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Materials and Methods

Data

Five datasets are utilized in this study: satellite altimetry sea surface height data,
Argo profiling float temperature and salinity (T/S) data, WOAOS climatological T/S data,
Arabian Sea Experiment mooring data, and Kuroshio Extension System Study (KESS)
mooring data. All these datasets are publicly downloadable from Internet.

For the altimetry SSH data, we use the delayed-time product produced by AVISO
(available at: http://www.aviso.oceanobs.com). The AVISO dataset consists of the
globally gridded sea level anomaly (SLA) field from multiple simultaneously operating
satellites, with a 0.25° x0.25° spatial resolution. The time-span is from Oct 1992 to Jan
2010, with a 7-day temporal resolution. The SLA field is defined to be the residuals
relative to the 7-year (i.e., 1993-1999) mean.

The Argo profiling float data is provided by China Argo Real-time Data Center
(http://www.argo.gov.cn/argo-eng/index.asp). The dataset consists of about 600,000 T/S
profiles in the upper 2,000 m between 1996 and 2010, with time and location of each
profile recorded. These T/S data have been subject to real-time quality control (S7). From
the T/S profiles, the potential density p profile relative to the sea surface (density for
short hereafter) can be readily calculated.

The World Ocean Atlas 2005 data is provided by National Oceanographic Data
Center (http://www.nodc.noaa.gov/OC5/WOAO5/pr_woa05.html), and the objectively
analyzed 1° gridded climatological T/S field is used here. We mainly use the seasonal
mean field, and also compute the potential density from temperature and salinity field
relative to the sea surface.

The Arabian Sea Experiment mooring data is provided by Woods Hole
Oceanographic Institution (http://uop.whoi.edu/archives/arabiansea/arabiansea.html). The
mooring was located at 30.5°N, 61.5°E and collected vertical T/S profiles during October
1994 to October 1995.

The Kuroshio Extension System Study (KESS) project provides 2 years of
subsurface mooring data (available at: http://uskess.org/data_public.html). The mooring
system was deployed in the Kuroshio Extension region near 34°N 146°E during May
2004 to May 2006.

Reconstruct Eddy Density Field

Reconstruction of the eddy density field is divided into three steps: First, identify
eddies from the weekly altimetry SLA maps, and determine the SLA value at the eddy’s
center and their radius. Then, use the available Argo density profiles to composite the
normalized, three-dimensional (3-D) structure of the eddy’s density anomaly field.
Finally, combine the altimetry SLA signal and the composite eddy density structure to
reconstruct the density field for individual eddies.
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In order to identify the eddies from altimetry, we search localized extremes of SLA
first. If an extreme point is surrounded by closed contours of Okubo-Weiss parameter W
=-2 x 10" s (82, §3), this point is then recognized as an eddy center. The Okubo-
Weiss parameter is given by (54, S5):

W =4’ +v,u) (1)
where the horizontal velocities are calculated by geostrophic balance u = - (g /)i, and v
= (g /f)n. ( nis SLA, g is gravity acceleration), and the subscripts x and y represent the
zonal and meridional spatial derivatives, respectively. The radius of the eddy Ry is given
by the equal-area circle of the closed W contour surrounding the eddy center (S6), and the
SLA at the eddy’s center 7, is directly evaluated from the altimetry maps.

To derive the vertical structures of the mesoscale eddies, we follow the composite
analysis approach of (S7) based on the Argo profiling float data. Specifically, after
constructing its density structures from the T/S profiles, the eddy’s density anomaly
profile p.(z) is calculated relative to the local seasonal mean density profile from the
WOA climatology. The Argo float-derived density anomaly profile is then projected onto
the eddy-center coordinate, with the distance to the eddy center 7 as the horizontal
ordinate and depth z as the vertical ordinate. Considering the eddy structure variations in
different regions, the composition is conducted in a 30°latitudex30°longitude box. This
size of the region is big enough to ensure there are enough Argo profiles to perform the
composition, but small enough to avoid smearing out of eddy structures. The composite
density anomaly profile in a region is constructed by double normalization, with the
horizontal scale normalized by the eddy radius Ry and the amplitude normalized by SLA
at the eddy center 7,:

D) =10 - P, (r [ Ry,2) )
where r =(x* +y7) 125 the distance to the eddy center, r, = /Ry is the normalized
distance, and (x,y) are the zonal and meridional ordinates relative to the eddy center. Our
former study (S7) indicates that the variables (,,z) for the normalized density anomaly
field are functionally separable:

P.(r;7)=R(r,)-H(2) 3)
where R(7,) provides the radial structure and H(z) the vertical structure. According to our
former study (S7), the radial structure of eddy can be described by a universal analytic
function: R(r,) = (1-r,"/2)exp(l -r,>/2), and this function is used in our reconstruction
procedures. The vertical structures of mesoscale eddies obtained in the regional
composite analysis are recorded in a 1° x 1° global grid.

With the regional composite eddy structure and the radius Ry and center SLA 7, of
an eddy identified by altimetry, the density anomaly field of the individual eddy can be
reconstructed by R(r,) and H(z) specific to the nearest grid point:

p.(r.2)= p.(r,- Rp,2)= 11y R(1,)- H(2) = 1r)- 1 () (4)
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where 7(7) is the radial structure of SLA. By adding the background seasonal density
profile p(x,y,z) to pe(r, z), the total density field p(x,y,z) of the eddy is obtained. A/I
mesoscale eddies have a universal structure in normalized stretching coordinate (S7),

however, the reconstructed density structure p(x,y,z) is different for each individual
eddies.

Validation of the Reconstruction Method
Since the accuracy of the potential vorticity field is highly dependent on the

reconstructed density field, we use in sifu mooring observations from three sites to
validate our reconstruction method.

The first mooring system is deployed at 60.6°N, 52.4°W in the Labrador Sea from
September 2007 to September 2009 (S8). This 2-year mooring measurements captured 12
warm-core eddies, and the detailed information of SLA at the eddy center, the radius of
eddy and the countercurrent isopycnal displacement is available in (S8). We first take a
warm-core eddy captured by the mooring at October 11 2008 as an example, with a
center SLA 79 = 0.081 m and eddy radius Ry = 20 km. First, use the universal radial
structure of eddy to reconstruct its SLA distribution:

1 r\z i{ r \2
P PR P P L 5)
nr)=1, { 5 ROJ } exp[ 2l R
Then, get the regional composite vertical structure of eddy H(z) at the grid point

61°N, 52°W. The density structure of this eddy can be calculated by p.(7, z) = 5(r) H(z).
Finally, combining the winter background density profile p(x,y,z)from WOA data, the
eddy density field is reconstructed by: p(r,z)= p,(r,z)+ p(x,y,z), as shown in Fig.1A in
the main text. Notice that with the mooring provides only the time series of density
profiles, the time has been transformed into distance by the horizontal propagation speed
(25.8 cm s) of the eddy. The density structures of the other 11 warm-core eddies are
reconstructed in the same way. Figure 1C in the main text compares the observed and
reconstructed 27.7 kg m™ isopycnal displacement at the eddy center as blue points.

The second mooring located at 15.5°N 61.5°E is from the Arabian Sea Experiment.
During its one-year deployment, two cold-core eddies and one warm-core eddy were
observed. The first cold-core eddy is observed on November 30 1994, and its density
field is reconstructed and compared with the in situ density section from the mooring as
an example of cold-core eddy in Fig.1B. The observed 26.0 kg m™ isopycnal
displacement at the eddy center is 73.7 m and the corresponding reconstructed
displacement is 65.7 m. The other cold-core eddy and the warm-core eddy were observed
on August 30, and July 5, 1995, respectively. The observed and reconstructed 26.0 kg m™
isopycnal displacements of these three eddies are compared in Fig.1C as black squares.

The third mooring is from the KESS project, which used a subsurface profiler on the
moorings to observe temperature and salinity. There are a total of eight moorings (K1-



142 KS8), but it seems that the profilers did not work well during strong eddy events. After
143 checking the records of the eight moorings, only two warm-core eddy observations can
144 be used to validate our reconstruction method. The first warm-core eddy was observed by
145  the K3 mooring at 146.9E 35.5N on March 15, 2006 and the second warm-core eddy by
146  the K4 mooring at 146.2E 35.2N on February 9, 2005. The reconstructed 27.4 kg m™
147  isopycnal displacements of these two eddies are compared with their observed values in
148  Fig.1C with red triangles.

149 The comparisons shown in Fig.1C indicate that the relative error of the

150  reconstructed density field is about 20% of the observed variance. It is important to

151  mention that our verification covers the low-, mid- and high-latitude regions in the

152  Pacific, Atlantic and Indian Oceans. It also involves both polarities of the mesoscale

153  eddies (unfortunately only two cold-cold eddies out of the 17 eddy samples are available
154  for validation). We believe the 20% relative error is sufficiently small that validates the
155  reconstruction method adopted in this study.

156
157  The Potential Vorticity Field
158 We estimate the potential vorticity (PV) ¢ by following its definition:
+
159 g= M (6)

Po
160  where w is relative vorticity, p. is vertical gradient of density, py is mean density and fis
161  the Coriolis parameter. Following a fluid particle, ¢ is conserved if the environment is
162  inviscid and adiabatic.
163 With p, calculated from the reconstructed eddy density field, the only unknown
164  quantity in (6) is relative vorticity. To estimate the relative vorticity, we use the
165  reconstructed eddy density anomaly field p.(7,z) = #(r) H(z) to first compute the eddy
166  pressure anomaly field p.(7,z) = n(r) P(z) through hydrostatic balance with a reference
167  level at 2,000 m, where P(z) is:

168 P@=-[ g HE)d (7)

169  and g is the gravity acceleration. Then we use the geostrophic balance to compute the

170 horizontal velocity from the eddy pressure anomaly field relative to 2000m. Finally, we
171  take the curl of the geostrophic velocity field and obtain the relative vorticity w(r,z) = L(r)
172 P(z), where L(r) is the radial structure of relative vorticity :

1190( 0
173 L(r)= ———(r—”) ®)
fpror\ or
174 Notice that calculating the radial structure of relative vorticity here does not involve

175  detailed SSH information, we only need the altimeter data for the SLA at the eddy center
176  nyand the radius of the eddy Ry, and the universal radial structure of the mesoscale eddies
177  has been found rather stable (S7, $9). The main error source for the relative vorticity is
178  the assumption of level of no-motion at 2000 m. Many eddies in the ACC region have
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considerable barotropic, non-zero, horizontal velocity at 2000 m. Based the information
of Argo float trajectories at their 2000 dbar parking depth, we estimate our calculation of
relative vorticity has a relative error at the 15%-20% level.

With both p, and relative vorticity evaluated, the three-dimensional PV field can be
computed. After projecting the PV distribution onto the isopycnal surfaces, we
determine the fluid trapped by the mesoscale eddies by searching for closed PV contours.
Due to the relative vorticity and squeezing/stretching of the water column, the PV
contours near the core of an eddy can enclose upon themselves, forming closed PV
contours. In contrast, the S effect and the large-scale isopycnal slopes of the background
PV field works to suppress the formation of closed PV contours. It is the competition of
the eddy perturbation PV field versus the large-scale background PV field that determines
the area of the fluid trapped by closed PV contours on each isopycnal surface. Figure 2A
(2B) in the main text shows the three-dimensional shape of the fluid trapped by a warm-
core (cold-core) eddy and the PV distributions on representative isopycnals. Since PV is a
dynamical quantity, its close contours and corresponding trapped volume are independent
of the eddy propagation speed and the choice of reference frame.

Two approximations involved in our estimation of eddy volume need to be clarified.
The first is the radial symmetric approximation. The main task of this study is to estimate
the eddy-induced transport in a statistical sense, and the radial symmetric approximation
has been statistically validated by a former study of altimetry data (S9). The second is we
do not consider tilting of the eddy vertical structure. Tilting of the eddy vertical structure
is important when considering the tracer transport by mesoscale eddies with a horizontal
background tracer gradient. The fluid volume trapped by eddies is determined by areas
surrounded by the outermost close PV contours on each isopycnal surfaces; as such, the
tilting of eddy vertical structure has little impact on the estimation of eddy-induced
volume transports.

Eddy Propagation Speed

Propagation speed of individual eddies can be calculated by tracking their
trajectories in sequential altimetry SLA maps (56, §9). In order to obtain the global
distribution of the eddy propagation speed, we set up a globally uniform 2° x 2° grid. For
each gird, we calculate the eddy propagation speed by averaging the propagation speeds
of all eddies within a 4° x4° average-bin.

Figure S1A shows the global distribution of the zonal eddy propagation speed C,.In
Fig.S1B, we compare the average zonal propagation speed from our calculation and that
from (59). The two estimates are largely consistent. In most parts of the world oceans,

eddies move westward and tend to have a larger speed in lower latitudes. The exception
is along the Antarctic Circumpolar Current (ACC) where strong background time-mean
current advects eddies eastward.
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The meridional propagation speed of mesoscale eddies C, is also calculated and its
global distribution is shown in Fig.S2A, and its zonal average is shown in Fig.S2B.
Meridionally, mesoscale eddies have a tendency to move poleward within the tropics
(20°S-20°N), and equator-ward in the subtropical regions. This tendency is consistent
with the average equatorward deflection of all the eddies with lifetimes of 16 weeks and
longer in the subtropical regions obtained by (S9). While an interesting result, the
meridional propagation speed of the mesoscale eddies is one order of magnitude smaller
than the zonal propagation speed and, as a result, it plays a less important role in volume
transport.

Global Distribution of Volume Trapped by Mesoscale Eddies

For each weekly SLA map, we calculate the volume trapped by each eddy by using
the reconstruction method and PV criterion. The altimetry data used in this study contains
N=908 snapshots from Oct 1992 to Jan 2010. For each snapshot and each selected
average-bin of 1000 km x 1000 km, the total volume ¥ (unit: m’) trapped by mesoscale
eddies is first calculated. Accumulating the total trapped volume by eddies within the bin
for the whole time range from Oct 1992 to Jan 2010, and dividing it by the number of
snapshots give the time averaged eddy-trapped volume:

Vm=z% 9)

Repeating this process for every grid point lead to the global distribution of ¥, (unit: m®)
shown in Fig.S3.

Denser eddy population and more fluid trapped by individual eddies lead to a larger
average eddy-trapped volume. In the north hemisphere, the average eddy-trapped
volume tends to be large on the west side of the ocean basins. Hot spots appear near the
west boundary currents, such as the Kuroshio Extension and the Gulf Stream. However,
the average eddy-trapped volume tends to be smaller within the cores of the strong
background currents when compared with their nearby regions. This is caused by steep
sloping of the background isopycnal surfaces along the cores of the western boundary
currents. The steep isopycnal sloping leads to a large background PV gradient,
suppressing the ability of eddies to trap fluid. In the ACC region, hot spots of the average
eddy-trapped volume are all located near the large topographic features. This is likely due
to the perturbation of background PV gradient and the enhanced eddy generation near
these large topographies.

Eddy-induced Volume Transport
After estimation of the trapped volume V and the zonal propagation speed Cy of
individual eddies, we calculate the global distribution of the eddy-induced zonal transport

by the following steps. First, we lay out a uniform 2° x2° global grid, then set up an
average-bin with a 10° meridional width and a 20° zonal length around each grid point,
and record its zonal length as Dy, (unit: m, the length of 20° longitude at each grid point).

7
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For every eddy identified in the weekly altimetry maps, the volume transport carried by
this eddy is V*C,. Accumulating the total transport by the eddies within this bin for the
whole time period from Oct 1992 to Jan 2010, then dividing it by the number of the SLA
snapshots, the zonal length D,,, and meridional width 10°, give the average eddy-induced
zonal transport across the 1°-latitude section:

0-2VC (10)
* 10°-N-D,
Figure 3A in the main text shows the global distribution of Q, in unit of Sv per degree (1
Sv=10"m’s™).
If we further divide the transport into the eastward component (Q,>0) and westward
component (Q,<0), and integrate them over the whole latitude range:

0.@)= [ 0.4.0-d0 0.6 | 0.6,0)-d0 (11)
>0

o<0
give the integral eastward transport Q. and westward transport Q,,, respectively. In
equation (11), (¢,0) are longitude and latitude, respectively. We can also compute the
meridional integrated transport north and south of 40°S:

0,.0)= [ 0.6.0)d0  0.(9)= | 0.(4.0)-d0 (12)

—80
and we compare Q,/Q. and Q,/Q; in Fig.3B.
Similar to Oy, we can also compute the eddy-induced meridional transport Q,, (across
the 1°-longitude section) within the same average-bin:

0 = M (13)
7 20°-N-D,,
where Dy, (unit: m) is the meridional length of the bin. The global distribution of Q, is
shown in Fig.4A. For the meridional transport, we can calculate its zonal integrated
transport:

0,0)= | 0,(4.6)-dp (14)

The zonal integrated eddy-induced meridional transport is shown in Fig.4B. Due to the
small meridional propagation speed of eddies; the eddy-induced meridional transport is
much smaller than the zonal eddy-induced transport.

The main focus of this paper is to estimate the global eddy-induced volume transport
in the sense of statistical mean. To quantify the estimation errors on such a global scale is
rather difficult. On the other hand, there are independent estimations of eddy-induced
volume transport based on in situ observations available in some specific regions and this
provides us with a chance to indirectly evaluate the error bounds in our estimations.
Castelao (S70) estimated the eddy-induced onshore transport in the South Atlantic Bight
and Gulf Stream Recirculation region (28°N-35°N, west of 75.5°W) to be 7.6 + 2.2 Sv by

8
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combining the altimeter and Argo float data, and our estimated eddy induced transport at
the same location is 6.1 Sv. There are also several observations available in the Agulhas
Current regions. By combining hydrographic profiles and lower-ADCP data, Gazoli et al.
(S§10) estimated the eddy induced inter-ocean transport from the Indian Ocean into the
Atlantic Ocean is about 6-10 Sv. Richardson (S/7) used the subsurface float and surface
drifter data and estimated the eddy induced inter-ocean transport to be about 10-13 Sv.
With the altimeter data and assumed eddy vertical structures, Dencausse et al. (S12)
estimated the eddy induced Agulhas inter-ocean transport to be about 8.5 Sv. Finally, a
recent estimation based on altimeter and Argo floats by Souza et al. (S13) finds the inter-
ocean transport at 9 + 8 Sv. Our estimation of the eddy induced inter-ocean transport is
8.2 Sv. From these comparisons, we expect our global estimation of eddy-induced
transport to have a relative error about 20%.

Finally, there is an assumption in our calculation of SLA at the eddy’s center 7y,
which ignores the variation of the large-scale SSH field (the seasonal steric signal, for
example, is contained in the SLA maps we used). In order to evaluate the influence of
this assumption to the eddy-induced transport, we introduce 7, the difference between
the SLA at the eddy’s center and the mean SLA around the eddy edges (at 3.5*R, where
the eddy perturbations largely vanish) as another metric for eddy amplitude. We choose a
snapshot of SLA and identify all eddies in it, then we compare # and 7, of these eddies
in Fig.S4A, which indicates the potential relative error in eddy amplitude is about 20%,
and this may cause bias and overestimate of the volume trapped by individual eddies.
Then we use 7y and 7, to estimate the volume trapped by these eddies respectively and
compare them in Fig.S4B, which indicates the bias in estimating the volume trapped by
individual eddies 1s about 25% of its variation. Chelton et al. (S9) found that the large-
scale SSH variations may be the main cause for this bias. For example, if the large-scale
SSHA is positive in a selected region at a given time, it will lead to overestimation of the
volume trapped by cold-core eddies and underestimation of the volume trapped by warm-
core eddies in the same region. And the negative large-scale SSHA has an opposite
effect. Considering there will be both warm/cold core eddies in a region, the bias of
volume trapped by warm/cold core eddies will compensate each other when we perform
the large-sample statistical average. Thus, we expect the error caused by the variation of
large-scale SSH field to the global estimation of eddy-induced transport to be small.
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(A) Global distribution of the zonal propagation speed of mesoscale eddies. The zonal
propagation speed is obtained by tracking eddies from satellite altimetry data of 1992 -
2010. Thin lines represent the zero zonal speed contours. (B) The zonal average of zonal
propagation speed of mesoscale eddies. The red bars represent the latitude distribution of
our results, and the solid black curve represents the results from (S9).
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Global distribution of volume of the fluid trapped by mesoscale eddies. The volume is
obtained by averaging the total volume simultanously trapped by mesoscale eddies within
1000kmx1000km rectangle region around each grid point. Contour interval is 3x10" m’.
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the eddy center and on the eddy edges. (B) The comparison of trapped volumes by
individual eddies calculated from 7, and #,, respectively.
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