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Abstract stirring along isopycnals is a significant factor in determining the distribution of tracers within the
ocean. Salinity anomalies on density surfaces from Argo float profiles are used to investigate horizontal stirring
and estimate eddy mixing lengths. Eddy mixing length and velocity fluctuations from the ECCO2 global state
estimate are used to estimate horizontal diffusivity at a 300 km scale in the upper 2000 m with near-global
coverage. Diffusivity varies by over two orders of magnitude with latitude, longitude, and depth. In all basins,
diffusivity is elevated in zonal bands corresponding to strong current regions, including western boundary
current extension regions, the Antarctic Circumpolar Current, and equatorial current systems. The estimated
mixing lengths and diffusivities provide an observationally based data set that can be used to test and constrain
predictions and parameterizations of eddy stirring.

1. Introduction

Eddies of all sizes continually stir oceanic tracers such as heat, salt, oxygen, and nutrients along isopycnal
surfaces. This stirring impacts basin-scale tracer distributions and influences physical and biological
systems. Along-isopycnal stirring is parameterized in numerical models as a horizontal diffusivity xy, that
represents processes on unresolved horizontal scales [e.g., Fox-Kemper et al., 2013]. Numerical studies have
shown that the large-scale ocean circulation and Earth’s climate are sensitive to the magnitude and spatial
distribution of parameterized horizontal eddy diffusivity [Danabasoglu and McWilliams, 1995; Danabasoglu
and Marshall, 2007; Eden et al., 2009; Liu et al., 2012; Fox-Kemper et al., 2013]. Since non-eddy-resolving
ocean models currently use a variety of spatially varying diffusivity parameterizations, a better
understanding of how and why stirring and diffusivity vary spatially is needed.

Several approaches have been used to investigate horizontal diffusivity. Challenges include capturing (i) the
full range of horizontal scales at which eddy stirring takes place, and (ii) geographic and depth variability.
Estimates based on tracer-release experiments [Ledwell et al., 1998; Tulloch et al, 2014] and isopycnal-
following floats [Zhang et al, 2001; LaCasce et al, 2014] are limited in geographic extent and density
range. Estimates based on natural tracer fluctuations are also geographically limited due to the large
number of observations required to quantify tracer variance [Armi and Stommel, 1983; Jenkins, 1987; Ferrari
and Polzin, 2005; Cole et al., 2010; Naveira Garabato et al., 2011; Cole and Rudnick, 2012]. Global estimates
of horizontal diffusivity have been derived from (i) surface drifter tracks that are limited by the sparseness
of the drifter distribution [Zhurbas and Oh, 2003, 2004; Klocker et al., 2012a, 2012b; Zhurbas et al., 2014]
and (i) satellite-derived estimates that do not resolve all scales of eddy activity [Stammer, 1998; Waugh
and Abraham, 2008; Abernathey and Marshall, 2013], with neither capturing stirring below the surface.
Efforts to infer the full three-dimensional field of horizontal diffusivity rely on numerical and theoretical
models [Ferreira et al., 2005; Menemenlis et al., 2005; Griesel et al., 2010; Zika et al., 2010; Liu et al.,, 2012;
Vollmer and Eden, 2013; Bates et al., 2014; Chen et al., 2014], or observations in geographically limited areas
[e.g., Funk et al., 2009]. Such studies have found that horizontal diffusivities vary with location and depth,
ranging from near zero to order 10*m?s™". Basin-scale to global-scale observationally based data sets are
not currently available to test predictions or parameterizations of eddy stirring.

This analysis provides a near-global estimate of horizontal diffusivity in the upper 2000 m. It is only recently
through the Argo program [Roemmich et al., 2009] that enough observations of a tracer, in this case salinity on
density surfaces, have become available on a global scale to investigate eddy stirring. Argo observations are
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typically used to investigate meso- and larger-scale phenomena [e.g., Johnson et al., 2012] but do contain
tracer fluctuations from all horizontal scales at which eddy stirring occurs. Horizontal diffusivity is a
function of length scale [Richardson, 1926; Okubo, 1971] and here is estimated at a 300 km scale, which is
similar to the scale of the largest quasigeostrophic eddies and larger than the Rossby deformation radius
[Chelton et al., 1998; Chelton et al., 2011]. Diffusivity is estimated using a mixing-length framework [Taylor,
1915; Prandtl, 1925; Tennekes and Lumley, 1972] that combines tracer fluctuations from Argo observations
with velocity fluctuations from the ECCO2 state estimate. The Argo float observations and ECCO2 velocity
field are described in section 2, with methods for estimating mixing length and horizontal diffusivity
presented in section 3. Results (section 4) and conclusions (section 5) follow.

2. Data

This analysis uses Argo float observations (obtained from ARGO GDAC, doi: 10.12770/1282383d-9b35-4eaa-
a9d6-4b0c24c0cfc9) over the period 2005-2012. Approximately 3000 Argo floats, distributed throughout
the ice-free ocean, return profiles of temperature, salinity, and pressure about once every 10 days from the
surface to between 1000 and 2000 dbar [Roemmich et al., 2009]. Most floats have a vertical resolution that
ranges from 10 m near the surface to 100 m at depth; 10% of floats have a constant 2 m vertical resolution.
Only delayed-mode data with quality control flags of 1 (indicating “good data” passing Argo quality
control and statistical tests) are included. Gaps in pressure greater than 250 m are excluded from the
analysis, affecting portions of less than 1% of profiles. In total, 705,795 profiles are used with more than
50% extending below 1500 dbar. Mapped larger-scale temperature and salinity fields on pressure surfaces
derived solely from Argo observations are also used [Roemmich and Gilson, 2009]. Mapped fields are
available for each month and year of Argo float observations on a 1°x 1° grid.

Velocity fluctuations on a global scale at all depths are best obtained from ocean state estimates that
assimilate data, and the ECCO2 product [Menemenlis et al., 2005, 2008] is used here. The ECCO2 product
uses a Green’s function method [Menemenlis et al., 2005] to adjust a small number of control parameters
to produce a dynamically consistent run of the MITgcm [Marshall et al., 1997] constrained to observations.
Control parameters include initial and boundary conditions, drag coefficients, ice/ocean/snow albedo,
viscosity, and diffusivity. Observational constraints include time-mean sea level, sea level anomaly, sea
surface temperature, temperature, and salinity profiles from WOCE, TAO, Argo, XBT, and other available
sources. ECCO2 is run on a cube-sphere grid with a mean horizontal spacing of 18km and 50 vertical
levels (the name for this run is cube92). Archived model output of 1 month averaged velocity fields
interpolated to a regular %° latitude-longitude grid over 2005-2012 is used. When compared with moored
current-meter observations, ECCO2 eddy kinetic energy (EKE) captured about 80% of observed EKE in
high-EKE regions and about 50% in low-EKE regions [Wortham, 2013].

3. Methods

A mixing-length framework that relates observed tracer anomalies to gradients of the mean tracer field is used
to estimate horizontal diffusivity. A convenient tracer is the salinity anomalies S’ on isopycnal surfaces
(which is proportional to the spice anomaly 255’ =2af’ where a and f are the thermal expansion and
saline contraction coefficients [Veronis, 1972; Munk, 1981]). Mixing length A and horizontal diffusivity «;, are
estimated as follows:

2= (S'S)/(IV{S}) (1a)

Kh = CoAUrms (1b)

where S’ =S — {S} is the salinity anomaly on a density surface, Uyms= ((u — )+ wv— {V})z>1/z a characteristic
velocity scale of the eddy field, ¢, a mixing efficiency, braces { } indicate a 1 year running average within a grid
box, and brackets ( ) a temporal average over all years [Tennekes and Lumley, 1972; Armi and Stommel, 1983;
Naveira Garabato et al., 2011]. The choice of a 1 year timescale is discussed below. Mixing length represents
the distance a fluid parcel is transported before significant irreversible mixing occurs, and equation (1a) is
valid when the background gradient varies slowly. Only 4% of mixing lengths estimated using equation
(1a) are unrealistically large due to small mean gradient (1 V{S}1) (see below). Mixing length and diffusivity
estimates using equation (1) are directed perpendicular to the mean salinity field (across salinity fronts), so
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Figure 1. (@) Number of observations per 3°x 3° bin at 500 m depth. Magenta star (28.5°N, 159.5°W) indicates the grid box shown in Figures 1b-1d. Profiles as a
function of density in one grid box of (b) salinity, S, (c) mean salinity, {S}, associated with each profile, and (d) magnitude of salinity fluctuations, | 5’ I =15 — {S}|,
with (S’S’)V2 shown in red. Mean salinity is the monthly profile of Roemmich and Gilson [2009] smoothed with a 1 year running average and interpolated in space and
time to match each Argo profile. The dashed gray line indicates the density of the winter mixed-layer base, defined as the density corresponding to the shallowest depth
below the mixed layer observed by at least 80% of the profiles in the grid box.

no information is obtained about stirring along isohalines (along salinity fronts). Estimated diffusivity and
gradients in the mean salinity field are typically directed across mean streamlines (that is meridional in the
interior or perpendicular to major frontal systems such as the Gulf Stream).

Salinity anomalies are considered in 3°x 3° spatial bins and defined with respect to a mean salinity field that
has a 1year timescale. Three-degree spatial bins are chosen to be comparable to the scale of the dominant
eddies and correspond to tens to hundreds of profiles per grid box (Figure 1a). Salinity anomalies S’
(Figure 1d) associated with each salinity profile S (Figure 1b) are determined by first excluding the mixed
layer (since mixed-layer salinity anomalies are not expected to obey equation (1) due to surface forcing)
and then removing a mean salinity {S} on each density surface (Figure 1c). The mixed layer is excluded
using the Holte and Talley [2009] mixed-layer-depth algorithm based on density, or a density threshold of
0.03kg m~> when this algorithm fails (0.6% of profiles). Mean salinity profiles {S} (Figure 1c) are
constructed by smoothing the Roemmich and Gilson [2009] monthly mapped salinity field with a 1year
running average, then interpolating in space and time to the location and time of each Argo profile.
Removing a mean that varies slowly in time takes into account interannual variability and large-scale
meandering of major fronts. Seasonal variability is not explicitly excluded. Estimated mixing lengths and
the results of this analysis are not significantly different if salinity anomalies are restricted to timescales
shorter than 1 month; seasonal variations on density surfaces do not significantly contribute to salinity
anomalies, consistent with prior observations even near the base of the winter mixed layer [e.g., Cole and
Rudhnick, 2012]. In each grid box, density surfaces with less than 25 estimates of S’ are excluded. Salinity
anomalies so defined (Figure 1d) represent scales less than 300 km and 1 year, which include the dominant
scales associated with mesoscale (and smaller-scale) eddies. The Argo-based salinity anomalies shown in
Figure 1 (28.5°N, 159.5°W) agree well with those anomalies observed in this location using autonomous
gliders [Cole and Rudnick, 2012]; both data sets reveal local maxima in the standard deviation of salinity
near oy=25.0 and 26.0kgm~>. The standard deviation of Argo-based salinity anomalies captures the
persistent spatial patterns of mesoscale and smaller-scale salinity fluctuations.

Mixing length, equation (1a), is estimated using the salinity anomalies defined above and the mean
salinity {S} derived from Roemmich and Gilson [2009]. The salinity gradient for each year of
observations is estimated as the average magnitude of the 3° forward and backward spatial
differences (e.g., |Vi{S}| =3 IVx{S}| +3IVx_{S}|). This is formally equivalent to a 6° centered
difference for a planar salinity surface but does not underestimate the salinity gradient for symmetric
salinity surfaces (for which a centered difference would result in zero gradient and an ill-conditioned mixing
length). The salinity gradient is then averaged over all years. Near coastlines, forward or backward gradients
are extrapolated using the nearest neighbor. Mixing lengths are considered valid if they are less than the
horizontal scale at which the salinity gradient is calculated since a separation of scale between the eddy
and mean fields is assumed in equation (1). Only 4% of mixing lengths, primarily along deeper density
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Figure 2. Statistics on the 27.0 kg m~3 density surface in 3°x 3° latitude bins of (a) mean salinity with depth contours in 200 m intervals and the 600 m surface in
bold, (b) salinity standard deviation, (c) horizontal gradient of mean salinity, and (d) mixing length. Data gaps in Figure 2b correspond to grid boxes with less than
25 observations and in Figure 2d correspond to inferred mixing lengths greater than 600 km.

surfaces where the salinity gradient is weak, exceed 600 km and are excluded from analysis. Mixing lengths are
interpolated to depth surfaces using the mean density-depth relation in each grid box.

Horizontal diffusivity, equation (1b), is estimated using a constant mixing efficiency (co) and velocity fluctuations
(Uyms) from the ECCO2 state estimate. A constant mixing efficiency of 0.16 is used [Wunsch, 1999; Klocker and
Abernathey, 2014, Appendix B], which in part accounts for salinity and velocity anomalies generated by
meandering or reversible motions that do not result in stirring. The characteristic eddy speed u,s is calculated
on the ¥° ECCO2 grid, then bin-averaged to the 3° grid of this analysis. Velocity fluctuations represent scales
from 1 month to 1 year that include the dominant mesoscale eddy motions, similar to salinity anomalies.

A sample calculation is shown for the 27.0 kg m ™~ isopycnal (Figure 2), which ranges in depth from near 800 m
in the subtropics to outcropping at the highest latitudes (Figure 2a). Mean salinity reflects the circulation at this
depth, with distinct salinity values associated with subtropical gyres and equatorial regions (Figure 2a). The
standard deviation of salinity anomalies (Figure 2b), as well as the horizontal gradient of the mean salinity
field (Figure 2¢), is elevated where different water masses meet, such as at the boundaries of the subtropical
gyres. In each ocean, salinity anomalies are well correlated in space with horizontal gradients of the mean
salinity field (*=0.8-0.9 depending on density; scatter is associated with geographic variations in mixing
length) and only moderately correlated with vertical gradients of the mean salinity field (** =0.4-0.6). This
indicates that horizontal stirring is more influential than vertical mixing in determining salinity anomalies on
these scales, and a mixing length approach is appropriate. Mixing lengths vary from 10km to the upper
bound of 600 km (Figure 2d) with elevated values in zonal bands.

4, Results

A near-surface estimate of horizontal diffusivity is constructed that represents the diffusivity at the base of
the winter mixed layer (Figure 3). The winter mixed-layer base (Figure 3a) is defined for each 3°x 3° grid
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box as the shallowest depth identified
as below the mixed layer in at least
80% of the profiles in that grid box.
Salinity anomalies and mixing lengths
are elevated in zonal bands (Figures 3b
and 3d), similar to the spatial pattern
observed along density surfaces (e.g.,
Figure 2). ECCO2 velocity fluctuations
are also elevated in zonal bands corre-
sponding primarily to western boundary
current extension regions, equatorial cur-
rents, and the Antarctic Circumpolar
Current (Figure 3c). Geographic variations
in both mixing length and velocity fluc-
tuations contribute to geographic varia-
tions in diffusivity. Since horizontal
diffusivity varies by two orders of magni-
tude from 10 to 10*m?s™" (Figure 3e),
even factor-oftwo uncertainties in
ECCO2 velocity fluctuations are tolerable.
The magnitude and geographic variation
of horizontal diffusivity are qualitatively
consistent with surface estimates based
on satellite altimetry [Abernathey and
Marshall, 2013; Klocker and Abernathey,
2014] and the maximum diffusivity esti-
mated from surface drifters [Zhurbas
et al, 2014].

The magnitude of salinity anomalies,
velocity fluctuations, mixing length,
1023 and horizontal diffusivity are shown as
zonal averages in each ocean basin
(Figure 4), which is appropriate given

0° 60°E 120°E 180°W120°W 60°W  0°

Figure 3. Estimates at the base of the winter mixed layer of (a) depth,

(b) salinity standard deviation, (c) ECCO2 velocity standard deviation, the zonal nature of these fields
(d) mixing length, and (e) horizontal diffusivity. The base of the winter (Figures 2, 3). The magnitude of salinity
mixed layer is defined as the shallowest depth below the mixed layer anomalies (Figures 4a-4c) generally

N ) .
observed by at least 80% of the profiles in that grid box. decreases with depth in each ocean

basin, which reflects enhanced large-
scale mean salinity gradients near the surface. At depth, patches of elevated salinity anomalies result from
stirring of locally elevated mean salinity gradients (e.g., the elevated mean salinity gradient and magnitude
of the salinity anomalies near 45°N in the Atlantic).

Mixing lengths (Figures 4g-4i) and horizontal diffusivities (Figures 4j—4l) are elevated (i) near the surface at
tropical and subtropical latitudes, and (ii) at depth in strong current regions. Mixing lengths have both
surface and subsurface maxima. Diffusivity has less pronounced subsurface maxima due to the decay with
depth of the velocity field (Figures 4d-4f). Spatial patterns in mixing length and horizontal diffusivity are
qualitatively consistent with recent theoretical arguments: elevated values occur at depth near regions
with strong currents and enhanced velocity fluctuations such as western boundary current extension
regions near +40-50° in each ocean (Figures 4d-4f). Such regions also coincide with potential vorticity
gradients that are near zero [Tulloch et al., 2011, Figure 2]. These theories [Ferrari and Nikurashin, 2010;
Bates et al., 2014] suggest that such spatial variations result from the suppression of mixing length and
horizontal diffusivity when eddies propagate at speeds different from the mean flow speed. Values are
maximized when eddy phase speeds and mean flow speeds are similar, which occurs at depth in western
boundary current regions and the Antarctic Circumpolar Current [Tulloch et al., 2014; Bates et al.,, 2014;
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Figure 4. Zonally averaged (a—c) salinity standard deviation with average salinity (black contours), (d-f) ECCO2 velocity fluctuations, (g—-i) mixing length, and (j-I)
horizontal diffusivity with average density (magenta contours; 27.0 kg m>in bold) in the (a, d, g, and j) Indian Ocean, (b, e, h, and k) Pacific Ocean, and (c, f, i, and I)

Atlantic Ocean.

Chen et al., 2014]. A more detailed comparison with this theoretical framework will be addressed in a future
study. Globally averaged horizontal diffusivity is 1800 m?s~" in the upper 1000 m (1600 m?s~" in the upper
2000 m), around a factor of two larger than values typically used in numerical models likely due to excluding
values at deeper depths and higher latitudes. The spatial pattern of diffusivity is likely more robust than
its magnitude.

The complex current systems in equatorial regions lead to elevated mixing lengths and diffusivities at all
depths. In all basins, diffusivity below 500 m depth within approximately 10° of the equator is elevated
above subtropical values at similar depths. The large horizontal, vertical, and temporal variations in
velocity caused by features such as equatorial undercurrents, equatorial countercurrents, equatorial deep
jets, Kelvin waves, and tropical instability waves likely give rise to this increased equatorial diffusivity,
although the mechanisms are presently not clear. Below 500 m depth near the equator, the Atlantic Ocean
has the smallest diffusivities (700m?s~") and the Pacific Ocean the largest (1900 m2s~ " Figures 4g-4l).
Studies in the Atlantic Ocean of equatorial deep jets [Greatbatch et al., 2012] and oxygen structure [Brandt
et al, 2008] have found that a horizontal diffusivity of 300-400 m?s~" explains observed features, smaller
than our estimate of 700m?s~'. Estimates at depth in the Pacific and Indian Ocean are lacking.
Verification of the depth structure of diffusivity and its variations between ocean basins along the equator
is desirable from other studies, especially given the small salinity gradients and salinity anomalies in the
equatorial Pacific Ocean.

To further characterize how diffusivities vary with depth, the prevalence of subsurface maxima and large
changes with depth are considered. In 27% of the grid boxes, the maximum value of x;, was more than
100 m below the base of the winter mixed layer (Figure 5a). Such subsurface maxima are primarily found
at higher latitudes with the deepest subsurface maxima in the Antarctic Circumpolar Current region. The
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Figure 5. Statistics of xy, in each grid box. (a) Depth of the maximum «p, below the base of the winter mixed layer. (b) Ratio of maximum to minimum «j,.

ratio of maximum to minimum «j, in each grid box is a simple estimate of how much diffusivities vary with
depth (Figure 5b). In 25% of grid boxes, xy, varied with depth by more than an order of magnitude,
primarily at lower latitudes where surface values are elevated. Only 4% of grid boxes had variations with
depth that were less than a factor of two. These statistics underestimate the full variability of «;, since only
the upper 1000 to 2000 m is considered.

5. Conclusions

Argo float observations of temperature and salinity provide a near-global estimate of the persistent spatial
pattern of salinity variability beneath the ocean’s surface. Such salinity anomalies on density surfaces, i.e.,
the spice field, are an oceanic tracer as well as an important parameter for acoustic propagation in the
ocean [e.g., Dzieciuch et al, 2004]. Throughout the ocean, horizontal stirring is more influential than
vertical mixing in determining the magnitude of salinity anomalies on density surfaces. The standard
deviation of salinity anomalies varies geographically by about two orders of magnitude, with elevated
values coincident with enhanced large-scale salinity gradients. The vast majority of inferred mixing lengths
(96%) are less than the 600 km gradient scale, consistent with local stirring by eddies. Thus, the advection
of salinity anomalies over long distances by closed eddies [e.g., Armi et al., 1988] does not appear to be of
leading order importance to the standard deviation of salinity anomalies. Horizontal diffusivity and
observed salinity anomalies result from horizontal stirring by eddies of all sizes.

Inferred mixing length and horizontal diffusivity vary with depth and geographic location by more than an
order of magnitude. Enhanced values are observed in western boundary current extension regions, the
Antarctic Circumpolar Current, and near the equator. Diffusivity had subsurface maxima in 27% of
locations and changes with depth that exceeded one order of magnitude in 25% of locations. Equatorial
diffusivity, especially at depth, is poorly observed or understood and so deserves additional attention. The
diffusivity, estimated here at a 300 km scale, (i) is limited in direction by the use of only a single tracer with
large-scale gradients across mean streamlines and (ii) likely has errors due to the use of velocity
fluctuations from a state estimate rather than direct measurements, which are not available globally at
depth. In addition, regions with potentially large mixing lengths, primarily due to small mean salinity
gradients, were excluded from this analysis due to the requirement that mixing-length estimates not
exceed 600 km. The agreement in spatial pattern with theoretical predictions supports the conclusion that
the Argo-based diffusivity estimate accurately reflects the geographic and depth variability of horizontal
diffusivity. The estimated mixing lengths and horizontal diffusivities can be used to test and constrain
predictions and parameterizations of eddy stirring.

Argo float observations present a rich and growing data set with which to investigate horizontal stirring and
diffusivity. As the number of Argo observations increases, statistics, especially at depths below 1000 m, and
the geographic extent, especially in the Southern Ocean, will improve. Temporal changes, on seasonal
timescales for example, in stirring and diffusivity can be potentially investigated. Application of this
method on a global scale as additional tracers become available (e.g., oxygen) has the potential to refine
the estimated horizontal diffusivity.

COLE ETAL. ARGO EDDY STIRRING AND DIFFUSIVITY 3995



@AG U Geophysical Research Letters

10.1002/2015GL063827

Acknowledgments
Argo data were collected and made

freely available by the international
Argo project and the national programs
that contribute to it. Argo float data and
metadata are from the Global Data
Assembly Center (ARGO GDAGC;

doi: 10.12770/1282383d-9b35-4eaa-
a9d6-4b0c24c0cfc9). We are also
grateful to the ECCO2 project for
making their data freely available via
ecco2.jpl.nasa.gov/products. This work
was supported by the National Science
Foundation under grants OCE-13-55668
and OCE-95-21468 and the Office of
Naval Research under grants
N00014-12-1-0336 and
NO00014-13-1-0484.

The Editor thanks Andreas Klocker and
an anonymous reviewer for assistance
evaluating this paper.

References

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

Armi, L, and H. Stommel (1983), Four views of a portion of the North Atlantic Subtropical Gyre, J. Phys. Oceanogr., 13, 828-857.

Armi, L., D. Hebert, N. Oakey, J. Price, P. L. Rishardson, T. Rossby, and B. Ruddick (1988), The history and decay of a Mediterranean salt lens,
Nature, 333, 649-651.

Bates, M., R. Tulloch, J. Marshall, and R. Ferrari (2014), Rationalizing the spatial distribution of mesoscale eddy diffusivity in terms of mixing
length theory, J. Phys. Oceanogr., 44, 1523-1540.

Brandt, P., V. Hormann, B. Bourles, J. Fischer, F. A. Schott, L. Stramma, and M. Dengler (2008), Oxygen tongues and zonal currents in the
equatorial Atlantic, J. Geophys. Res., 113, C04012, doi:10.1029/2007JC004435.

Chelton, D. B., R. A. DeSzoeke, and M. G. Schlax (1998), Geographical variability of the first baroclinic Rossby radius of deformation, J. Phys.
Oceanogr., 28, 433-460.

Chelton, D. B,, M. G. Schlax, and R. M. Samelson (2011), Global observations of nonlinear mesoscale eddies, Prog. Oceanogr., 91, 167-216.

Chen, R, J. L. McClean, and S. T. Gille (2014), Isopycnal eddy diffusivities and critical layers in the Kuroshio Extension from an eddying ocean
model, J. Phys. Oceanogr., 44, 2191-2211.

Cole, S. T., and D. L. Rudnick (2012), The spatial distribution and annual cycle of upper ocean thermohaline structure, J. Geophys. Res., 117,
02027, doi:10.1029/2011JC007033.

Cole, S. T, D. L. Rudnick, and J. A. Colosi (2010), Seasonal evolution of upper-ocean horizontal structure and the remnant mixed layer,
J. Geophys. Res., 115, C04012, doi:10.1029/2009JC005654.

Danabasoglu, G., and J. Marshall (2007), Effects of vertical variations of thickness diffusivity in an ocean general circulation model, Ocean
Modell., 18, 122-141.

Danabasoglu, G., and J. C. McWilliams (1995), Sensitivity of the global ocean circulation to parameterizations of mesoscale tracer transports,
J. Clim., 8, 2967-2987.

Dzieciuch, M., W. Munk, and D. L. Rudnick (2004), Propagation of sound through a spicy ocean, the SOFAR overture, J. Acoust. Soc. Am., 116,
1447-1462.

Eden, C., M. Jochum, and G. Danabasoglu (2009), Effects of different closures for thickness diffusivity, Ocean Modell., 26, 47-59.

Ferrari, R, and M. Nikurashin (2010), Suppression of eddy diffusivity across jets in the Southern Ocean, J. Phys. Oceanogr., 40, 1501-1519.

Ferrari, R, and K. L. Polzin (2005), Finescale structure of the T-S relation in the Eastern North Atlantic, J. Phys. Oceanogr., 35, 1437-1454.

Ferreira, D., J. Marshall, and P. Heimbach (2005), Estimating eddy stresses by fitting dynamics to observations using a residual-mean ocean
circulation model and its adjoint, J. Phys. Oceanogr., 35, 1891-1910.

Fox-Kemper, B., R. Lumpkin, and F. O. Bryan (2013), Lateral transport in the ocean interior, in Ocean Circulation and Climate: A 21st Century
Perspective, Int. Geophys. Ser., vol. 103, edited by G. Siedler et al., chap. 8, pp. 185-209, Academic Press, Oxford, U. K.

Funk, A., P. Brandt, and T. Fischer (2009), Eddy diffusivities estimated from observations in the Labrador Sea, J. Geophys. Res., 114, C04001,
doi:10.1029/2008JC005098.

Greatbatch, R. J., P. Brandt, M. Claus, S.-H. Didwischus, and Y. Fu (2012), On the width of the equatorial deep jets, J. Phys. Oceanogr., 42,
1729-1740.

Griesel, A., S. T. Gllle, J. Sprintall, J. L. McClean, J. H. LaCasce, and M. E. Maltrud (2010), Isopycnal diffusivities in the Antarctic Circumpolar
Current inferred from Lagrangian floats in an eddying model, J. Geophys. Res., 115, C06006, doi:10.1029/2009JC005821.

Holte, J., and L. Talley (2009), A new algorithm for finding mixed layer depths with applications to Argo data and Subantarctic Mode Water
formation, J. Atmos. Oceanic Technol., 26, 1920-1939.

Jenkins, W. J. (1987), 3H and 3He in the Beta Triangle: Observations of gyre ventilation and oxygen utilization rates, J. Phys. Oceanogr., 17,
763-783.

Johnson, G. C,, S. Schmidtko, and J. M. Lyman (2012), Relative contributions of temperature and salinity to seasonal mixed layer density
changes and horizontal density gradients, J. Geophys. Res., 117, C04015, doi:10.1029/2011JC007651.

Klocker, A., and R. Abernathey (2014), Global patterns of mesoscale eddy properties and diffusivities, J. Phys. Oceanogr., 44, 1030-1046.

Klocker, A., R. Ferrari, and J. H. LaCasce (2012a), Estimating suppression of eddy mixing by mean flows, J. Phys. Oceanogr., 42, 1566-1576.

Klocker, A., R. Ferrari, J. H. LaCasce, and S. T. Merrifield (2012b), Reconciling float-based and tracer-based estimates of lateral diffusivities,
J. Mar. Res., 70, 569-602.

LaCasce, J. H., R. Ferrari, J. Marshall, R. Tulloch, D. Balwada, and K. Speer (2014), Float-derived isopycnal diffusivities in the DIMES experiment,
J. Phys. Oceanogr., 44, 764-780.

Ledwell, J. R, A. J. Watson, and C. S. Law (1998), Mixing of a tracer in the pycnocline, J. Geophys. Res., 103, 21,499-21,529, doi:10.1029/
98JC01738.

Liu, C., A. Kohl, and D. Stammer (2012), Adjoint-based estimation of eddy-induced tracer mixing parameters in the global ocean, J. Phys.
Oceanogr., 42, 1186-1206.

Marshall, J., A. Adcroft, C. Hill, L. Perelman, and C. Heisey (1997), A finite-volume, incompressible Navier Stokes model for studies of the ocean
on parallel computers, J. Geophys. Res., 102, 5753-5766, doi:10.1029/96JC02775.

Menemenlis, D., I. Fukumori, and T. Lee (2005), Using Green’s Functions to calibrate and Ocean General Circulation Model, Mon. Weather Rev.,
133, 1224-1240.

Menemenlis, D., J.-M. Campin, P. Heimbach, C. Hill, T. Lee, A. Nguyen, M. Schodlok, and H. Zhang (2008), ECCO2: High resolution global ocean
and sea ice data synthesis, Mercator Ocean Q. Newsl., 31, 13-21.

Munk, W. (1981), Internal waves and small-scale processes, in Evolution of Physical Oceanography: Scientific Surveys in Honor of Henry
Stommel, edited by B. A. Warren and C. Wunsch, pp. 264-291, MIT Press, Cambridge, Mass.

Naveira Garabato, A. C. N,, R. Ferrari, and K. L. Polzin (2011), Eddy stirring in the Southern Ocean, J. Geophys. Res., 116, C09019, doi:10.1029/
2010JC006818.

Okubo, A. (1971), Oceanic diffusion diagrams, Deep Sea Res., 18, 789-802.

Prandtl, L. (1925), Bericht untersuchungen zur ausgebildeten turbulenz, Z. Angew. Math. Mech., 5, 136-139.

Richardson, L. F. (1926), Atmospheric diffusion on a distance-neighbor graph, Proc. R. Soc. London, Ser. A, 110, 707-737.

Roemmich, D., and J. Gilson (2009), The 2004-2008 mean and annual cycle of temperature, salinity, and steric height in the global ocean
from the Argo program, Prog. Oceanogr., 82, 81-100.

Roemmich, D., G. C. Johnson, S. Riser, R. Davis, J. Gilson, W. B. Owens, S. L. Garzoli, C. Schmid, and M. Ignaszewski (2009), The Argo program
observing the global ocean with profiling floats, Oceanography, 22(2), 34-43.

COLE ETAL.

ARGO EDDY STIRRING AND DIFFUSIVITY 3996


http://dx.doi.org/10.1002/jgrc.20066
http://dx.doi.org/10.1029/2007JC004435
http://dx.doi.org/10.1029/2011JC007033
http://dx.doi.org/10.1029/2009JC005654
http://dx.doi.org/10.1029/2008JC005098
http://dx.doi.org/10.1029/2009JC005821
http://dx.doi.org/10.1029/2011JC007651
http://dx.doi.org/10.1029/98JC01738
http://dx.doi.org/10.1029/98JC01738
http://dx.doi.org/10.1029/96JC02775
http://dx.doi.org/10.1029/2010JC006818
http://dx.doi.org/10.1029/2010JC006818
http://dx.doi.org/10.12770/1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9
http://dx.doi.org/10.12770/1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9
http://ecco2.jpl.nasa.gov/products

@AG U Geophysical Research Letters 10.1002/2015GL063827

Stammer, D. (1998), On eddy characteristics, eddy transports, and mean flow properties, J. Phys. Oceanogr., 28, 727-739.

Taylor, G. I. (1915), Eddy motion in the atmosphere, Philos. Trans. R. Soc. London, Ser. A, 215, 1-26.

Tennekes, H., and J. L. Lumley (1972), A First Course in Turbulence, 300 pp., MIT Press, Cambridge, Mass.

Tulloch, R., J. Marshall, and C. Hill (2011), Scales, growth rates, and spectral fluxes of baroclinic instability in the ocean, J. Phys. Oceanogr., 41,
1057-1076.

Tulloch, R., R. Ferrari, O. Jahn, A. Klocker, J. LaCasce, J. R. Ledwell, J. Marshall, M.-J. Messias, K. Speer, and A. Watson (2014), Direct estimate of
lateral eddy diffusivity upstream of Drake Passage, J. Phys. Oceanogr., 44, 2593-2616.

Veronis, G. (1972), Properties of seawater defined by temperature, salinity, and pressure, J. Mar. Res., 30, 227-255.

Vollmer, L., and C. Eden (2013), A global map of meso-scale eddy diffusivities based on linear stability analysis, Ocean Modell., 72, 198-209.

Waugh, D. W., and E. R. Abraham (2008), Stirring in the global surface ocean, Geophys. Res. Lett., 35, L20605, doi:10.1029/2008GL035526.

Wortham, C. (2013), A multi-dimensional spectral description of ocean variability with applications, PhD thesis, MIT/WHOI Joint Program,
Cambridge, Mass.

Wunsch, C. (1999), Where do ocean eddy heat fluxes matter?, J. Geophys. Res., 104, 13,235-13,249, doi:10.1029/1999JC900062.

Zhang, H.-M., M. D. Prater, and T. Rossby (2001), Isopycnal Lagrangian statistics from the North Atlantic Current RAFOS float observations,
J. Geophys. Res., 106, 13,817-13,836, doi:10.1029/1999JC000101.

Zhurbas, V., and 1. S. Oh (2003), Lateral diffusivity and Lagrangian scales in the Pacific Ocean as derived from drifter data, J. Geophys. Res.,
108(C5), 3141, doi:10.1029/2002JC001596.

Zhurbas, V., and I. S. Oh (2004), Drifter-derived maps of lateral diffusivity in the Pacific and Atlantic Oceans in relation to surface circulation
patterns, J. Geophys. Res., 109, C05015, doi:10.1029/2003JC002241.

Zhurbas, V., D. Lyzhkov, and N. Kuzmina (2014), Drifter-derived estimates of lateral eddy diffusivity in the World Ocean with emphasis on the
Indian Ocean and problems of parameterisation, Deep Sea Res., Part I, 83, 1-11.

Zika, J. D., T. J. McDougall, and B. M. Sloyan (2010), Weak mixing in the Eastern North Atlantic: An application of the tracer-contour inverse
method, J. Phys. Oceanogr., 40, 1881-1893.

COLE ETAL.

ARGO EDDY STIRRING AND DIFFUSIVITY 3997


http://dx.doi.org/10.1029/2008GL035526
http://dx.doi.org/10.1029/1999JC900062
http://dx.doi.org/10.1029/1999JC000101
http://dx.doi.org/10.1029/2002JC001596
http://dx.doi.org/10.1029/2003JC002241


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


