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Potential vorticity and frontal instability.
We hypothesize that a flux of energy from the
front itself accounts for the enhanced turbulence
levels at SF2. The boundary layer at SF2 is stably
stratified (Fig. 3B) yet highly sheared in the ver-
tical direction due to the presence of a strong jet
along the front (Fig. 2, B and C). This latter con-
dition makes the flow potentially susceptible to
symmetric instability (SI) (4), which extracts ki-
netic energy from the geostrophic frontal jet. The
Ertel potential vorticity (PV) (24) is the key quan-
tity for diagnosing this instability; a flow is un-
stable to SI when the PV is negative (25). PV can
become negative due to the combination of a suf-
ficiently strong vertical shear and lateral density
gradient and a sufficiently weak vertical density
gradient. These conditions can occur within the
boundary layer of a strong front, with the front
providing the shear and lateral gradient and the
boundary layer having a reduced stratification.
Simulations (4, 5) indicate that under these con-
ditions SI will grow, become unstable to second-
ary, smaller-scale instabilities (26), and feed a
turbulent cascade to dissipation, resulting in a
fully turbulent boundary layer drawing its energy
from the front.

We used velocity and density data taken by
the ship to evaluate the PVon each of the nearly
100 crossings of the front (fig. S5) (10, 24). We
found negative PV near the surface (Fig. 1E) for
0.2 days at SF2 and nowhere else (Fig. 1F). The
front at SF2 is therefore unstable to SI, suggest-
ing that the turbulence at SF2 is drawing energy
from the frontal shear.

The simulations indicate that SI at a front
occurs when the wind blows perpendicular to the
frontal gradient (27, 28), which is typically in the
direction of the frontal velocity (Fig. 4). Such a

“down-front”wind drives a net transport of water
perpendicular to the frontal jet to carry heavy
water across the front, from the cold side to the
warm side. This Ekman transport advects heavy
water over light water, reducing the stratification,
and thus reducing the PVand promoting SI. The
Ekman buoyancy flux (EBF) (27), computed from
the product of the down-front wind stress (Fig.
2C) and the cross-frontal density gradient (Fig. 3A),
is a measure of this effect. Simulations (4) suggest
that turbulence in a fully developed boundary layer
of depthH and driven by down-frontwinds extracts
kinetic energy from the frontal jet at a depth-
integrated rate given by H(EBF)/2 and dissipates
it within the boundary layer. This quantity (29)
peaks at SF2 (Fig. 3D, red) with a value compara-
ble to the measured dissipation rate, thus provid-
ing quantitative evidence supporting the hypothesis
that the boundary layer at SF2 was driven pri-
marily by SI induced by a down-front wind.

The structure of the boundary layer also sup-
ports this hypothesis. SI acts to reduce the anom-
alously negative PV by inducing a circulation
that increases the stratification, thereby counter-
acting the effect of the EBF (Fig. 4). Simulated
boundary layers within symmetrically unstable
fronts are simultaneously stratified and turbulent
(5), in contrast to those outside of fronts, which
are generally well mixed. Indeed, the observed
density profiles within the front (Fig. 3B) lack
mixed layers and are instead stratified at all depths.
The Lagrangian float trajectories repeatedly cross
this stratification, indicating that the boundary
layer at SF2 is both turbulent and stratified (30).

Although SF1 exhibits elevated EBF and dis-
sipation, the thin (H ≈ 10 m) boundary layer
precludes estimating PV and the towed surveys
barely cross the front, making EBF errors large.

An accurate evaluation of the hypothesis is not
possible at SF1.

Near-inertial frequency waves. Sections of
velocity and shear (Fig. 2, B and D) show that the
above frontal processes are associatedwith deeper
structures suggestive of internal waves. In partic-
ular, the depth-time section of shear (Fig. 2D)
shows alternating diagonal stripes of positive and
negative shear with upward phase propagation
and a period close to the local inertial period (i.e.,
half a pendulum day: 0.84 days at this latitude).
The north-south component of shear (not shown
in Fig. 2) is in quadrature with the east-west
component such that the velocity vector rotates
clockwise with approximately constant magni-
tude as a function of both increasing depth and
increasing time. This pattern is widely found in
the ocean and interpreted as the signature of down-
ward propagating near-inertial frequency internal
waves (31). Given the observed stratification and
estimating the vertical wavelength and period of
the waves to be 200 m and 0.78 days, respec-
tively (based on a least-squares fit on the shear
field of the upper 150 m and first 2 days), theory
predicts that the waves’ downward energy flux is
~6mW/m2, which is similar to an estimate for the
energy input to near-inertial waves from the winds
of 9 mW/m2 (32), but only about 6% of the ex-
cess turbulent dissipation at the SF2. These cal-
culations suggest that the waves are probably
driven by the winds and minimally contribute to
the energetics of the turbulence within the bound-
ary layer at the front.

Surprisingly, however, the strong near-surface
shear of the sharpest front appears to be part of
the deeper near-inertial pattern. The boundary-
layer depth (Fig. 3E) also appears to have vari-
ability on roughly the same time scale; that is, the
increased depth at days 138.7 and 139.6. Thus, it
is possible that these inertial motions could play a
role in the rapid confluence and difluence that
generate and dissipate the SF, as well as in pro-
ducing its negative PV. We further speculate that
the SI at the front could feed energy into the in-
ertial waves and thus radiate energy into the ocean
interior. Because the lateral scale of the near-
inertial motions is probably much larger than that
of the SF, their overall role in the SF energetics
could be substantially larger than that implied by
the small local flux density.

Implications. Traditionally, the upper-ocean
boundary layer is thought to be driven by the
atmosphere through fluxes of heat, moisture, and
momentum (33, 34). The observations presented
here break from this paradigm by suggesting that
lateral density gradients and their geostrophic cur-
rents can also play a role in boundary-layer dy-
namics by supplying energy to turbulence at the
expense of the circulation and permitting strat-
ification and turbulence to coexist. Therefore, the
greatly enhanced boundary-layer turbulence and
dissipation described here in a very sharpKuroshio
front is likely an extreme example of a process
that occurs much more widely in the ocean, po-
tentially playing an important role in its dynamics

Fig. 4. Structure of the
symmetrically unstable front.
A wind blowing down the
frontal boundary between
warm and cold water induces
an Ekman transport perpen-
dicular to the wind and to
the front. This carries heavy
water from the cold side of
the front over light water
from the warm side, which,
in the presence of the fron-
tal jet and lateral density
gradient, acts to reduce the
stratification near the surface
andmakes the front unstable
to symmetric instability. The
instability draws energy from
the frontal jet, leading to en-
hanced turbulence, and in-
duces a circulation acting to
bring warm water to the sur-
face and cold water to depth,
thus counteracting the effect
of the Ekman transport and
keeping the near-surface stably stratified, with warm water over cold water.
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The temporal and spatial scales, and BGC impacts vary for each.  

There are also lots of sources of variability at small scales 

Observing these processes is an active area in PO, much has been learned 
through numerical models

Generally arise in regions of strong 
lateral buoyancy gradients (at fronts)  

1) Baroclinic instabilities, frontogenesis 
2) Mixed Layer instabilities 
3) Symmetric Instabilities (eg. Ekman 
buoyancy flux) 
4) Gravitational instabilities

(D’Asaro, 2011)

Meso- and Submesoscale instabilities
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velocity components have been made transparent for |u|, |v| < 2.5cm/s.

33

(Thomas, 2012)

Tilting isopycnals set up a vertical shear in the along-front direction

Isopycnals (isotherms) tilt upwards in a region of frontal intensification, MLD varies

A numerical simulation of a submesoscale  instability

, Ageostrophic motion drives a cross-front circulation, creating downward velocity on the cold side
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Visualizing eddy-driven export













































































































































































Carbon was exported through becoming trapped below the 
mixed layer as summertime warming intensified stratification. 

Aggregation, slow sinking, large-scale circulation are likely 
important for POC exported by eddies to remain sequestered 
over years 

What about long-term sequestration?

In these simulations, the along-
isopycnal eddy-driven flux does not 
move carbon deeper than the deep 
winter mixed layer.  

We need observations that can track and observe particle 
transformations on subducted water over weeks to seasons. 
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What about sinking particles? 

High variability in sinking export is seen at submesoscales 
(Estapa et al. 2015) and enhanced at fronts (Stukel et al. 2017) 

Mesozooplankton fecal pellets are major contributors to sinking
flux in the CCE (19). Cycle 1 showed substantially enhanced
grazing (and mesozooplankton biomass) relative to the other cy-
cles, with grazing rate estimates (6.3 ± 2.9 mg Chl a m−2·d−1) on
the high side of previous measurements in the CCE (Fig. S2D).
Similarly, mesozooplankton herbivory was enhanced at E-Front in
transect samples (Fig. 5 E and F), and we measured high con-
centrations of phaeopigments and high phaeopigment:Chl a ratios
(> 4, highest for cycles 1 and 5) in the sediment traps, indicative of
high fecal pellet flux produced by herbivorous zooplankton.
Fe limitation has been shown to drive enhanced export in the

CCE by increasing silicification by diatoms that continue to take up
Si despite reduced organic matter production (31). The increased
cellular Si:N ratios amplify the ballasting effect of diatoms, leading
to higher sinking rates of aggregates and fecal pellets that contain
diatoms. Decoupled Si and N uptake also leads to low dissolved
Si(OH)4:NO-

3 ratios in the water column. Negative values of Si

excess [Siex = [Si(OH)4] − [ NO-
3] × RSi:NO3, where RSi:NO3 is the

Si(OH)4:NO3 ratio of upwelled water, equal to 1 mol:mol for the
CCE (32)] are diagnostic of Fe limitation in the CCE and are
evident in samples from the E-Front transects (Fig. 5 A and B) and
cycle 1 (Fig. S2B). Conversely, Siex values were high (and grazing
low) for cycle 2, the only near-front cycle that did not show enhanced
export. Variable fluorescence (indicative of the photosynthetic status
of phytoplankton and correlated with Fe availability) was low at the
front (Fig. 5 C and D), consistent with Fe limitation. The ratio of
nitrate:dissolved Fe (micromolars of NO-

3:nanomolars of dFe) is
another diagnostic feature of Fe limitation in the CCE, with ratios in
excess of 5 indicating significant potential for Fe limitation of dia-
toms (31–33). Consistent with our interpretation of Fe limitation in
the main axis of the front, we found NO-

3:dFe values of 10 to 26 in
the upper 50 m during cycle 1 and consistently >5 on the coastal
edge of the E-Front transects. A 3-d deckboard Fe-enrichment
experiment during cycle 1 also showed increased NO-

3 drawdown,15NO-
3 uptake, and biomass production in Fe-amended bottles

relative to control incubations (Fig. S2C). Thus, increased efficiency
of carbon export at E-Front appears to be linked to Fe limitation of
diatoms, which leads to increased silicification and rapid sinking of
the heavily ballasted fecal pellets produced by zooplankton grazing,
although other mechanisms may contribute as well.

Export at Fronts. Although our study focused on a single meso-
scale feature, the two mechanisms that drove high gravitational
flux at E-Front are likely common for eastern boundary upwelling
systems (EBUS), where fronts are typically associated with ele-
vated phytoplankton and zooplankton biomass (26, 34). For ex-
ample, Fe limitation was shown to increase export in a gradient
region between cyclonic and anticyclonic eddies close to Point
Conception (31), and significantly elevated mesozooplankton
biomass and organic aggregate abundance (28) were demonstrated
at a front ∼300 km southeast of E-Front.
Front frequency in the CCE, measured by autonomous in situ

gliders along California Cooperative Oceanic Fisheries Investiga-
tions (CalCOFI) lines 80 (near our study site) and 90 (extending
offshore from the Southern California Bight), indicates that 8% of
CCE water is within 15 km of a density front (34). If we assume that
the greater than twofold enhancement of gravitational flux at
E-Front is generally representative of the region, then over 14% of
the total sinking particle flux in the region occurs near mesoscale
fronts. Additionally, our mean estimate of ∼225 mg C m−2·d−1 for
advective POC export in subducted water parcels at E-Front sug-
gests that total particle export at CCE fronts may exceed 25% of
regional gravitational flux. Given the global importance of EBUS in
total oceanic production and the similarity in their physical dynamics

Fig. 3. (A) Comparison of CCE-P1208 sediment trap-based export measurements
(red) with prior sediment trap measurements made in nonfrontal regions on CCE
LTER cruises (blue). Note high export for frontal cycles 1 and 5. (B) Vertical carbon
flux at E-Front during transects (Left) and Lagrangian cycles (Right). Gravitational
POC flux was estimated using two approaches: 238U−234Th deficiency with a
simple steady-state equation without upwelling (blue, Left) and sediment traps
(purple, Right). Advective carbon flux is an additional form of carbon export
estimated from vertical velocities and POC (red) or ΔTOC concentrations (orange;
ΔTOC is the difference between TOC measured on the transect and deepwater
TOC). Boxes show quartiles, and whiskers show 95% confidence intervals. Far
right shaded column in both plots indicates previous gravitational POC flux
ranges in the CCE region at nonfrontal locations. Horizontal dashed lines show
average previous gravitational flux in the CCE determined by sediment trap
(purple) and 234Th (blue). In Right, results from nonfrontal cycles 4 and 3 (off-
shore/left and coastal/right, respectively) are shown for comparison.

Fig. 4. Vertical velocity sections at 34°36’N from the data assimilating ROMS
model. Each section is a 6-d average centered at the midpoint sampling time of
cross-frontal (A) transect 1 or (B) transect 2. Black lines are isopycnals. Black circles
are 234Th sampling locations. Red shades are positive (upward) velocities, and
blue shades are negative (downward) velocities. Note the strongly downward
velocities along the core of the front in A and the weak upwelling velocities in B.
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The sinking rates of most particles overlaps with the vertical 
velocities of many physical processes 



Instruments that can resolve sinking particle abundance and types 
over km and days (eg. Bishop et al. 2016) can provide clues as to 
physical and/or biological sources of small-scale variability 
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Models and observations suggest that submesoscale subducted 
features are often co-located with regions of negative relative 

vorticity 


