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Definition of the submesoscale

•Descriptive definition: flows with lateral length scales between 100 m and 10 km

•Dynamical definition: geostrophic flows characterized by order one Rossby and Richardson numbers

Figure courtesy of Raf Ferrari

Thomas et al (2008); McWilliams (2016)
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Where and when do submesoscale flows form?

z 
   

(m
)

Down-stream velocity (m/s) and
Density (kg/m3)

Cross-stream distance (km)

• Where: fronts
• Frontal currents provide an energy 

source for submesoscale motions 
and strongly constrain their 
dynamics.

• When: under destabilizing atmospheric 
forcing

• Ocean loses heat to the atmosphere.
àThe submesoscale is energized in the winter 

Sasaki et al 2014; Callies et al 2015
• Winds are directed down-front.



Down-front winds

•When the wind is down-front it has a component along the frontal jet and

•Ekman flow advects denser water over light, mixing ensues, and the stratification is reduced..

Thomas	and	Taylor	(2010)



Impacts of submesoscale processes on biogeochemistry in WBCs

fixation near its edges, creating a signal of nitrogen fixation
that is then transferred into the gyre interior. Here, we take
advantage of new high‐resolution, in situ nutrient and
velocity data to diagnose the advection and mixing of the
phosphate capable of fueling such nitrogen fixation near the
gyre’s northern boundary, the Gulf Stream. We then extend
this analysis over the whole gyre using nutrient and wind
climatologies. We begin by first reviewing the definition of
excess phosphate.
[4] Nitrate (NO3

−) and phosphate (PO4
3−), both essential

nutrients for phytoplankton productivity, are typically uti-

lized and remineralized in a ratio that averages 16:1 [Redfield
et al., 1963; Anderson and Sarmiento, 1994]. Therefore, a
convenient measure of the excess water column phosphate
relative to the average biological nitrate requirement is P* =
PO4

3− − NO!
3

16 [Deutsch et al., 2007]. Communities of non‐
nitrogen‐fixing organisms typically consume both nitrate and
phosphate in a proportion that approximately conserves P*,
whereas nitrogen‐fixing organisms consume water column
phosphate and atmospheric dinitrogen gas to drive residual
euphotic zone concentrations toward lower P* values.
Making the basic assumption that the NO3

−:PO4
3− ratio is in a
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Figure 1. Spatial and temporal variability of P* concentrations (mmol m−3) in the subtropical North
Atlantic. (a) Annual mean P* on the 1026.4 kg m−3 potential density surface in color with the depth of that
density surface in contours. This map was constructed from the gridded World Ocean Atlas 2005 nutrient
data and was interpolated to the depth of the isopycnals using gridded density data. White shading reflects
the annual mean outcrop of that density surface. The location of the A22 section is marked by a white line,
the BATS hydrographic station as a black andwhite square, and the CLIMODE stations used in this analysis
as white circles. An enlargement of the CLIMODE region appears in Figure 2. (b) P* (colors) and potential
density (contours) as a function of pressure and latitude fromWOCE section A22, occupied in 1997.WOCE
section data was accessed from the corrected GLODAP database [Key et al., 2004]. (c) P* (colors) and
potential density (contours) versus pressure and time at BATS (31.93°N, 64.18°W). The color bar applies to
all of Figure 1.
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fixation near its edges, creating a signal of nitrogen fixation
that is then transferred into the gyre interior. Here, we take
advantage of new high‐resolution, in situ nutrient and
velocity data to diagnose the advection and mixing of the
phosphate capable of fueling such nitrogen fixation near the
gyre’s northern boundary, the Gulf Stream. We then extend
this analysis over the whole gyre using nutrient and wind
climatologies. We begin by first reviewing the definition of
excess phosphate.
[4] Nitrate (NO3

−) and phosphate (PO4
3−), both essential

nutrients for phytoplankton productivity, are typically uti-

lized and remineralized in a ratio that averages 16:1 [Redfield
et al., 1963; Anderson and Sarmiento, 1994]. Therefore, a
convenient measure of the excess water column phosphate
relative to the average biological nitrate requirement is P* =
PO4

3− − NO!
3

16 [Deutsch et al., 2007]. Communities of non‐
nitrogen‐fixing organisms typically consume both nitrate and
phosphate in a proportion that approximately conserves P*,
whereas nitrogen‐fixing organisms consume water column
phosphate and atmospheric dinitrogen gas to drive residual
euphotic zone concentrations toward lower P* values.
Making the basic assumption that the NO3
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3− ratio is in a

Pr
es

su
re

 (d
ba

r)

Latitude (oN)

1994 1996 1998 2000 2002 2004 2006

Pr
es

su
re

 (d
ba

r)

Time

Longitude (oW)

La
titu

de
 (o

N)

<−0.1
−0.08
−0.06
−0.04
−0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
>0.2

  75oW   60oW   45oW   30oW   15 oW    0o  

  10 oN 

  20oN 

  30oN 

  40oN 

  50 oN 

50

100
150

200

250

350

A22

BATS

27.2

26.8

26.4
26.4

26
25.

6
25.2

10 15 20 25 30 35 40

0

100

200

300

400

500

600

700

800

900

1000

27.227..2

27 27

26.8 26.8

26.6 26.6

26
.4

26.4 26.4

26.2

26.2

6100

200

300

400

500

600

700

800

900

P* (mmol m-3)

a)
b)

c)

Figure 1. Spatial and temporal variability of P* concentrations (mmol m−3) in the subtropical North
Atlantic. (a) Annual mean P* on the 1026.4 kg m−3 potential density surface in color with the depth of that
density surface in contours. This map was constructed from the gridded World Ocean Atlas 2005 nutrient
data and was interpolated to the depth of the isopycnals using gridded density data. White shading reflects
the annual mean outcrop of that density surface. The location of the A22 section is marked by a white line,
the BATS hydrographic station as a black andwhite square, and the CLIMODE stations used in this analysis
as white circles. An enlargement of the CLIMODE region appears in Figure 2. (b) P* (colors) and potential
density (contours) as a function of pressure and latitude fromWOCE section A22, occupied in 1997.WOCE
section data was accessed from the corrected GLODAP database [Key et al., 2004]. (c) P* (colors) and
potential density (contours) versus pressure and time at BATS (31.93°N, 64.18°W). The color bar applies to
all of Figure 1.
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Figure from Palter et al (2011)

• Submesoscale processes tend to be intensified at gyre boundaries where gradients in biogeochemical 
tracers are strongest. They are effective at:

à Lateral mixing across the gyres
à Vertical exchange between the ocean surface/bottom and interior

average magnitude of Ekman volume transport, despite its
influence on the transport’s submesoscale variability [Thomas
and Lee, 2005].
[9] The resultant Ekman transport sweeps elevated P*

southward across the Gulf Stream (Figures 2a–2c). For the
section depicted in Figure 2c, a signal of this P* transport is
revealed by positive P* penetrating at least 100 km into the
interior gyre (the limit of our observations). The cross‐stream
Ekman P* transport is a maximum on the northern side of the

Gulf Stream (Figure 2d) with a mean maximum value from
the six sections of −0.27 ± 0.13 mmol m−1 s−1, calculated as
the product of the vertically integrated Ekman velocity from
equation (1) times the average P* concentration in the upper
50 m. This southward Ekman P* transport rapidly weakens
within and south of the Gulf Stream (Figure 2d) leading to a
convergence of the P* transport in the northern half of the
Gulf Stream in all sections (Figure 2d). This convergence is
due to P* concentrations approaching zero within the Gulf
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Figure 2. P* reservoirs and fluxes at the northern boundary of the subtropical NorthAtlantic. (a) CLIMODE
station locations for the Jan 2006 (cyan circles) and Feb/Mar 2007 (black circles) cross‐stream sections,
overlaid on a map of satellite temperature (colors) and geostrophic velocities (vectors) for February
2007. The sections are labeled by the first letter of the month in which they were occupied and section
number. (b) A cross‐section of potential density as a function of cross‐stream distance and pressure (color)
and temperature (°C, contours) for the fourth January 2006 section (J4). (c) P* (colors) and velocity (con-
tours in m s−1) as a function of pressure and cross‐stream distance for section J4. All data has been rotated
into a stream‐wise coordinate system in which positive distances are on the dense side of the front. The
cross‐stream Ekman volume transport is shown as arrows above the cross‐section, where the longest arrow
is equal to 2.1 m2 s−1 (equivalent to an average velocity of 4.2 cm s−1 over a depth of 50 m). (d) Cross‐
stream Ekman P* transport for the 6 complete CLIMODE sections calculated as the product of the Ekman
transport and P* averaged over the surface 50 m. Because of the near vertical uniformity in P* above
100 m, the Ekman flux is not sensitive to the choice of averaging depth above this level. A negative (pos-
itive) P* transport indicates the southward transport of a phosphate excess (deficit) relative to nitrate, as all
meridional Ekman transport averaged over the months of the cruises was southward. P* transport for the
J4 section (shown in Figures 2b and 2c) is highlighted in red.
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Intense lateral shear at the gyre boundary

x-cross-front coordinate (km)

Downstream 
velocity (m/s)

Vertical vorticity
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• The downstream velocity in a WBC drops precipitously at the gyre boundary, generating intense lateral shear.

Sheet of 
cyclonic vorticity

Savelyev et al (2017)

CASPERS 2015



Lateral shear instabilities at the gyre boundary

Surface vorticity field 
from a high resolution 
(500 m) simulation of 
the Gulf Stream.

Animation courtesy of Jonathan Gula http://stockage.univ-brest.fr/~gula/movies.html

Gula et al (2015)

Surface temperature



PLAN	VIEW	OF	FRONT

Vortex	sheet	breaks	into	

cyclonic	vortices

FRESH

SALTY

Vortex	advects salinity	

cross-stream

Fresh	water	advected faster	down-

stream	forming	filaments
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Lateral	mixing	by	shear	instabilities

• Lateral	stirring	by	shear	instabilities	mixes	tracers	across	the	gyre	boundary	

with	an	inferred	diffusivity	of	order	100	m2/s.			Klymak et	al	(2016)

VORTICITY

latitude



Vertical shear at the gyre boundary and symmetric instability

•Symmetric instability (SI) is an overturning instability that forms at fronts with strong vertical shear, 
weak stratification, and low Richardson numbers.

•SI is characterized by overturning cells that run along the tilted isopycnals of a front.

•It forms when the winds are down-front and/or when a front is being cooled.

Thomas	and	Taylor	(2010);	Taylor	and	Ferrari	(2010);	Thomas	et	al	(2013)



Lateral dispersal of tracers by SI

Numerical simulation of the dispersal of a tracer by symmetric instability
(LES run by John Taylor U. of Cambridge)

Tracer at time 
of injection

Tracer 5 
hours later

• The slanted overturning motions of SI are able to mix tracers laterally along density surfaces.

Visit Jacob Wenegrat’s poster to learn more!



LatMix 2012 field campaign: SI-drift II

March 5-8

• Storm passed during the drift, max winds had a significant down–front component
à should trigger SI.

• Miles Sundermeyer released fluorescein dye near the float and its dispersal was 
tracked with a fluorometer on a Triaxus.

Float
Knorr

Atlantis

Thomas et al (2016)



Telltale signs of symmetric instability

• The stratification in the boundary layer is stable and the potential vorticity is negative.

èThe flow is unstable to symmetric instability.

Depth 
averaged 
vorticity



Observed dispersal of dye
Animation 
courtesy of Eric 
D’Asaro

• Dye spreads to width of front (5km) in ~0.5 day à lateral diffusivity  ~100 m2/s



Along-front	

velocity	z=0

CONFLUENT	
STRAIN

Ageostrophic

secondary	

circulation

Frontal	vertical	circulations	driven	by	confluent	strain	

Frontal	meandering	and	eddies	

can	generate	confluent	strain

• Density	fronts	are	intensified	by	confluent	strain	through	a	process	

known	as	frontogenesis.

• This	generates	an	ageostrophic circulation	with	strong	vertical	velocities.

Hoskins	(1982);	Rudnick	(1996);	Thomas	et	al	(2010)



Evidence of vertical exchange at the North Wall of the Gulf Stream
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• Sections of salinity and AOU made 
following a spar buoy moving with the 
Gulf Stream reveal the subduction of a 
freshwater intrusion from the surface.

• Vertical velocities inferred from the 
strain and density fields were 10-40 
m/day, similar to the observed rate of 
subduction of the intrusion.

Thomas	and	Joyce	(2010)
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Submesoscale instabilities in the bottom boundary layer

• The deceleration of WBCs by bottom friction on the continental margins can generate a bottom boundary layer 
(BBL) with strong shear and weak stratification that could be unstable to submesoscale instabilities.

• These instabilities could flux biogeochemical tracers such as iron from the BBL into the ocean interior. 

z
(m

)

Benthuysen and Thomas (2012); McWilliams (2016)

Figure courtesy of Jacob Wenegrat



Thick bottom boundary layers and mixing near the Gulf Stream

the Florida Strait and the bump, followed by a sharp
increase downstream of the bump and a gradual decay
from approximately 338N to Cape Hatteras (Olson et al.
1983). Energy is transferred from the mean flow to the
eddies following the Florida Strait and the Charleston
Bump, with regions of eddy to mean conversion in be-
tween (Dewar and Bane 1985; Lee et al. 1991). The ef-
fect of the topography on the instability of the flow and
the development and evolution of meanders and eddies
is studied in Gula et al. (2015a,b) using realistic high-
resolution simulations. Barotropic conversion from
mean to eddy kinetic energy through horizontal Rey-
nolds stress and baroclinic conversion from eddy po-
tential to eddy kinetic energy through vertical eddy
fluxes of buoyancy both contribute to the along-stream
variations of eddy kinetic energy. The eddy activity be-
tween the strait and the bump is mostly a barotropic
mechanism driven by current–topography interactions.
The positive relative vorticity on the cyclonic side of the
Gulf Stream is strongly intensified in the Florida Strait
due to topographic drag along the continental slope.

Downstream from the strait the current partially sepa-
rates, becomes unstable to horizontal shear instability,
rolls up, and forms streets of submesoscale vortices (Gula
et al. 2015b). The baroclinic instability is stabilized by the
cross-stream slope everywhere except past the Charles-
ton Bumpwhere theGulf Streammoves seaward and the
topographic constraint is locally weakened. At the loca-
tion of the Charleston Bump the flow is locally strongly
unstable through a mixed barotropic–baroclinic in-
stability process and regularly forms large mesoscale
frontal eddies (Gula et al. 2015a). As a result, the am-
plitudes of themeanders rapidly increase as they progress
northeastward. The continental slope steepens and sta-
bilizes baroclinic instability downstream of the Charles-
ton Bump. Eddy kinetic energy is converted back into
mean kinetic energy, a process that results in decreasing
eddies and meander amplitudes.

b. Observations of frontal eddies

Frontal eddies between Georgia and North Caro-
lina have been observed in numerous studies over the

FIG. 1. Observed SST of the Gulf Stream on 15 Mar 2013. Data from MODIS–Aqua. Black
contours indicate the 200-, 600-, 1000-, and 2000-m isobaths. The warmGulf Stream is deflected
eastward at theCharlestonBump location. Largemeanders form downstreamof the bumpwith
frontal eddies in between detraining water from the leading wave crest of the meander. The
large frontal eddy visible at 32.58N, 77.58Whas additional smaller-scale perturbations on its rim.
The white dots indicate the locations chosen for pointwise time series of SSH.
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surrounding Gulf Stream. The large straining on the
upstream side of a trough meander is a generic feature
of the Gulf Stream meanders before or after separa-
tion. Observations of Gulf Stream meanders have
shown that a frontal jet tends to be confluent and
frontogenetic on the upstream side of a meander
trough and diffluent and frontolytic on the downstream
side of a meander trough (Bower 1989; Thomas and
Joyce 2010).
The advective frontal tendency, that is, the rate of

change of the amplitude of the buoyancy gradient

following a fluid parcel due to the horizontal advection,
is defined as in Hoskins (1982) by

T
adv

5
1

2

Dk=
h
bk2

Dt
5 (2b

x
=
h
u2 b

y
=
h
y) ! =

h
b , (1)

where b 5 2g(r/r0) is the buoyancy, r is the in situ
density, r0 is the mean reference density, and g is the
gravitational acceleration. The frontal tendency is strongly
positive on the upstream face of the trough and mostly
negative on the downstream face with smaller-scale

FIG. 9. (top) Salinity at z 5 210m (psu; colors) and relative vorticity (at 62f in black con-
tours) for the frontal eddy of Fig. 8, showing the intrafrontal eddy submesoscale vortices. To-
pography is shown in thin black contours for levels2200,2600,21000, and22000m. (bottom)
Vertical cross-shelf section of salinity along the white dashed line shown in the top panel.
Density is shown in black contours. The dashed red line denotes the mixed layer depth.
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Geophysical Research Letters 10.1002/2017GL072580

Figure 5. Bottom mixed layers over the Blake Plateau and Charleston Bump. Example profiles of (a) potential
temperature !, (b) salinity, (c) potential density "! , and (d) horizontal current speed from mission 157055 in the
vicinity of 32∘N, 79∘W. Profiles from dive 182 are shown blue with the preceding and following four dives shown
grey. Blue shading denotes the bottom mixed layer for dive 182. The red density profile in Figure 5c is an estimated
“premixed” profile for dive 182 with a density gradient of d"!

dz
= −0.002 kg m−3 m−1 below 217 m. (e) Observed

bottom mixed layer thicknesses and (f ) estimated changes in potential energy ΔPE required to form the mixed
layers averaged in 0.5∘ × 0.5∘ boxes. Only the region southwest of Cape Hatteras where gliders dove near the
seafloor (inset region in Figure 1) is shown. The blue circles in Figures 5e and 5f show the location of the profiles
in Figures 5a–5d).

TODD GULF STREAM GLIDERS 6322

Observed SST ROMS simulation Glider observations

Gula et al JPO (2016) Todd GRL (2017)

• Simulations reveal that cyclonic eddies 
shed in the lee of the Charleston Bump 
generate thick BBLs on the slope with 
water entrained from the shelf and 
mixed in the vertical.

• Thick BBLs have been observed in this 
region with gliders.



Conclusions

• Submesoscale instabilities are intensified at the gyre boundaries where the lateral and vertical 
shear in WBCs are strong and the Rossby and Richardson number is order one.

• Horizontal gradients in physical and biogeochemical tracers are largest at the gyre boundaries 
and can be mixed by submesoscale lateral shear instabilities and symmetric instability with 
effective horizontal diffusivities of order 100 m2/s. 

• Vertical velocities of 10-100 m/day are ubiquitous at the front that marks the gyre boundary and 
are typically generated by confluent strain associated with meanders and eddies. These vertical 
circulations drive subduction and ventilate the thermocline.

• WBCs decelerated by bottom friction on continental margins can develop thick bottom boundary 
layers prone to submesoscale instabilities. These instabilities could flux shelf water, potentially 
enhanced in iron, out of the bottom boundary layer, into the WBC.


