bio-
geochemical tracers (9). In addition to the theo-
retical understanding, it is equally important to
quantify the eddy-induced fluid volume tran-
sport on the basis of available observational data.
There exist, however, two major challenges for
such quantification: First, there is no widely ac-
cepted criterion that defines the volume of fluid
trapped by an eddy; and, second, accurate ver-
tical structures of the mesoscale eddies are often
observationally inaccessible.
In defining the fluid trapped by eddies, all ex-
isting criteria are kinematic in nature; they are
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inherently descriptive and depend on the choice
of reference frame (6-8, 10). From a dynamical
point of view, the movement of a rotating fluid
can be depicted by a dynamically conserved quan-
tity: potential vorticity (PV), its tendency to spin.
PV contours have long been used to identify the
trajectory of fluid particles in the ocean (1), and
fluid tends to be trapped within the closed PV
contours (12). A classical demonstration of this
constraint is the Taylor Column in the homogeneous-
fluid rotating tank experiment (73). For an adia-
batic stratified ocean, fluid motion is constrained
on isopycnal surfaces. If a PV contour on an iso-
pycnal is closed because of eddy perturbations,
the fluid trapped inside this closed contour will
move with the eddy. In the present work, the
outmost closed PV contours on isopycnals were
used as the criterion to determine the boundary
of fluid trapped by eddies.

Regarding the second challenge of capturing
the three-dimensional (3D) structures of meso-
scale eddies, our recent study has demonstrated
that they can be reconstructed by combining the
high-resolution satellite altimeter data and con-
current Argo profiling float temperature/salinity
data (14). Once the 3D potential density (called
density hereafter) field is reconstructed from the
altimeter sea surface height (SSH) measurements,
we are able to evaluate the eddy-perturbed PV
field and finally quantify the fluid volume trapped
by the moving eddies (15). To verify our method of
reconstructing the eddy density field, we used
independent mooring observations from different
regions of the world oceans: the Labrador Sea, the
Arabian Sea, and the Kuroshio Extension (Fig. 1).
The reconstructed eddy density structures are
found to compare favorably with the mooring
results for both the warm- and cold-core eddies.
The relative errors of the reconstructed isopycnal
surface displacement are estimated to be 20% of
the variance (75), an uncertainty level that is ac-
ceptable for estimating the fluid volume trapped
by mesoscale eddies.

For illustration, three isopycnal surfaces of an
observed warm-core eddy in the subtropical North
Pacific are presented in Fig. 2A. The isopycnal
surfaces of this warm-core eddy exhibit a concave
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shape. The upper isopycnal surface outcrops at
the sea surface and envelops a bulk of warm
water. All PV contours on this isopycnal are closed,
and the boundary of the trapped water coincides
with the outcrop line. On the middle isopycnal
of the eddy (at ~500 m depth), the PV contours
near the eddy core are closed, whereas those
outside the eddy core are open; in this case, the
eddy traps only the fluid within the outermost
closed PV contour. As the eddy perturbation de-
cays with depth, the area enclosed by the closed
PV contours diminishes on denser isopycnals,

and the eddy loses its ability to trap water in
these deep layers. The outmost closed PV con-
tour on each isopycnal forms a 3D conic surface
(the transparent black surface in Fig. 2A), and it
is this surface that delineates the boundary of the
fluid trapped by this warm-core eddy. For com-
parison, a cold-core eddy detected in the same
geographical region is presented in Fig. 2B, and
the fluid trapped by this cold-core eddy exhibits a
somewhat different vertical enveloping shape.
From the sequential SSH maps from the sat-
ellite altimeter measurements, we evaluated the
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Fig. 1. Comparison between observed and reconstructed eddy density fields. (A) Potential density sec-
tion across a warm-core eddy at 60.6°N, 52.4°W in the Labrador Sea on 11 October 2008. The horizontal ordinate
is the distance to the eddy center, and the vertical ordinate is depth. Colored shades denote the reconstructed
density field, with white curves representing the isopycnals at 2765 kg m™, 2770 kg m™, and 2775 kg m™. The
corresponding isopycnal surfaces from the mooring observations are indicated by black curves (25). (B) Potential
density section across a cold-core eddy at 15.5°N, 61.5°E in the Arabian Sea on 30 November 1994. White and
black contours denote the isopycnals at 24.5 kg m™, 255 kg m™, and 260 kg m™. (C) Comparison of the
reconstructed isopycnal displacement with the observations at the eddy centers. Blue circles represent the
277 kg m~2 isopycnal displacement of 12 eddies observed in the Labrador Sea. Black squares represent
the 26.0 kg m™ isopycnal displacement of three eddies observed in the Arabian Sea. Red triangles
represent the 274 kg m™ isopycnal displacement of two eddies observed in the Kuroshio Extension (15).
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Fig. 2. 3D structures of trapped fluid by mesoscale eddies and PV distributions on representative
isopycnals. (A) PV contours on three isopycnal surfaces of a warm-core eddy identified by the altimetry
data at 30.1°N, 150.1°E in the subtropical North Pacific on 25 May 2005. The sea-level anomaly at the eddy
center is 12 cm. The shape and depth of isopycnals are represented by the 3D surfaces. The potential
densities of the upper, middle, and lower isopycnals are 23.35 kg m™>, 26.59 kg m™>, and 2748 kg m™>,
respectively. PV distribution on the isopycnal is depicted by colored contours. The transparent black
surface, defined by the outmost closed PV contours, signifies the boundary of fluid trapped by this warm-
core eddy. (B) Same as (A) except for a cold-core eddy identified by the altimetry data at 30.7°N, 151.0°E in
the subtropical North Pacific on 25 May 2005. The sea-level anomaly at the eddy center is =14 cm. The
depicted isopycnal surfaces are 23.99 kg m™3, 26.75 kg m™3, and 2756 kg m~3, respectively.
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propagation speed of individual eddies by adopt-
ing a Lagrangian tracking method (16, 17). With
the eddy propagation speed and its volume of
trapped fluid at hand, the eddy-induced mass
transport is readily quantifiable (15). Figure 3A
shows the global distribution of the eddy-induced
zonal transport based on the altimeter SSH data
of 1992-2010. A remarkable feature is that the
regions of large westward eddy transport are lo-
cated in all latitude bands between 20° to 40°
Also noteworthy is that an enhanced eddy-
induced eastward transport occurs along the
Antarctic Circumpolar Current path south of 40°S.
When integrated over the entire latitude range
from 80°S to 80°N, the total zonal eddy-induced
transports add up to 30 to 40 Sv westward and 5
to 10 Sv eastward (Fig. 3B). The global distribu-
tion of eddy-induced meridional transport is shown
in Fig. 4A. Geographically, the meridional eddy
transport has a poleward tendency within the
tropical regions (20°S to 20°N) and an equator-
ward tendency in the subtropical regions (20°N
10 60°N and 20°S to 60°S). This meridional eddy
transport in many parts of the world oceans
moves in the same direction as the meridional
wind-forced Ekman transport. The convergent
latitudes for the meridional eddy transport, how-
ever, appear equatorward of the convergent lat-
itudes for the meridional Ekman transport.
Because of the predominance of westward prop-
agations by the mesoscale eddies (17), the zonally
integrated eddy-induced meridional transport is
on the order of several sverdrups, which is much
smaller than the zonal eddy-induced mass tran-
sport (Fig. 4B). The relative errors in these tran-
sport values are estimated at about 20% (I5).

As a comparison, the transports of the wind-
driven gyres in the Pacific, Atlantic, and Indian
Oceans are 20 to 60 Sv, 20 to 50 Sv, and 10 to
25 Sv, respectively, and the transports of the
thermohaline circulation in these three oceans are
10 t0 20 Sv, 9 to 20 Sv, and 10 to 15 Sv, respectively
(18, 19). The 30- to 40-Sv value of the eddy-induced
zonal transport is comparable in magnitude with
the large-scale wind- and thermohaline-driven
circulation. Apart from the Southern Ocean, these
zonal transports work to accumulate water onto
the western side of the ocean basins, implying that
the mesoscale eddies can exert a strong impact on
the transports of the western boundary currents.
Indeed, observations of the Kuroshio transport
east of Taiwan reveal that its interannual variation
has no obvious correlation with the large-scale
wind fluctuations but exhibits a good correspon-
dence with the eddy kinetic energy level east of
the island of Taiwan (20). As indicated in Fig. 3A,
the region east of Taiwan is the strongest hot
spot of eddy-induced tranport in the North Pa-
cific Ocean. With the amount of mesoscale eddies
modulating on the interannual and decadal time
scales (2I), the eddy-induced zonal transport is
likely to fluctuate as well. By altering the pole-
ward mass and heat transport carried by the
western boundary currents, the eddy-induced tran-
sport fluctuations can contribute substantially
to regional and basin-scale climate variability
(22-24).
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Fig. 3. Global distribution of the zonal trans-
port of fluid trapped by mesoscale eddies. (A)
Eddy-induced zonal transport through meridional
cross section per degree of latitude. The figure is
based on the statistical average of eddy propaga-
tion speed and trapped fluid volume (15). (B) Dis-
tribution of the total meridionally integrated zonal
transport induced by eddies as a function of longi-
tude. The solid blue curve represents the westward
transport and the solid red curve represents the east-
ward transport, computed by integrating the zonal
transports in (A) from 80°S to 80°N. The dashed
blue curve represents integrated total transport
north of 40°S, and the dashed red curve represents
integrated total transport south of 40°S.

Fig. 4. Global distribution of the meridional
transport of fluid trapped by mesoscale eddies.
(A) Eddy-induced meridional transport through a
zonal cross-section per degree of longitude. (B) Dis-
tribution of the total zonal-integrated meridional
transport induced by eddies as a function of latitude.

It is worth noting that there exist no strong
currents in many regions with large westward
eddy-induced transport identified in Fig. 3A.
Equally important, the eddy-induced transports
can penetrate to the depth below the main ther-
mocline, where the wind-driven circulation is gen-
erally weak. In these regions and depth ranges
without strong background circulation, the meso-
scale eddies can dominate the transport of heat,
fresh water, and dissolved carbons and other bio-
geochemical tracers, which are important for un-
derstanding long-term climate change.

In climate models that simulate global warm-
ing scenarios, the transport by oceanic mesoscale
eddies is generally underestimated and/or im-
properly resolved because of their coarse grid
resolution. As the model resolution increases
with enhanced computing power, mesoscale eddies
will be progressively resolved by future climate
models, and the impact of the eddy-induced tran-
sport will probably emerge. This makes the task of
establishing proper theories about eddy-induced
transport particularly important and urgent.
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