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The Gulf Stream front separates the North Atlantic subtropical and
subpolar ocean gyres, water masses with distinct physical and bio-
geochemical properties. Exchange across the front is believed to
be necessary to balance the freshwater budget of the subtropi-
cal gyre and to support the biological productivity of the region;
however, the physical mechanisms responsible have been the sub-
ject of long-standing debate. Here, the evolution of a passive
dye released within the north wall of the Gulf Stream provides
direct observational evidence of enhanced mixing across the Gulf
Stream front. Numerical simulations indicate that the observed
rapid cross-frontal mixing occurs via shear dispersion, generated
by frontal instabilities and episodic vertical mixing. This provides
unique direct evidence for the role of submesoscale fronts in gen-
erating lateral mixing, a mechanism which has been hypothesized
to be of general importance for setting the horizontal structure
of the ocean mixed layer. Along the Gulf Stream front in the
North Atlantic, these observations further suggest that shear dis-
persion at sharp fronts may provide a source of freshwater flux
large enough to explain much of the freshwater deficit in the
subtropical-mode water budget and a flux of nutrients compara-
ble to other mechanisms believed to control primary productivity
in the subtropical gyre.

oceanography | ocean mixing | Gulf Stream | submesoscale instabilities

he boundary between the subtropical and subpolar gyres of
the North Atlantic is marked by the Gulf Stream front, where
lateral gradients in temperature, salinity, density, and nutrients
are extremely large (Fig. 1). It is thought that lateral fluxes of
nutrients across the front play a critical role in closing nutrient
budgets in the subtropical gyre and in providing the phosphate
needed to maintain nitrogen fixation there (1-5). Analogously,
the flux of cool, low-salinity water across the front has been
implicated in the heat and salinity budgets of Eighteen Degree
Water—a weakly stratified, voluminous water mass in the sub-
tropical gyre thought to contribute to decadal climate variability
(6). However, the physical processes that are responsible for mix-
ing these tracers across the front are not well understood. Fronts
by definition are characterized by enhanced tracer gradients—
which would tend to be eroded in the presence of significant
cross-frontal mixing. Strain associated with large-scale confluent
flow provides a mechanism for generating and maintaining the
strong gradients; however, these flows are often approximately
two-dimensional in the horizontal, suggesting that the fronts will
act as dynamical barriers to cross-frontal transport and mixing
(7). On the other hand, their strong currents provide a source
of energy for turbulent motions such as eddies that can blend
the disparate water masses across the front. The debate as to
whether the Gulf Stream front in particular acts as a barrier or
blender has been ongoing for decades (8, 9).
In this article, we describe direct measurements of lateral
mixing in the Gulf Stream front, made by using the release
and tracking of fluorescein dye. The observations were made as
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part of the Scalable Lateral Mixing and Coherent Turbulence
(LatMix) field campaign, which was devised to study the
physics of currents at the submesoscale (0.1 to 10 km)—a
range of motions between mesoscale eddies and small-scale,
fully three-dimensional turbulence—and their effect on mixing
(10, 11). At these scales, the circulation is characterized by
fast-growing instabilities, strong nonlinearities, and vigorous
overturning circulations in the surface boundary layer. These
processes are thought to play an important role in setting the
depth of the ocean mixed layer, dissipating the kinetic energy of
the ocean circulation, facilitating the growth of phytoplankton,
and sequestering carbon in the ocean (12-17). The submesoscale
is well below the resolution of most prior work on lateral mix-
ing in the Gulf Stream region—but it had been posited that
submesoscale currents could also be crucial to the horizontal
dispersal of tracers in the ocean, and one of the aims of the Lat-
Mix field campaign was to test this hypothesis. Here, we present
evidence from a dye-release experiment in the Gulf Stream,
which shows that near the surface, there can be significant
exchange across the front, and we use high-resolution numerical
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Fig. 1. Overview of the LatMix dye-release experiment along the Gulf Stream front. (A) Tracks of the Lagrangian float (black), R/V Atlantis (green), and
R/V Knorr (blue) from yeardays 64 to 68, superimposed on sea-surface temperature from satellite observations on yearday 71 (color). The location of the
dye release is indicated, and the R/V Knorr sections shown in Fig. 2 are indicated with dashed white lines. (B) Cross-frontal section of salinity (color) and
density (black contours, with values indicated as o = p —1,000 kg-m—3), from the R/V Atlantis section indicated by the dashed white line in A. The horizontal
coordinate is defined relative to the direction and position of the maximum depth-integrated observed velocity. (C) Net surface heat flux (red) and wind-
stress vectors (black) calculated from shipboard observations. The stress vectors are shown in a coordinate system defined by the maximum depth-integrated
currents, such that downstream is parallel and cross-stream is orthogonal, to the Gulf Stream jet (as shown in C, Inset). The nominal time of the dye release

is indicated by the dashed black line.

simulations to understand the underlying submesoscale pro-
cesses responsible for the observed dispersion. The essential
mechanism we identify—shear dispersion generated by the
interaction between submesoscale instabilities and time-varying
boundary-layer turbulence—is likely ubiquitous across many
regions of the world’s oceans and adds another dimension to
the long-standing question of whether the Gulf Stream acts as a
barrier or a blender for intergyre exchange in the North Atlantic.

Dye-Release Experiment. The LatMix observational campaign was
conducted along the north wall of the Gulf Stream front (Fig. 1)
from 19 February to 17 March 2012 (yeardays 50 to 77). This
work involved two global-class research vessels, the R/V Atlantis
and the R/V Knorr, and an autonomously profiling Lagrangian
(water-following) float (18). A neutrally buoyant mix of approx-
imately 200 gallons of water and 100 kg of fluorescein dye
was released at 25-m depth around the Lagrangian float. The
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Fig. 2. Across Gulf Stream sections of observed dye concentration (color) and density (white contours, with values indicated as o = p —1,000 kg-m~3),
showing the rapid horizontal dispersion of the dye across the front. In all sections, the cross-front direction is defined as orthogonal to the Lagrangian
float’s direction of travel, with distance relative to the position of the float. Concentrations are normalized to the maximum observed concentration across
all surveys. An animation that includes additional sections is provided as Movie S1.
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evolution of the dye patch was then tracked by following the
acoustically tracked position of the Lagrangian float. Measure-
ments of dye concentration, water temperature, salinity, and
velocity were taken from a ship-towed profiler in a series of
cross-frontal surveys following the float location (Fig. 1) (19).
The dye was released on yearday 64.87 and immediately began
spreading across the front (Fig. 2 and Movie S1). The dye
center-of-mass remained on a density surface close to the initial
injection density for the first 12 h following release, indicating
that the initial cross-frontal spreading occurred predominantly
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due to mixing along isopycnals, which were flattening out dur-
ing the period of weak surface forcing (Fig. 1). On yearday
65.2, the surface winds intensified and rotated in the clock-
wise direction, exciting strong currents in the surface mixed
layer, and enabling the explosive growth of symmetric insta-
bility across the ocean-surface boundary layer (11), a form
of small-scale instability active at submesoscale ocean fronts
(20). Symmetric instability is associated with an overturning cir-
culation in the across-front direction, which can mix tracers
along isopycnals (21) and enhance boundary-layer turbulence
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Fig. 3. Evolution of the dye from the R/V Knorr observations, showing the spread of the dye in density (Top), temperature (Middle), and salinity (Bottom)
space as a function of time. The mean dye concentration of the binned observations is shown (color scale), normalized by the maximum observed concentra-
tion across all surveys. The values at the dye center-of-mass (dashed line) and from the Lagrangian float (dashed-dotted line) are also shown, both smoothed
by using a cubic-spline over an approximately 8-h window. Gray areas indicate bins where data were not available.
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Fig. 4. Evolution of the passive numerical tracer in the LES run with a horizontal buoyancy gradient (FRONT; Left) and without a horizontal buoyancy
gradient (NO-FRONT; Right). Snapshots of along-front averaged dye concentration (colorscale) and buoyancy (white contours, with interval equivalent to a
change in density of 0.1 kg-m~3) are shown at three times, as indicated to the left of each row. Profiles of the horizontally averaged across-front velocity
(blue), along-front velocity (orange), and background geostrophic velocity (dashed gray) are also shown. Note that the y coordinate, which is periodic, shifts
between plots such that the dye center of mass is centered. For computational efficiency (S/ Appendix), the cross-front domain size varies between the
FRONT and NO-FRONT run (10 and 5 km, respectively). An animation of the FRONT model run is provided as Movie S2.

by generating secondary Kelvin—-Helmholtz instabilities (13, 22).
As the wind stress increased and the flow became more unsta-
ble to symmetric instability, the dye spread rapidly in the
cross-frontal direction, and the center-of-mass moved toward
colder and denser water (Figs. 2 and 3). The observations from
the Lagrangian float evolved similarly; however, the changes
in water-mass properties were more pronounced (Fig. 3).
These differences are likely a consequence of the dye reflect-
ing the integrated contributions of several pathways of mix-

ing (SI Appendix, Fig. S1), including vertical mixing across
the boundary layer and horizontal mixing between the warm
and salty Gulf Stream core and the cold and fresh subpolar
gyre (Fig. 2).

The observed increase in horizontal variance of the dye con-
centration can be used to estimate the effective horizontal
diffusivity of the flow (SI Appendix) (23). The rapid dispersion
of the dye in the first 16 h after release suggests an average
effective horizontal diffusivity in the across-front direction of

o x10°
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Fig. 5. Across-frontal dye variance, o2, as a function of time for the three model simulations (calculated as described in S/ Appendix). The effective
horizontal diffusivity is proportional to the rate of increase of the variance; hence, the rapid increase of variance in the FRONT run due to shear dispersion
indicates large horizontal diffusivities. The other runs develop little cross-frontal shear; hence, the dye variance increases slowly, and the effective diffusivities
remain small.
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kr 50 m?s™ ! at horizontal length scales of 1 to 10 km. This

estimate of x; is consistent in magnitude with estimates from
surface drifter pair separation in this region (24) and estimates
of the bulk diffusivity associated with lateral stirring by sub-
mesoscale streamers along the north wall of the Gulf Stream
(9), but approximately an order of magnitude smaller than
estimates of the diffusivity on scales of 10 to 100 km (8, 24,
25). These prior estimates have, however, tended to emphasize
the role of advective stirring, a process which ultimately still
requires an additional physical mechanism for generating across-
isopycnal mixing in order to homogenize water properties. In
contrast, the observations presented here provide direct evidence
of irreversible tracer mixing across the Gulf Stream front itself.
Further, the finding that these large magnitude horizontal dif-
fusivities extend down to spatial scales of < 10 km suggests that
these small scales may provide a large contribution to the total
tracer flux, which is the product of the diffusivity and the hor-
izontal tracer gradient, the latter of which scales inversely with
the horizontal length scale.

Numerical Simulations. High-resolution large-eddy simulations
(LESs) were used to isolate the physical processes responsible
for the observed dye dispersion. The model was run in an ideal-
ized, horizontally periodic configuration with an imposed mean
background horizontal density gradient that did not evolve in
time (described in more detail in ST Appendix). Simulations were
initialized on yearday 64.5 with a weakly stratified surface layer
overlying a uniformly stratified interior, with parameters cho-
sen to approximate the observations (11) and surface forcing
provided by the surface heat fluxes and wind stress calculated
from the shipboard observations (Fig. 1C). The most physically
realistic “FRONT” run was configured with a mean background-
buoyancy gradient consistent with the observations (9b/0y =
—5x 1077 s72, where the buoyancy is defined as b= —gp/p,
with g the gravitational acceleration, p the density, and p, an
average density). A “NO-FRONT” simulation was run without
a mean horizontal buoyancy gradient (9b/9y =0) to test the
contribution of the surface forcing alone. An additional run,
designed as a numerical experiment to isolate the most impor-
tant dynamical processes, was configured as in the FRONT run,
but with model physics modified to not include the vertical advec-
tion of the along-front geostrophic flow (NO-GEOMIX; see SI
Appendix for configuration details). In all simulations, a Gaussian
patch of a passive numerical dye was released on yearday 64.87
at 25-m depth (Fig. 4), mimicking the dye deployment during the
observational campaign (Fig. 2).

The FRONT run shows a dye evolution consistent with the
observations (Fig. 4 and Movie S2). After release, the dye was
rapidly mixed vertically throughout the weakly stratified upper
75 m. Vertically sheared cross-frontal flow then tilted over
isopycnals and sheared the dye patch, converting horizontal dye
gradients into vertical gradients, similar to the observed dye
evolution (Fig. 2). Turbulence forced by strong surface winds,
and secondary instabilities of symmetric instability, beginning
around yearday 65.2 then homogenized the dye concentration
in the vertical, causing an irreversible horizontal dispersion of
the dye patch. The effective horizontal diffusivity reached peak
values of k; ~ 380 m%s™!, with an average value from release
to the peak of the wind-forcing event (yeardays 64.87 to 65.5)
of xyn~57 m%s~!. This estimate agrees well with the observa-
tional estimate, but is slightly larger, potentially reflecting the
more completely resolved dye dispersion in the numerical model,
or missing model physics (for example, enhanced near-surface
mixing due to surface waves which might act to reduce the
near-surface cross-frontal shear).

In contrast to the FRONT run, in the NO-FRONT case, the
dye patch was not tilted as strongly in the horizontal and, hence,

Wenegrat et al.

exhibited very little horizontal dispersion through the wind-
mixing event (Fig. 5). The maximum estimated effective horizon-
tal diffusivity was xj, ~ 16 m2s™1, and the average value was kj, ~
4 m?s™!. These values are consistent in magnitude with scal-
ings for isotropic turbulence generated by the surface wind-stress
(26), i.e., k~u"D, where u* =+/|7|/p, is the friction veloc-
ity, T is the surface wind-stress vector, and D is the boundary

Fig. 6. Schematic of the shear-dispersion mechanism active at a subme-
soscale front. (A) Initially, the flow is in geostrophic balance, with Coriolis
(COR) and across-front pressure gradient forces (PGF) canceling one another.
A patch of passive tracer is shown in red. (B) Turbulence, and symmetric
instability overturning cells (dashed lines), in the surface boundary layer
mix away the thermal wind shear, disrupting the geostrophic balance by
reducing the Coriolis force and allowing flow down the pressure gradi-
ent. Cross-frontal flow tilts over isopycnals and shears out the tracer patch.
(C) Surface heat fluxes (orange arrows) or destablizing winds (gray arrows)
generate near-surface turbulence. When this becomes sufficiently strong to
overcome the restratifying tendency of the cross-frontal advection of den-
sity, the tracer is mixed vertically across isopcynals. In each image, the profile
of along-front velocity in the center of the front is shown projected on the
right plane.
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layer depth, which implies an average diffusivity of order
1 m?s™! (using u* ~0.01 m-s~* and D ~ 100 m, typical of these
observations). These diffusivities are much smaller than those of
the observations and FRONT run, indicating that the surface
forcing alone was insufficient to generate the observed disper-
sion and that the presence of the buoyancy front was enhancing
horizontal dispersion by at least an order of magnitude.

The sequence of dye evolution in the FRONT run was con-
sistent with the classic Taylor shear-dispersion mechanism (27),
whereby advection of a tracer by a sheared velocity field, plus
turbulent mixing in the direction of the velocity gradient, gen-
erates an effective turbulent dispersion in the direction of the
flow (Fig. 6). Here, the generation mechanism for the cross-
frontal shear was vertical mixing of the geostrophically balanced
along-front flow, which through the thermal wind balance had
a uniform vertical shear of magnitude du, /02 = —f~'0b/0y =
5.4x 1072 s7!, where f is the Coriolis frequency. Vertical
mixing of momentum, generated by both the atmospheric forc-
ing and by the symmetric instability overturning cells, acted
to homogenize the velocity profile in the surface mixed layer
(Fig. 4). This disrupted the geostrophic balance, generating a
vertically sheared inertial oscillation that rotated into the cross-
frontal plane (SI Appendix), shearing the dye patch and allowing
subsequent turbulence to irreversibly mix the dye across buoy-
ancy surfaces (Figs. 4 and 6). Theory suggests that the strength
of the effective diffusivity generated by shear dispersion of
an oscillatory shear flow (with magnitude proportional to the
geostrophic shear) (28) or by subinertial flow at a mixed-layer
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front (29-31) should in both cases scale with the square of
the horizontal buoyancy gradient, x;, o< |V, b|?, highlighting the
enhancement of this mechanism at submesoscale fronts where
the buoyancy gradients are large.

In simulation NO-GEOMIX, this disruption of the geo-
strophic balance was artificially suppressed by removing the ver-
tical advection of geostrophic momentum, which stops mixing
due to resolved turbulence. As a result, the cross-frontal flow
in NO-GEOMIX developed little vertical shear, and, hence, the
dye evolved similarly to the NO-FRONT run with minimal tilt-
ing of the dye patch through day 65.2 (Fig. 7). The subsequent
wind forcing, in turn, generated limited across-isopcynal mix-
ing of the dye, leading to effective diffusivities in NO-GEOMIX
that were similar to the NO-FRONT case (Fig. 5). The mixing
of geostrophic momentum is therefore central to generating the
across-frontal shear flow and the concomitant shear dispersion,
evident in the observations and FRONT run. More generally,
however, the essential mechanism we have outlined—shear dis-
persion due to a combination of cross-frontal shear flow and
vertical mixing—can arise through a variety of dynamical mech-
anisms at sharp fronts and is therefore likely a generic feature
of regions with active submesoscales. We comment more on
this below.

Discussion

The observations presented here provide unique direct win-
tertime observations of cross-frontal dispersion across the
Gulf Stream front, the boundary between the North Atlantic

NO-GEOMIX

log1o(Normalized Concentration)

y [km]

Fig. 7. Evolution of the passive tracer in the NO-GEOMIX simulation. Snapshots are shown at three times (indicated to the left of each row) for dye
concentration (colorscale) and buoyancy (white contours). Profiles of the horizontally averaged velocity are also shown (blue, across-front velocity; orange,
along-front velocity; and dashed gray in top row, background geostrophic velocity). Note that the horizontal spatial coordinate (y), which is periodic, shifts

between plots to center the dye patch.
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subtropical and subpolar gyres. These water masses have distinct
physical and biogeochemical properties (Fig. 1 and SI Appendix,
Fig. S4); hence, the observed dye dispersion suggests that sub-
mesoscale fronts are acting to enhance fluxes of freshwater and
nutrients between the subpolar gyre and the Gulf Stream core. In
the North Atlantic, these cross-frontal fluxes have the potential
to significantly affect the formation of subtropical-mode water,
which provides a pathway for the export of heat and carbon
from the surface ocean to the interior, and to affect carbon
sequestration through the ocean biological pump (3-6).

As an example, it is informative to evaluate the potential
contribution of shear dispersion at submesoscale fronts to the
salinity budget of the subtropical mode water formed in the
Gulf Stream, which is not currently well understood, despite
the implications for decadal climate variability (6). The hor-
izontal diffusive flux of salinity in the mixed layer will scale
as k, DAS/L, where AS is the change in salinity across the
front, and L is the cross-stream length scale. The last three of
these terms can be estimated directly from the observations as
D =100 m, AS =—1 practical salinity unit (psu), and L=10
km (Fig. 1). A reasonable first estimate for the diffusivity is
kn =50 m?s™*, based on the observations, although we empha-
size that a variety of factors will affect the average diffusivity
generated by shear dispersion (as discussed in more detail in S/
Appendix). Using these estimates, and integrating over a 1,200-
km segment of the Gulf Stream (for comparison with ref. 6),
indicates that shear dispersion at submesoscale fronts could pro-
vide a salinity flux of approximately —6 x 10° psu-m®s™* across
the Gulf Stream front. This is a significant portion of the —1.4 x
10° psu-m®s~! estimated from observations as necessary to close
the salinity budget of the north Atlantic subtropical mode water
(6), particularly given the large observational uncertainty.

Similar estimates can also be formed for the flux of nutrients
such as phosphate and nitrate, which indicates that submesoscale
shear dispersion may likewise provide a contribution to exchange
across the north wall front that is comparable to prior estimates
of lateral advective nutrient fluxes (SI Appendix). Current uncer-
tainties in the spatial, and temporal, distribution of these frontal
processes make it difficult to infer the ultimate fate of these
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