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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 2000m 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 κh 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 (ii) 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 104m2 s�1. 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 2000m. 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 10m near the surface to 100m at depth; 10% of floats have a constant 2m 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 250m 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° × 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 18 km and 50 vertical
levels (the name for this run is cube92). Archived model output of 1month averaged velocity fields
interpolated to a regular ¼° 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

Amixing-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 2βS′= 2αθ′ where α and β are the thermal expansion and
saline contraction coefficients [Veronis, 1972; Munk, 1981]). Mixing length λ and horizontal diffusivity κh are
estimated as follows:

λ ¼ S′S′h i12= ∣∇ Sf g∣h i (1a)

κh ¼ c0λurms (1b)

where S′= S� {S} is the salinity anomaly on a density surface, urms = h(u� {u})2 + (v� {v})2i1/2 a characteristic
velocity scale of the eddy field, c0 a mixing efficiency, braces { } indicate a 1 year running average within a grid
box, and brackets h i 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 h ∣ ∇{S} ∣ i (see below). Mixing length and diffusivity
estimates using equation (1) are directed perpendicular to the mean salinity field (across salinity fronts), so

Geophysical Research Letters 10.1002/2015GL063827

COLE ET AL. ARGO EDDY STIRRING AND DIFFUSIVITY 3990

http://dx.doi.org/10.12770/1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9
http://dx.doi.org/10.12770/1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9


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° × 3° spatial bins and defined with respect to a mean salinity field that
has a 1 year 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
0.03 kgm�3 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 1 year
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 1month; 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
Rudnick, 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 σθ = 25.0 and 26.0 kgm�3. 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., ∣∇x Sf g∣ ¼ 1

2∣∇x þ Sf g∣þ 1
2∣∇x� Sf g∣ ). 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

a) b) c) d)

Figure 1. (a) Number of observations per 3° × 3° bin at 500m 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, ∣ S′ ∣ = ∣ S� {S} ∣,
with hS′S′i1/2 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 tomatch 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.
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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 (c0) and velocity fluctuations
(urms) 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 urms is calculated
on the ¼° ECCO2 grid, then bin-averaged to the 3° grid of this analysis. Velocity fluctuations represent scales
from 1month to 1 year that include the dominant mesoscale eddy motions, similar to salinity anomalies.

A sample calculation is shown for the 27.0 kgm�3 isopycnal (Figure 2), which ranges in depth from near 800m
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 2c), 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 (r2 = 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 (r2 = 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° × 3° grid

a) b)

c) d)

Figure 2. Statistics on the 27.0 kgm�3 density surface in 3° × 3° latitude bins of (a) mean salinity with depth contours in 200m intervals and the 600m 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.

Geophysical Research Letters 10.1002/2015GL063827

COLE ET AL. ARGO EDDY STIRRING AND DIFFUSIVITY 3992



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 102 to 104m2 s�1 (Figure 3e),
even factor-of-two 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,
and horizontal diffusivity are shown as
zonal averages in each ocean basin
(Figure 4), which is appropriate given
the zonal nature of these fields
(Figures 2, 3). The magnitude of salinity
anomalies (Figures 4a–4c) generally
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;

a)

b)

c)

d)

e)

Figure 3. Estimates at the base of the winter mixed layer of (a) depth,
(b) salinity standard deviation, (c) ECCO2 velocity standard deviation,
(d) mixing length, and (e) horizontal diffusivity. The base of the winter
mixed layer is defined as the shallowest depth below the mixed layer
observed by at least 80% of the profiles in that grid box.
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Chen et al., 2014]. A more detailed comparison with this theoretical framework will be addressed in a future
study. Globally averaged horizontal diffusivity is 1800m2 s�1 in the upper 1000m (1600m2 s�1 in the upper
2000m), 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 500m 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 500m depth near the equator, the Atlantic Ocean
has the smallest diffusivities (700m2 s�1) and the Pacific Ocean the largest (1900m2 s�1; 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 300–400m2 s�1 explains observed features, smaller
than our estimate of 700m2 s�1. 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 κh was more than
100m 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

l)k)j)

i)h)g)

f)e)d)

c)b)a)

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–l)
horizontal diffusivity with average density (magenta contours; 27.0 kgm�3 in bold) in the (a, d, g, and j) Indian Ocean, (b, e, h, and k) Pacific Ocean, and (c, f, i, and l)
Atlantic Ocean.
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ratio of maximum to minimum κh in each grid box is a simple estimate of how much diffusivities vary with
depth (Figure 5b). In 25% of grid boxes, κh 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 κh since only
the upper 1000 to 2000m 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 1000m, 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.

Figure 5. Statistics of κh in each grid box. (a) Depth of the maximum κh below the base of the winter mixed layer. (b) Ratio of maximum to minimum κh.
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