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1.  Sverdrup’s	  cri=cal	  depth	  
hypothesis	  and	  new	  
perspec=ves	  –	  mixing.	  

2.  Large-‐scale	  circula=on.	  
3.  Mesoscale	  pumping,	  

4.  Submesoscale	  
dynamics.	  



Sverdrup’s	  Cri=cal	  Depth	  Hypothesis	  
Applied	  to	  mid-‐	  &	  high-‐
la=tude	  regimes:	  

•  Deep	  winter=me	  
mixing	  supplies	  
nutrients	  to	  ML.	  

•  Seasonal	  cycle	  of	  
surface	  irradiance	  and	  
MLD	  controls	  
availability	  of	  light.	  

Assumes	  

•  Constant	  respira=on	  
rate	  encompasses	  
grazing,	  linking,	  
respira=on.	  

Does	  not	  directly	  
address	  observed	  
patchiness.	  



Bloom	  Evolu=on	  



1A) and the recent North Atlantic Bloom (NAB) study
(March–June 2008) coincides with the eastern edge of
bin NA-12 (pink star in Fig. 1A). For the northernmost
bins (NA-7–NA-12), satellite data were unavailable for a
few weeks each year during midwinter. For all remaining
times and locations, bin values represent means for all

observations within a given eight-day period, averaging
.1200 cloud-free pixels per period (maximum potential
! 1800 pixels). Less than 4% of the bin values were
derived from ,200 cloud-free pixels. Within-bin stan-
dard deviations for each eight-day mean value are
shown for Cphyt in Fig. 1B.

FIG. 1. (A) Typical late bloom surface chlorophyll concentrations (Chlsat; note log scale) as observed from the satellite Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) in June 2002. Also shown are the 12 study bins and their designations. Red box:
Figs. 1B, C, 2A, C, 3, and 4A–C show results from bin NA-5. Heavy black box: bins used in Fig. 2B–F. White star: 1989 North
Atlantic Bloom Experiment (NABE) location. Pink star: 2008 North Atlantic Bloom (NAB) study location. (B) Nine-year record
of phytoplankton biomass (Cphyt: black symbols, left axis) and Chlsat (green symbols, right axis) at eight-day resolution for bin NA-
5. Gray bars indicate within-bin standard deviations for Cphyt. (C) Nine-year record of Cphyt (black symbols, left axis, same as panel
B), photosynthetically active radiation (PAR: red line, lower right axis), and mixed layer depth (MLD: blue line, upper right axis)
for bin NA-5. Vertical dashed lines in panels B and C indicate 1 January of each year.
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positive net growth phase is not initiated by increasing
PAR or mixed layer shoaling. The NA-5 record also
illustrates the high temporal variability in r and shows
that the peak in r is not consistently found in spring. For
example, a spring peak in r is found during 2005–2006,
but the peak during 2000–2001 and 2002–2003 occurs
during midwinter and prior to the MLD shoaling (Fig.
4A). During some years, there is no clear peak in r
throughout the positive growth phase (e.g., 1999–2000),
while in other years similar magnitude peaks in r are
found in midwinter and spring (e.g., 1998–1999 and
2001–2002; Fig. 4A). Similar variability is found for the
other North Atlantic bins, but the overall pattern that
emerges is consistent: the spring maximum in phyto-
plankton concentration represents the culmination of a

positive population growth phase that begins during late
autumn/winter. This positive growth phase is initiated
during mixed layer deepening and is first expressed as an
increase in Cphyt (and Chlsat) when deep-water entrain-
ment into the mixed layer stops (i.e., dilution; Fig. 2;
Appendix: Fig. A2).

In Fig. 4B, the mean annual cycle for r at NA-5 is
shown (open symbols), along with mean values for
MLD and Zeu (note that in this figure the x-axis begins
with July and MLD increases downward on the right
axis). Here we see that the positive growth phase
(December to June) begins roughly when the mixed
layer penetrates below the euphotic layer (i.e., MLD .
Zeu; Fig. 3B). This correspondence is also found in the
other bins with complete satellite coverage over the

FIG. 4. (A) Nine-year record of phytoplankton net specific growth rate (r; open symbols, left axis! same data as open symbols
in Fig. 3), mixed layer depth (MLD; heavy black line, upper right axis), and photosynthetically active radiation (PAR: light gray
line, lower right axis). Note that MLD increases upward in this figure to illustrate correlation with r. All data are at eight-day
resolution. A three-bin running boxcar averaging has been applied to r to dampen high frequency variability. (B) Annual mean
cycles from July to following July of r (open symbols, left axis), MLD (heavy black line, right axis), and euphotic depth (Zeu: heavy
dotted line, right axis) for bin NA-5. Note that in this figure MLD increases downward. Gray bars indicate standard deviation in r
for each eight-day period over the nine-year satellite record (panel A). ‘‘Positive net growth phase’’ is indicated at top. Horizontal
dashed line indicates r ! 0. (C) Annual mean cycles in phytoplankton specific growth rate (l) for NA-5 (left axis) based on net
primary production (NPP) estimates from (solid line) the standard Vertically Generalized Production Model (VGPM); (dashed
line) the VGPM with an exponential description of chlorophyll-specific light-saturated photosynthesis (Pb

opt); and (dotted line) the
VGPM with a regionally tuned description of Pb

opt (see the Abandoning Sverdrup section for details). Note again that the x-axis
begins in July and ends in July a year later. Also shown is the mean annual cycle in r from panel B (open symbols, right axis,
with same scale as in panel B). Gray hatched box shows where the entire annual range in r is found when plotted on the same left
axis as l, emphasizing how small r is relative to l throughout the year.
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turbulent diffusivity kT. Depending on the relative rates of
mixing vs. local growth and losses, the phytoplankton
concentration in the two layers can be different or equal,
and this will translate into two different criteria for the
onset of blooms.

The timescales, tM,1 and tM,2 associated with turbulent
mixing in the upper and lower layers, respectively, can be
defined in terms of the layer depth and the turbulent
diffusivity, kT:

tM,1:
h2

kT
, tM,2:

H{h! "2

kT
!3"

while the timescales associated with the effective local
growth and loss rates in the two layers are

tP,1:
1

meff

, tP,2:
1

meff
: !4"

Critical depth criterion—In the limit of strong turbulence
when the mixing timescales are much smaller than the
effective growth and loss timescales defined above:

tM,1%tP,1, and tM,2%tP,2 !5"

and the phytoplankton concentration will be well-mixed in
the vertical. Integrating over the two layers and assuming
that the vertical phytoplankton flux vanishes at z 5 0 and
the base of the mixing layer, Eq. 2 reduces to

!0

{H

LP

Lt
dz~hmeff P{ H{h! "meff P !6"

The integrated phytoplankton concentration can grow in
time as long as

HƒHC:h
meff

meff
z1

" #
!7"

(i.e., the mixing-layer depth must be shallower than a
critical depth HC, consistent with Sverdrup’s theory).

Critical turbulence criterion—The weak turbulence limit
first becomes relevant in late winter or early spring when
the mixing-layer depth is typically much deeper than the
layer with positive net growth: H & h. In this case,
inspection of Eq. 3 reveals that the mixing time is much
longer in the lower layer than the upper layer. There-
fore, for moderate turbulence levels, turbulence may be
sufficient to fully mix the upper layer, but not the lower
layer, i.e.,

h2

kT
% 1

meff

, and
h{H! "2

kT
*

1

meff
: !8"

In this limit there is a critical turbulence level, kC, below
which growth in the phytoplankton population can occur
regardless of the mixing-layer depth. This critical level is
found by looking for steady-state solutions of Eq. 2. Based
on Eq. 8, turbulent mixing still dominates in the upper
layer, so the phytoplankton concentration will remain
uniform near the surface. However, we can no longer
assume that the phytoplankton are uniform in the lower
layer. There, the effective loss rate is balanced by a
downward flux of cells driven by

kT
L2P2

Lz2
{meff P2~0: !9"

The solution to Eq. 9 is

P2 z! "~Cez
$$$$$$$$$$$$$$$$$
meff =kT

q
!10"

where C is an arbitrary constant. The solution in the upper
layer is uniform and must match P2 at the interface at z 5
2h; hence,

P1~Ce{h
$$$$$$$$$$$$$$$$$
meff =kT

q
: !11"

At the critical turbulence threshold, the net phytoplankton
growth in the upper layer is balanced by the downward flux
of cells into the lower layer by turbulent mixing. An

Fig. 1. Schematic showing typical profiles for the local growth rate (m) and loss rate (m; left),
and a simplified system with a piece-wise constant net growth rate used in Eqs. 3–15.
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coefficient, r is the water density, and g is the gravitational
acceleration. The turbulent diffusivity can then be written
directly in terms of the surface heat flux:

kT~CH4=3 ag

r0cP
Q0

!!!!

!!!!
1=3

: !19"

Equation 19 only applies under convective conditions when
Q0 , 0, indicating net cooling of the ocean surface.

Based on the scaling above, we can reformulate the
critical turbulent diffusivity in Eq. 15 to obtain an
expression for the ‘critical heat flux’:

QC^{
1

C3

cPr0

ag

h6
l m0{m! "6

m3H4
: !20"

When |Q0| . |QC|, convectively driven turbulence will be
sufficient to keep the phytoplankton concentration uni-
formly distributed, and Sverdrup’s critical depth hypothesis
is valid, whereas when |Q0| , |QC|, convectively driven
turbulence is insufficient to redistribute the phytoplankton
across the mixing layer, and we expect to see the
phytoplankton population grow near the surface. Unlike
the critical diffusivity, the critical heat flux depends on the
depth of the convective mixing layer, H. The achieved
growth rate, s, is plotted as a function of the surface heat
flux and the mixed-layer depth in Fig. 5 for m0 5 1 d21 and
m 5 0.1 d21. Significant departures from Sverdrup’s theory
are only felt for very small values of the surface heat flux, in
this case for |Q0| , O(1 W m22). For all practical purposes,
this threshold is indistinguishable from |QC| 5 0.

The above analysis assumes that thermal convection
driven by cooling of the ocean surface is the dominant
source of turbulence. Using Eq. 18, the critical heat flux in
Eq. 20 can be rewritten as a critical buoyancy flux, and this

should be used instead when evaporation, precipitation,
river runoff, or ice-melt lead to a significant freshwater
flux. During winter, we expect convection to dominate over
wind-driven turbulence in deep mixing layers. Specifically,
convection is expected to dominate wind forcing below the
Obukhov length, z , 2LOb, where

LOb~
{u3

#
kB0

, !21"

where u* 5 (tw / r0)1/2 is the friction velocity, tw is the wind
stress, and k 5 0.41 is the von Karman constant. For
typical values in the subpolar gyre of the North Atlantic in
winter, say u* 5 0.015 m s21, B0 5 1 3 1027 m2 s23, the
Obukhov length is LOb . 82 m. This is generally shallower
than the mixed-layer depth at high latitudes; therefore, we
expect convection to dominate the deep mixing of
phytoplankton under these conditions.

The scaling used in Eqs. 16–19 does not account for the
influence of the Earth’s rotation. Rotation strongly affects
convection when the convective Rossby number is small,

Ro#~
B0

f 3H2

" #1=2

%1, !22"

where f is the Coriolis parameter (Klinger et al. 1996; Levy
and Fernando 2002). For the cases that we consider here in
our simulations, the effect of rotation is indeed small. For
example, when Q0 . 2100 W m22, H . 100 m, f . 1 3
1024 s21, the convective Rossby number is Ro#^2.
Rotational effects can becomes important for very deep
convective layers (Klinger et al. 1996), but because the
surface heat flux is strong during deep convection events, it
seems unlikely that the critical turbulence criteria would be
met in this limit.

c. Numerical simulations—In order to test the predictions
from the theory outlined in the previous sections and to
examine how a diffusive parameterization of turbulent
mixing relates to realistic forcing conditions, we have
conducted a series of high-resolution three-dimensional
numerical simulations of turbulence in the upper ocean. In
the previous section, we considered a one-dimensional
phytoplankton model where turbulent mixing was repre-
sented by a constant turbulent diffusivity. More generally,
the concentration of phytoplankton cells and the turbulent
diffusivity can vary in all three spatial dimensions and time.
If we make the same assumptions as before regarding the
biological response, then the phytoplankton concentration
will satisfy the following equation:

LP

Lt
zu:+P~ m z! "{m! "Pzk+2P, !23"

where the second term on the left-hand side represents
advection by the three-dimensional velocity field and k is
the diffusivity due to random motions of the phytoplank-
ton cells. This latter term will almost always be small
compared to advection by turbulence, so we will neglect it
here. Averaging Eq. 23 over horizontal planes and
assuming periodic lateral boundary conditions (consistent

Fig. 5. Predicted maximum achieved growth rate, s* 5 s / m
as a function of the surface heat flux (Q0) and the mixing depth
(H). Predictions are based on Eq. 19 with the following parameter
values: m0 5 1 d21, m 5 0.1 d21, hl 5 6.5 m, cP 5 4 3 103 J / (kg
uC), a 5 1.65 3 1024uC21, g 5 9.81 m2 s21, r0 5 1000 kg m23,
and C 5 1 / 5.
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the critical turbulence level (see Fig. 4). We can test the
predicted analytical solutions by comparing with the
simulations of phytoplankton in turbulent convection.
Figure 7 shows the phytoplankton concentration from the
LES averaged over horizontal planes at t 5 1.5 d. The
analytical solutions from Eq. 37 are shown in dashed lines
for comparison. To plot the analytical solution, the
turbulent diffusivity was estimated from the surface heat
flux using Eq. 19. Because turbulence extends to the base of
the mixed layer in these simulations of active convection,
the mixed-layer depth is a good proxy for the mixing depth,
and H is defined as the location where SN2T~0:01N2

?. It is
worth noting that the theoretical prediction uses only
commonly measured quantities: the surface heat flux, Q0

and the density profile, r(z). In general, the analytical
solutions capture the depth-dependence seen in the LES
very well. The profiles of the phytoplankton concentration
from the LES tend to have steeper gradients than the
analytical solution in the upper portion of the convective
layer. This is probably due to the fact that the analytical
solutions use a constant turbulent diffusivity, while kT was
weaker near the surface in the LES (see Fig. 8).

We have seen that when the atmospheric forcing is very
weak, phytoplankton blooms can form in deep mixed
layers. But how quickly can phytoplankton respond to
changes in the forcing conditions? To address this question,
we ran a simulation of turbulent convection and gradually
increased the surface heat flux (so that Q0 went from large
and negative up to zero). The goal of this simulation was to
examine how phytoplankton respond to changes in the
forcing conditions. In nature, these changes occur on both
synoptic and seasonal timescales, but it is not computa-
tionally feasible to simulate changes in the atmospheric
forcing over very long timescales using LES. Instead, we

spin-down the surface heat flux over a period of 2 d.
Although this is only marginally slower than the maximum
local growth rate of 1 d21, as we will see, the phytoplank-
ton respond quickly to changes in the atmospheric forcing
and the results are not compromised by the short duration
of the spin-down.

The surface heat flux and the response of the phyto-
plankton concentration are shown in Fig. 9. The bottom
panel shows the integrated phytoplankton concentration
above the compensation depth. Because the surface heat
flux never becomes positive (Q0 # 0), the mixed layer does
not restratify in this simulation. Despite the fact that the
mixed layer remains deeper than the critical depth
(indicated with a dashed line in the middle panel),
exponential growth in the phytoplankton population
coincides very closely with the time when the net heat flux
reaches zero. The concentration of phytoplankton at z 5 0
actually begins to grow slightly before the net heat flux
reaches zero.

The numerical simulations are consistent with the
prediction based on the critical turbulence hypothesis that
weak atmospheric forcing can trigger phytoplankton
blooms. In situations where weak forcing precedes restra-
tification of the mixed layer, the onset of blooms can occur
before the mixed layer becomes shallower than the critical

Fig. 8. Turbulent diffusivity, kT, for phytoplankton, inferred
from large-eddy simulations forced with a constant surface heat
flux (Q0). Equation 25 is used to calculate profiles of kT where the
averaging operator denoted by angle brackets in Eq. 25 is defined
as an average over horizontal planes and in time from 1 # t #
1.5 d. Vertical lines show the kT predicted from Eq. 19. Only the
resolved scale motions contribute significantly to the advective
flux in kT. The sub–grid-scale and molecular diffusivities are much
smaller than kT in all cases.

Fig. 7. Profiles of the plane-averaged phytoplankton con-
centration from the large-eddy simulations at t 5 1.5 d. The
prediction from the analytical solution using the prescribed heat
flux and the mixed-layer depth from the simulation are shown
using thin lines for comparison. The mixed-layer depth is defined
as the location where SN2T 5 0.01N 2

‘.
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Other	  Impacts	  of	  Ocean	  Turbulence	  

•  Par=cle	  sinking	  
rates.	  

•  Aggregate	  
forma=on.	  

•  Predator-‐prey	  
encounter	  rates	  
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Shrinking	  Subpolar	  Gyre-‐	  
Increased	  Penetra=on	  of	  
Subtropical	  Waters	  

why we will resort to altimetry to determine more accurately
the timing of the circulation change). The drifter lifetime
can limit whether subtropical drifters reach the NE corner of
the subpolar gyre (as noted in BT) even when conditions
would be favorable for such drifter paths. To distinguish the
differences in paths of subtropical drifters over the three
periods, and particularly the changes since 2001, we choose
the same box as BT over the Gulf Stream (GS), 35!N to
47!N, 78!W to 48!W. The drifter tracks entering and
leaving the box are shown in Figures 3a–3c during the
three periods. The first period appears to be rather sparsely
occupied with tracks in the eastern Atlantic, however
sparseness of drifter tracks is not a likely reason for the
contracted tracks in Figure 3a. Moving the box to the
central Atlantic where it could catch more drifter launches
(Figure 2a) does not improve the eastern extent of the tracks
(not shown). This issue will be discussed later in this section.
The most apparent conclusion from the Figures 3a–3c is the
expansion of tracks northward and northeastward across the
basin: The 3rd period shows a major shift in the surface
water path from the subtropics, the western Atlantic waters
that were previously (prior to 2001) feeding the Bay of
Biscay waters, have turned northeastward toward the Rock-
all Trough. Some of these NE drifters were launched in the
slope waters but passing through the Gulf Stream box.
Figures 3a–3c show that drifters exiting through the eastern

side of the box form a northern wall curving around the
Flemish Cap with no drifters straying into the central
Labrador Sea. So all drifters passing the eastern side of
the box have to be inside the warm GS waters, and hence
emulate the behavior of drifters that could have been
launched within the Gulf Stream. We also show an addi-
tional sequence of drifter tracks for years 2003–2007 in
Figure 3d to highlight the persistence of the northeastward
shift of the surface circulation after 2001.
[11] The above results for the three periods are summa-

rized in Table 1. The number of drifters found in the GS box
in each period fluctuates somewhat but the trend in the
fraction of the GS drifters that end (loose their drogue or are
retrieved) north of 50!N and 53!N increases triplefold over
the three (four) periods. (Note that the ending may occur in
the next period.) Another aspect is the apparent contracted
state of the subtropical gyre in the first and second period
which we address by counting drifters crossing the MAR
and specifically crossing to east of 30!W. Again the
percentage of drifters that are able to move east of 30!W
more than doubles over time. If we count how far north
these drifters reach (based on their northernmost latitude),
the fraction of drifters in the 3rd (and 4th) period reaching
latitudes 50!N and 53!N doubles compared to the second
period. The fraction for the 1st period with a single drifter is
unlikely to hold any significance. In the 3rd (and 4th) period
about 30% of the GS drifters that reached 30W move
northeastward across 50!N.Figure 3. Subtropical drifter tracks when drifters are

within the western box during four periods (a) 1991–1995,
(b) 1996–2000, (c) 2001–2005, and (d) 2003–2007.
Drifter tracks entering (cyan) and leaving (magenta) the
subtropical box (48!W–78!W, 35!N–47!N). The black
squares are locations of the drifter launches. The black
contour along the coastal areas represents 1000 m isobath.

Figure 4. (a–d) Subpolar drifter tracks. Drifter tracks
entering (cyan) and leaving (magenta) the subpolar box (0–
18!W, 53–63!N). The black squares are locations of the
drifter launches. The black contour along the coastal areas
represents 1000 m isobath.
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Decrease	  in	  N.	  Atlan=c	  	  
CO2	  Uptake	  
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•  Warming	  sea	  surface	  temperatures.	  
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Sargasso Sea is 0:35 6 0:1 mol N m 2 2 yr 2 1, which is sufficient to
reconcile the apparent discrepancy in the nutrient budget described
above (Table 1).

We consider the following conceptual model of the eddy upwel-
ling mechanism (Fig. 1). A density surface of mean depth Z0 is
coincident with the depth of the euphotic zone. This density surface
is perturbed by the formation, evolution and destruction of meso-
scale features. Nutrients injected into the euphotic zone by shoaling
density surfaces are fixed by the biota, whereas deepening density
surfaces serve to push nutrient-depleted water out of the well-lit
surface layers. The asymmetry imposed by the light field thus
rectifies vertical displacements (both up and down) into a net
upward transport of nutrients.

Recent advances in the theory of advective effects on planktonic
ecosystems provide a context in which to examine analytically the
biological response to injection events21. Arrival of nutrients to a
particular depth in the light-saturated layer stimulates phyto-
plankton growth which is at first linear. Nutrients begin to accu-
mulate and then decrease rapidly as the phytoplankton population
enters a phase of exponential growth. Using parameters relevant to
the Sargasso Sea, the response time is one to several days. These
findings are in line with earlier work demonstrating biological
capability for rapid utilization of episodic nutrient inputs22, and
are consistent with the fact that near-surface nitrate concentrations
in this region remain below the limit of detection except during
periods of wintertime convection.

Given that the eddy driven nutrient flux is such a large com-
ponent of the annual budget, it is surprising that this mechanism
could function largely undetected by biweekly to monthly discrete
water sampling in shipboard time-series operations off Bermuda.
Monthly observations tend to undersample this highly sporadic
process20. Furthermore, the time required for biological removal of
new nutrient is much quicker (days) than that of the supply
mechanism (weeks). This dichotomy in timescales makes it very
difficult to observe evidence of a nutrient injection directly with
traditional shipboard hydrographic methods.

High-resolution time series using moored instrumentation pro-
vides an observational approach capable of resolving these inter-
mittent events. The Bermuda Testbed Mooring has been deployed
since June 1994 ,80 km southeast of that island, near the Bermuda
Atlantic Time Series (BATS) site23. During the summer of 1995, an
eddy event was observed (Fig. 2). Dramatic cooling began on day
185 of the year and persisted for 30 days. The record from an
automated nitrate analyser24 placed near the base of the euphotic

zone showed nutrient enhancement associated with this event, in
which nitrate concentrations rose from undetectable to 1.4 mmol m−3.
This was accompanied by increases in both chlorophyll fluorescence
and beam attenuation coefficient, indicating high concentrations of
both phytoplankton biomass and particulate material. Chlorophyll
during this period was apparently the highest observed in the BATS
program to date.

The magnitude and duration of these temporal changes in
physical and biogeochemical properties is consistent with the
eddy upwelling mechanism described above. The eulerian timescale
for the passage of such features can be calculated by dividing a
typical eddy diameter (,150 km) by a characteristic propagation
speed (,5 km d−1; ref. 25) which yields an estimate of one month
(precisely that of the observed event). The magnitude of the
temperature decrease and associated nitrate enhancement at the
base of the euphotic zone are consistent with an isopycnal displace-
ment of ,80 m. Assuming complete nitrate utilization, only four
events of this size are needed each year to provide the annual budget.

Monthly sampling during time-series operations at the BATS site
is also supplemented by periodic ‘validation’ cruises which are used
to provide spatial context for the fixed-point observations. One
such survey was conducted in June 1996 (Fig. 3). The hydrographic
structure included two cold features in the northwestern and eastern
portions of the domain, and a warm anomaly to the south. These
structures had a dramatic influence on the nitrate distribution just
below the euphotic zone. Nitrate concentrations were below the
limit of detection in the core of the warm feature, and in excess of
2 mmol m−3 in the interiors of the two cold anomalies. Phytoplank-
ton biomass patterns (indicated by chlorophyll) within the euphotic
zone corresponded to the underlying nitrate distribution. Although

Figure 1A schematic representation of the eddy upwellingmechanism. The solid

line depicts the vertical deflection of an individual isopycnal caused by the

presence of two adjacent eddies of opposite sign. The dashed line indicates how

the isopycnal might be subsequently perturbed by interactionof the two eddies. I0

represents incident solar radiation, and 1% I0 the base of the euphotic zone.
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Sargasso Sea is 0:35 6 0:1 mol N m 2 2 yr 2 1, which is sufficient to
reconcile the apparent discrepancy in the nutrient budget described
above (Table 1).

We consider the following conceptual model of the eddy upwel-
ling mechanism (Fig. 1). A density surface of mean depth Z0 is
coincident with the depth of the euphotic zone. This density surface
is perturbed by the formation, evolution and destruction of meso-
scale features. Nutrients injected into the euphotic zone by shoaling
density surfaces are fixed by the biota, whereas deepening density
surfaces serve to push nutrient-depleted water out of the well-lit
surface layers. The asymmetry imposed by the light field thus
rectifies vertical displacements (both up and down) into a net
upward transport of nutrients.

Recent advances in the theory of advective effects on planktonic
ecosystems provide a context in which to examine analytically the
biological response to injection events21. Arrival of nutrients to a
particular depth in the light-saturated layer stimulates phyto-
plankton growth which is at first linear. Nutrients begin to accu-
mulate and then decrease rapidly as the phytoplankton population
enters a phase of exponential growth. Using parameters relevant to
the Sargasso Sea, the response time is one to several days. These
findings are in line with earlier work demonstrating biological
capability for rapid utilization of episodic nutrient inputs22, and
are consistent with the fact that near-surface nitrate concentrations
in this region remain below the limit of detection except during
periods of wintertime convection.

Given that the eddy driven nutrient flux is such a large com-
ponent of the annual budget, it is surprising that this mechanism
could function largely undetected by biweekly to monthly discrete
water sampling in shipboard time-series operations off Bermuda.
Monthly observations tend to undersample this highly sporadic
process20. Furthermore, the time required for biological removal of
new nutrient is much quicker (days) than that of the supply
mechanism (weeks). This dichotomy in timescales makes it very
difficult to observe evidence of a nutrient injection directly with
traditional shipboard hydrographic methods.

High-resolution time series using moored instrumentation pro-
vides an observational approach capable of resolving these inter-
mittent events. The Bermuda Testbed Mooring has been deployed
since June 1994 ,80 km southeast of that island, near the Bermuda
Atlantic Time Series (BATS) site23. During the summer of 1995, an
eddy event was observed (Fig. 2). Dramatic cooling began on day
185 of the year and persisted for 30 days. The record from an
automated nitrate analyser24 placed near the base of the euphotic

zone showed nutrient enhancement associated with this event, in
which nitrate concentrations rose from undetectable to 1.4 mmol m−3.
This was accompanied by increases in both chlorophyll fluorescence
and beam attenuation coefficient, indicating high concentrations of
both phytoplankton biomass and particulate material. Chlorophyll
during this period was apparently the highest observed in the BATS
program to date.

The magnitude and duration of these temporal changes in
physical and biogeochemical properties is consistent with the
eddy upwelling mechanism described above. The eulerian timescale
for the passage of such features can be calculated by dividing a
typical eddy diameter (,150 km) by a characteristic propagation
speed (,5 km d−1; ref. 25) which yields an estimate of one month
(precisely that of the observed event). The magnitude of the
temperature decrease and associated nitrate enhancement at the
base of the euphotic zone are consistent with an isopycnal displace-
ment of ,80 m. Assuming complete nitrate utilization, only four
events of this size are needed each year to provide the annual budget.

Monthly sampling during time-series operations at the BATS site
is also supplemented by periodic ‘validation’ cruises which are used
to provide spatial context for the fixed-point observations. One
such survey was conducted in June 1996 (Fig. 3). The hydrographic
structure included two cold features in the northwestern and eastern
portions of the domain, and a warm anomaly to the south. These
structures had a dramatic influence on the nitrate distribution just
below the euphotic zone. Nitrate concentrations were below the
limit of detection in the core of the warm feature, and in excess of
2 mmol m−3 in the interiors of the two cold anomalies. Phytoplank-
ton biomass patterns (indicated by chlorophyll) within the euphotic
zone corresponded to the underlying nitrate distribution. Although

Figure 1A schematic representation of the eddy upwellingmechanism. The solid

line depicts the vertical deflection of an individual isopycnal caused by the

presence of two adjacent eddies of opposite sign. The dashed line indicates how

the isopycnal might be subsequently perturbed by interactionof the two eddies. I0

represents incident solar radiation, and 1% I0 the base of the euphotic zone.
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shoriall.	  

•  What	  accounts	  for	  the	  rest…?	  



ANRV396-MA01-15 ARI 5 November 2008 10:1

INTRODUCTION
The oceanic circulation is characterized not only by large-scale currents such as the Gulf Stream
or the Kuroshio, but also by energetic mesoscale structures, the oceanic cyclonic and anticyclonic
eddies that are the ocean counterparts of the weather systems. Such eddies are ubiquitous features
that can be seen in the altimeter signal (LeTraon & Morrow 2001, Isern-Fontanet et al. 2006b,
Chelton et al. 2007) or in infrared and color satellite images ( Johannessen et al. 1996). These
eddies have a diameter of 50–200 km and their core is located as deep as 2000 m. These eddies
involve dynamical anomalies [such as sea surface height (SSH) and density anomalies] with large
amplitudes. Infrared and color images have also highlighted the presence of a rich organization
of smaller-scale (or submesoscale) structures between the eddies (Figure 1). These submesoscale
structures are filaments elongated over hundreds of kilometers with a 10-km width (Ledwell et al.
1993) and are characterized with very much weaker dynamical anomalies.

The motivation to focus on the vertical exchanges of tracers associated with mesoscale and
submesoscale structures is that the concentrations of many oceanic tracers, such as temperature,
salinity, nutrients, dissolved oxygen, and dissolved organic and inorganic carbon, change rapidly
with depth just below the mixed layer. These substances are indeed typically forced or modified
either in the upper ocean or at the air-sea interface by processes such as biological production
and air-sea exchanges, but their vertical exchanges with the deep interior occur at much lower
rates. Over long timescales, the mean vertical concentration profiles of these substances are set by
the balance between their rate of production or removal in the upper ocean, the rate of vertical
exchanges between the upper ocean and the interior, and their replenishment in the interior by
large-scale advection and biogeochemical reactions.

The vertical exchanges of waters between the upper ocean and the interior usually occur both
within and below the mixed layer. However, except during the wintertime convection when the
mixed layer deepens significantly, the vertical velocity within the mixed layer that is principally
wind-driven does not affect the exchanges between the surface layers and the ocean interior very
much (Haine & Marshall 1998, Giordani & Caniaux 2005). These exchanges are therefore driven
mostly by the vertical velocity below the mixed layer, where the tracer vertical gradients are very
much larger than in the mixed layer, and this vertical velocity is captured entirely by the mesoscale
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Sea surface temperature (left) and ocean color images (right) from satellite data (courtesy of Jordi Isern-Fontanet).
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•  Eddy	  interiors	  can	  exhibit	  elevated	  chlorophyll.	  
•  Eddy	  boundaries,	  mesoscale	  fronts	  show	  
submesoscale	  structures	  100	  m	  –	  10	  km.	  Fronts,	  
filaments,	  eddies.	  Elevated	  chlorophyll.	  
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submesoscale	  dynamics	  

•  Submesoscale	  frontal	  dynamics	  bridge	  mesoscale	  to	  dissipa=ve	  scales	  
to	  provide	  path	  for	  forward	  cascade.	  

•  Very	  efficient	  at	  driving	  ver=cal	  exchange,	  communica=ng	  between	  
boundary	  layer	  and	  interior.	  

•  Simula=on	  possible	  in	  regional	  and	  smaller	  models.	  Must	  parameterize	  
for	  large-‐scale	  circula=on	  and	  bio-‐physical	  simula=ons.	  

•  Tight	  coupling	  between	  theory,	  numerical	  simula=on	  and	  observa=ons.	  
Led	  by	  theory	  and	  simula=ons…	  



the air-sea interface. The horizontal circulation acts to fur-
ther accelerate the convergence of density surfaces resulting
in frontogenesis – the formation of sharp density fronts in a
time of a few days [Hoskins and Bretherton, 1972; Spall,
1995]. As the fronts form, the slope of the density surfaces
increases (the slope is further increased by microstructure
turbulence in the surface mixed layer which mixes away any
vertical stratification) and Ro becomes O(1). The increase in
Ro results in strong ageostrophic submesoscale circulations
that drive a forward energy cascade and excite local micro-
structure turbulence [Molemaker et al., 2010; Taylor and
Ferrari, 2010]. The increase in slope is accompanied by
the development of intense upwelling and downwelling on
the warm and cold sides of the front respectively: the ratio of
vertical to horizontal velocities scales with the slope of
density surfaces and it is therefore much larger at fronts. In
the ocean interior, with frontal aspect ratios of O(10!4 !
10!3) and horizontal velocities of O(0.1) m/s, the vertical
velocities reach O(10!5 ! 10!4) m s!1 or O(1–10) m d!1.
Near the surface the vertical velocities reach O(10!3) m s!1 or
O(100) m d!1 [Mahadevan and Tandon, 2006; Legal and
Tréguier, 2007; Klein and Lapeyre, 2009]. These large verti-
cal velocities extend from just below the surface down to a

few hundred meters and drive a rapid exchange of proper-
ties between the turbulent boundary layer and the perma-
nent thermocline (Figure 2a).
[12] Submesoscale fronts are ephemeral and typically last

only a few days after they are formed. This is either because
the flow convergence ceases as currents and mesoscale
eddies evolve, or because the fronts become unstable. Dur-
ing frontolysis (frontal decay) the vertical velocity and the
associated exchange of properties with the ocean interior
progressively decrease. The shutdown is particularly rapid
and extreme when frontolysis is associated with frontal
instabilities [Boccaletti et al., 2007; Capet et al., 2008;
Thomas and Ferrari, 2008], sometimes taking just a few
hours. There is a rapidly growing literature on the details of
how such instabilities develop. In the first stage, light waters
flow over dense waters in what is called symmetric insta-
bility, a process that has recently been observed at the Kur-
oshio [D’Asaro et al., 2011] and Gulf Stream fronts
[Thomas and Joyce, 2010]. Later, meanders and eddies
develop along the front and slumping accelerates as a result
of baroclinic instability [Fox-Kemper et al., 2008]. Other
forms of instability have also been reported when the lateral
shear at the front is particularly intense [McWilliams, 2010].
Regardless of the details of specific processes, the instabil-
ities typically result in restratification and suppression of
vertical mixing within the turbulent boundary layer (i.e., a
strong decrease of kz in equation (1)).
[13] Thomas [2005] points out that frontolysis can be

arrested by winds. If the winds blow in the same direction as
the frontal current, they act to steepen the front and prevent
further slumping by frontal instabilities. In such situations
turbulent mixing is enhanced at fronts, rather than being
reduced, and no restratification takes place [e.g., Franks and
Walstad, 1997]. If the winds blow in the opposite direction
of the frontal current they act to slump the front, further
accelerating restratification by frontal instabilities.
[14] In summary, one expects frontogenesis whenever

large-scale currents or mesoscale eddies converge to bring
together different water masses. During this phase strong
vertical velocities develop which promote exchange of
properties between the surface ocean and the permanent
thermocline. Once the convergent flow weakens, frontolysis
effectively suppresses turbulent mixing at the front except
when winds blow in the direction of the frontal current.

3. Response of Phytoplankton to Submesoscale
Dynamics

[15] The response of phytoplankton to submesoscale
dynamics will typically depend on what factor exerts the
main control over phytoplankton growth, light or nutrients.
In case of nutrient limitation, the contribution of the sub-
mesoscale is mostly through the supply of nutrients into the
nutrient starved euphotic layer. However, some of the most
productive regions are in the high latitudes, where spring
blooms are light limited. In the case of light limitation, the
impact of submesoscales is mostly to modulate the strength
of vertical mixing and thus the light exposure of phyto-
plankton. Moreover, in both cases, submesoscale processes
will export phytoplankton out of the surface layer. These
mechanisms, how they combine and their potential impact
on large scale fluxes, are presented in this section.

Figure 1. Three-dimensional views looking southeastward
from Point Conception (California, USA) showing MODIS
satellite remote sensing data combined with in situ glider data
(www.sccoos.org/data/spray/). (top) Temperature. (bottom)
Chlorophyll a.Ocean temperature is a good proxy for density
in this part of the ocean. The surface mesoscale patterns seen
in the temperature and chlorophyll a can also be seen as sub-
surface fluctuations in the isopycnal surfaces. The strong
fronts and eddies are sites of strong submesoscale dynamics
which can drive local responses of the phytoplankton.
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3.1. Response to Submesoscale Vertical Transport
[16] Over much of the ocean, phytoplankton growth is

constrained by the availability of nutrients, which are
abundant beneath the euphotic zone. The upward component
of the submesoscale vertical circulation enhances the nutri-
ent flux into the euphotic layer, stimulating phytoplankton
growth (Figure 2a) [Mahadevan and Archer, 2000; Lévy
et al., 2001; Allen et al., 2005; Lapeyre and Klein, 2006;
Nagai et al., 2008; Johnson et al., 2010; Pidcock et al.,
2010]. Submesoscale upwelling can also drive deep phyto-
plankton biomass upward, alleviating light limitation of
growth [Lévy et al., 2001]. The downward branch, however,
has a negative impact on primary production by subducting
phytoplankton, together with other organic matter, out of
the euphotic zone (Figure 2a) [Kadko et al., 1991; Fielding
et al., 2001; Lévy et al., 2001; Niewiadomska et al., 2008;
Thomas and Joyce, 2010]. This subduction acts as a phys-
ical carbon pump and modifies the properties of interme-
diate mode waters [Karleskind et al., 2011a, 2011b].
Submesoscale vertical motions will occur in all regions, not
just those that are nutrient limited. Purely from a perspective
of vertical transport, therefore, the net biogeochemical effect
of submesoscale dynamics may vary with region, repre-
senting a changing balance of the two antagonistic effects
[Lathuilière et al., 2010]. The strength of the submesoscale
vertical advection also varies in space and time depending in
part on the intensity of the eddy activity, and can be
enhanced by winds through the generation of inertial

motions [Franks and Walstad, 1997] that interact with the
submesoscale frontogenetic dynamics [Lévy et al., 2009].
[17] Much of our knowledge on this topic comes from

models. For example, simulations suggest that submesoscale
turbulence increases phytoplankton abundance in the open
ocean [Lévy et al., 2001; Oschlies, 2002; McGillicuddy
et al., 2003] but decreases it in eastern boundary upwelling
regions [Lathuilière et al., 2011]. Some studies also suggest
that in regions where nutrients are plentiful, such as the
subpolar North Atlantic or eastern boundary upwelling sys-
tems, submesoscale vertical circulations could cause a loss of
nutrients from the euphotic layer [Lévy et al., 2000; Oschlies,
2002; McGillicuddy et al., 2003; Gruber et al., 2011]. More
generally, the regional net flux of nutrients due to sub-
mesoscale vertical advection depends on the often strongly
localized distribution of enhanced vertical circulation and the
rate of removal of upwelled nutrients from the upwelling
regions by horizontal advection [Martin et al., 2002;Martin,
2003; Pasquero et al., 2005]. Typically, capturing the full
strength of submesoscale vertical movements requires hori-
zontal model resolution of the order of one tenth of the
internal Rossby radius of deformation. This would require a
resolution of O(1) km at mid-latitudes, though this depends
on the mixed-layer depth. Studies with a coarser resolution
will not fully capture the vertical circulation.
[18] There are only a few observational studies to com-

plement these model results: the balance between upwelling
and subduction of nutrients, phytoplankton and other
organic material is inherently difficult to assess purely from

Figure 2. Schematic representation of how submesoscale advection and diffusion impacts biogeochemistry. (a) Advection:
the upwelling branch of the ageostrophic circulation at a submesoscale front provides nutrient to the euphotic layer while the
downwelling branch exports excess nutrient and organic material below the euphotic layer, along isopycnals. These pro-
cesses prevail in situations where primary production is controlled by the availability of nutrients; in such cases the
mixed-layer is shallower than the euphotic depth. (b) Vertical mixing: the reduction of vertical diffusivity at a mesoscale
front is illustrated here as a reduction in the mixed-layer depth and in vertical mixing coefficient (K > ks); this process pre-
vails when primary production is inhibited by strong vertical diffusivity, which causes phytoplankton to be mixed in and out
of the euphotic layer; at the front, this mixing is reduced and phytoplankters remain in the well lit euphotic zone, which
favors their growth with respect to out of front areas.
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[e.g., Yentsch and Phinney, 1989; Chisholm, 1992; Ciotti
et al., 2002; Li, 2002; Irigoien et al., 2004; Uitz et al.,
2006]. Biomass is typically added in successively larger
size classes as the total biomass increases, while smaller size
classes remain relatively unchanged [Landry, 2002].
[31] These large-scale patterns are also seen in ecosystem

responses to the episodic addition of limiting nutrients.
Cavender-Bares et al. [2001] measured size-abundance
spectra of phytoplankton in mesocosms of Sargasso Sea
water enriched with NO3 and PO4 and found that waves of
enhanced biomass propagated from small to large sizes over
5 days. Similar analyses inside iron-fertilized patches during
IronEx II showed peaks and troughs of particle abundance
propagating toward the larger sizes of the size spectrum over
8 days with large pennate diatoms dominating the increase
in phytoplankton biomass [e.g., Coale et al., 1996; Landry
et al., 2000]. This ecosystem response to enrichment is an
emergent property driven by the size-dependencies of funda-
mental biological rates such as growth, production and grazing
[e.g., Rassoulzadegan and Sheldon, 1986; Fuchs and Franks,
2010; Poulin and Franks, 2010]. Pulses of biomass propa-
gating to larger size classes after a nutrient injection reflect
changing balances of growth and predation with size and
time. These imbalances can lead to disproportionate growth
of larger phytoplankton and efficient food chains fueling
pelagic fish production [e.g., Moloney and Field, 1991].
They can also lead to episodic particle fluxes and locally
enhanced carbon sequestration [e.g., Guidi et al., 2007]. It is
thus critical to measure and understand the size-dependencies

of phytoplankton growth and microzooplankton grazing rates
in submesoscale features where such pulses may be focused.
[32] The changes in the size structure of the planktonic

community driven by nutrient pulses will lead to local
patches of distinct species abundances. Such patches will
become stirred and distorted by the mesoscale and sub-
mesoscale horizontal velocity fields [Martin et al., 2001].
By combining multisatellite data, notably high-resolution
ocean-colour maps of dominant phytoplankton types and
altimetry-derived Lagrangian diagnostics of the surface
transport, d’Ovidio et al. [2010] demonstrated that the
phytoplankton landscape is organized into submesoscale
patches, often dominated by a particular phytoplankton
group, separated by physical fronts induced by horizontal
stirring. These physical fronts effectively delimit ephemeral
ecological niches by encircling water masses of similar
history and whose lifetimes are comparable to the timescale
of the biological response (a few weeks). This submesoscale
structuring of the plankton community is a direct conse-
quence of horizontal stirring by the turbulent circulation.

4.1. Size-Dependent Ecosystem Response to a Nutrient
Pulse
[33] To explore the size-dependent community response

to a nutrient pulse, we used the Poulin and Franks [2010,
hereinafter PF10] size-structured ecosystem model, which
allows for an arbitrary number of different size classes of
phytoplankton P and zooplankton Z (typically >500 size
classes of each). The model is similar to the Fuchs and

Figure 4. Contribution of all terms in the nitrate (N = NO3) equation (equation (1)) from an idealized model simulation
representative of the Northwest Atlantic or Northwest Pacific subtropical to subpolar regions. The terms are averaged over
the year and over the euphotic depth, as in equation (2). The model is at equilibrium, hence the biological term
R
1year

R Zeupho
z!0 B N" #dzdt is exactly balanced by the sum of the four physical terms

R
1year

R Zeupho
z!0

h
$ u:rN $rH!u!N !$

"zw!N !% "z kz"zN
! "i

dzdt . The black contour shows the annual mean location of the model’s idealized Gulf Stream or

Kuroshio current. The mean of the fields, denoted with an overbar, is defined in this computation as a coarse-grained running
average of 2& width.
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[24] An attempt to quantify the contribution of sub-
mesoscales to the annual nitrate balance in the euphotic layer
at mid-latitudes is presented here in the context of the Lévy
et al. [2012] model. A seasonally varying double-gyre is
simulated, representative of an idealized sector of the North-
west Atlantic or Pacific. A strong surface jet, the model’s
equivalent of the Gulf Stream or Kuroshio, flows eastward at
!30"N (Figure 3a). The instability of this jet generates intense
mesoscale turbulence which is maximum in the vicinity of
the jet but can be found throughout the region 20–40"N. The
submesoscale circulation can be seen in the form of sub-
mesoscale jets (Figure 3a), accompanied by intense upwel-
lings and downwellings on either side of the jets (Figure 3b).
The nutrient concentration at the surface is characterized by a
large-scale gradient, characteristic of the North Atlantic, and
distorted by mesoscale stirring (Figure 3c). The long model
spin-up (50 years) allows the annual mean position of the jet,
as well as the thermocline and nutricline depths to reach
equilibrium, integrating the feedback of submesoscale pro-
cesses on large-scale quantities.
[25] The model domain is large enough to encompass

different biological regimes: an oligotrophic regime in the
subtropical gyre (from !20–30"N) where winter nitrate
concentrations are less (Figure 3c), a strong spring bloom in
the subpolar gyre north of !40"N and a mid-latitude regime
with a moderate bloom between 30–40"N in the inter-gyre
region. This north–south gradient in productivity is reflected
by the structure of the biological term B(N ) (Figure 4).
[26] At equilibrium, an annual integration of all the

terms in equation (1) implies that !tN is zero and thus the

biological term B(N ) is exactly balanced by the sum of the
four physical terms. After integration over the euphotic
depth, this leads to:

Z

1year

Z Zeupho

z#0

"
$u:rN|!!{z!!}

remote

$ rH"u!N !
|!!!!!{z!!!!!}

mesoscale local% &

$ !zw!N !
|!!!{z!!!}

submesoscale local% &

' !z kz!zN
" #

|!!!!!!{z!!!!!!}
remote

#
dzdt #

Z

1year

Z Zeupho

z#0
B N% &|!!{z!!}
biology

dzdt: %2&

[27] The remote effect of submesoscales enters this equa-
tion through the mean advection and the vertical mixing
terms. This is because submesoscale dynamics influence the
mean currents, the mixed-layer depth and the mean distri-
bution of nutrients. The local effects enter the equation
through the horizontal and vertical Reynolds fluxes. Here,
the separation between mean and eddy fields was done with
a space filter with a cut-off scale of O(100) km. Thus the
Reynolds terms potentially contain the contribution of both
the mesoscale and the submesoscale. However, spectra of
horizontal and vertical nitrate flux vs. wavenumber k show
that the horizontal flux spectrum (slope of !k$2) is steeper
than the vertical flux spectrum (slope of !k$1) and implies
that the integral over wavenumbers is dominated by the
largest scales (small wavenumbers) in the case of the hori-
zontal flux, but it is strongly affected by the smallest scales
(large wave numbers) in the case of the vertical flux. The
overall vertical tracer flux is thus strongly affected by the
submesoscale fronts.
[28] The contribution of the different terms in Equation 2

to the annual balance of nutrient supply to the euphotic
layer varies regionally (Figure 4), as does the relative
importance of the local (Reynolds) and remote (mean) sub-
mesoscale contributions. Vertical mixing dominates the
balance in the regions where the mixed layer gets deeper
than the euphotic depth over the seasonal cycle. This is the
case north of 40"N and in the eastern sector. In these regions
the local submesoscale term is negligible. In contrast, in
the intergyre region (30–40"N), the mean and mesoscale
advection terms are larger than vertical mixing and tend to
oppose each other. In this region the local submesoscale
term has a magnitude comparable to the other advective
terms and is always positive. Thus, in this region local
submesoscale advection is efficiently supplying nitrate to the
euphotic layer; this supply makes a substantial contribution
to the overall balance.

4. Ecosystem Response to Submesoscale
Dynamics

[29] All the submesoscale dynamics described previously
have the potential to change not only the primary and export
production, but also the structure and the functioning of the
planktonic ecosystem. Strong submesoscale vertical veloci-
ties can drive episodic nutrient pulses into the euphotic zone,
while horizontal stirring can create intense patchiness in
planktonic species. These processes have been investigated
with both models and data.
[30] Many field studies have observed systematic changes

in phytoplankton community structure across trophic gra-
dients: the fraction of total biomass contributed by the
smallest cells decreases strongly with increasing biomass

Figure 3. Snapshots of (a) modulus of horizontal velocity
(U), (b) vertical velocity (W) and (c) nitrate concentration
(NO3, in log scale) from an idealized submesoscale-resolving
model simulation representative of the Northwest Atlantic
or Northwest Pacific subtropical to subpolar regions.
Model fields are shown at 50 m depth, in winter (Dec 1st).
(d) Co-spectra of U * NO3 and W* NO3, plotted in log-log
scale.
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REMOTE	   MESOSCALE	   SUBMESOSCALE	  

REMOTE	   BIOLOGY	  

Regional	  Simula=on:	  Annual-‐Average	  Nitrate	  Budget	  (eupho=c	  zone)	  

Levy	  et	  al.	  2012	  Submsosocale-‐resolving	  regional	  simula=on.	  

WBC	  
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Evolu=on	  Following	  the	  Float	  

•  ML	  shallows	  rapidly	  and	  
bloom	  begins	  YD	  110.	  

•  BackscaMer	  and	  beam	  
aMenua=on	  rise.	  

•  Dissolved	  oxygen	  
concentra=on	  rises,	  ML	  
nitrate	  decreases.	  

•  Previous	  studies	  (e.g.	  Waniek	  
2003;	  Henson	  et	  al.	  2006)	  
aMribute	  ML	  restra=fica=on	  
to	  solar	  warming,	  but…	  

•  ML	  cools	  during	  bloom	  
ini=a=on.	  

•  What	  ini=ates	  ML	  
stra=fica=on?	  

Ch
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l	  

bb
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Storm	  
deepening	  

m-1	  

µg / l
0	  m	  

250	  m	  

Bloom	  begins	  

YD	  90	   YD	  150	  105	   120	   135	  



Eddy-‐Driven	  Restra=fica=on	  
Submesoscale	  (1-‐10	  km)	  
ML	  eddies	  'slump'	  lateral	  
density	  gradients.	  

Converts	  horizontal	  
density	  contrasts	  to	  
ver=cal	  stra=fica=on.	  

Boccalet	  et	  al,	  2007	  
Fox-‐Kemper	  et	  al.	  2008	  

Buoyancy	  flux	  driven	  by	  
ML	  eddies:	  

Ver=cal	  mixing	  
opposes	  ML	  eddy	  
restra=fica=on,	  
deepens	  ML.	  

Mahadevan	  el	  al.	  2012	  



Stra=fying	  buoyancy	  flux	  
driven	  by	  ML	  eddies:	  

Dense	  waters	  
south	  &	  down	  

Light	  waters	  
north	  &	  up	  

Ver=cal	  mixing	  opposes	  
ML	  eddy	  restra=fica=on,	  
deepens	  ML.	  
•  Surface	  cooling	  
•  Wind	  forcing	  
Drive	  destra=fying	  
buoyancy	  flux.	  

Surface	  Cooling	  
Convec=ve	  overturning.	  
Destra=fying/Stra=fying	  buoyancy	  flux:	  
	  

Wind	  Forcing	  
Ekman	  transport	  by	  down-‐front	  winds-‐	  heavy	  
water	  over	  light,	  convec=ve	  overturning.	  	  
Destra=fying/Stra=fying	  buoyancy	  flux:	  

τ0	  

UE	  

	  =	  1	  for	  Qnet	  ∼	  -‐90	  W/m2	  
=	  1	  for	  τ0	  ∼	  0.15	  Pa	  

Qnet	  

Mahadevan	  el	  al.	  2012	  
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NAB08:	  Observed	  Restra=fica=on	  and	  Bloom	  Onset	  

Mahadevan	  el	  al.	  2012	  

Density	  profiles:	  	  
Ver=cally	  uniform	  (YD	  90)	  
Uniform	  stra=fica=on	  (YD	  110)	  
Some	  storm-‐driven	  ML	  deepening	  (YD	  120)	  

Layers:	  shallow	  (0-‐100	  m)	  &	  deep	  (100-‐300	  m)	  	  
Ini=ally	  mixed	  to	  ~300	  m	  (before	  YD	  100)	  
Stra=fica=on	  proceeds	  in	  2	  phases:	  
1.  Stra=fies	  uniformly	  (0-‐300	  m)	  YD	  100-‐120	  
•  Qnet	  cooling,	  τ0	  weakening	  
•  Magnitude	  consistent	  with	  slumping	  
(conversion	  of	  lateral	  density	  gradient)	  

2.  Shallow	  stra=fica=on	  accelerates	  (YD	  120+)	  
•  Qnet	  changes	  sign	  (warming)	  ~	  YD	  120	  

NAB08	  observa=ons	  and	  ARGO	  

Bloom	  ini=a=on:	  
Coupled	  to	  onset	  of	  stra=fica=on	  
Similar	  =ming	  across	  all	  plaiorms	  
Ends	  when	  silicate	  is	  exhausted	  Mahadevan	  el	  al.	  2012	  

shallow	  

deep	  



ML	  Eddy	  Restra=fica=on:	  Observa=ons	  and	  Models	  

Mahadevan	  el	  al.	  2012	  

Configura=ons:	  
1.  Ini=alized	  with	  

lateral	  density	  
contrasts	  –	  
stra=fies	  by	  Qnet	  
and	  ML	  eddies	  

2.  No	  ini=al	  lateral	  
density	  
gradients	  –	  
stra=fies	  by	  Qnet	  
alone	  

Simula=ons	  with	  
ML	  eddies	  
reproduce	  =ming	  
and	  structure	  of	  
restra=fica=on	  &	  
bloom.	  
Without	  ML	  
eddies,	  
stra=fica=on	  and	  
bloom	  delayed	  
20-‐30	  days.	  



Why	  is	  the	  Bloom	  Patchy?	   Phytoplankton	  growth	  
highest	  in	  regions	  of	  strong	  
stra=fica=on	  (increased	  
light	  exposure).	  

Stra=fica=on	  controls	  
bloom	  patchiness….	  Scales	  
and	  shapes	  contain	  
informa=on	  about	  
dominant	  processes.	  

Solar	  warming	  should	  act	  
uniformly	  over	  large	  scales.	  

ML	  eddies	  produce	  patchy	  
(1-‐10	  km)	  stra=fica=on,	  
straining	  into	  elongated	  
filaments.	  Consistent	  with	  
NAB08	  observa=ons	  &	  
simula=ons.	  

Other	  factors	  (e.g.	  
differen=al	  nutrient	  supply,	  
grazing)	  also	  drive	  
patchiness.	  

Mahadevan	  el	  al.	  2012	  



Models	  and	  Theory	  →	  Symmetric	  Instability	  

•  Extracts	  kine=c	  energy	  from	  the	  frontal	  jet	  (mesoscale).	  

•  Overturning	  cells	  mix	  laterally	  along	  density	  surfaces.	  

•  Secondary	  instabili=es	  feed	  turbulent	  cascade	  to	  dissipa=ve	  scales.	  
•  SI	  provides	  a	  path	  from	  the	  mesoscale	  to	  dissipa=on.	  

-‐	  Boundary	  layer	  stra;fied	  

-‐	  Ertel	  Poten;al	  Vor;city	  (PV)	  <	  0	  

DENSITY	  
FRONT	   OVERTURNING	  CELL	  

STRATIFIED,	  
TURBULENT	  
SI	  LAYER	  

Ekman	  Buoyancy	  Flux	  (EBF)	  
Moves	  heavy	  water	  over	  light	  

SI	  circula=on	  stra=fies	  BL	  

weakened	  
by	  EBF	  

strong	  in	  surface-‐	  
intensified	  fronts	  

	  	  absolute	  vor=city	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =l=ng	  

PV = − 1
ρ

f +ζ( ) ∂σθ

∂z
+ ∂u
∂z

∂σθ

∂y
⎡
⎣⎢

⎤
⎦⎥

Thomas	  and	  Taylor	  



Japan/East	  Sea	  DRI-‐	  Subduc=on	  at	  the	  Subpolar	  Front	  (1998-‐2002)	  

an=cyclonic	  lens	  

fresh	  

elevated	  Fchl	  

PV	  <	  0	  

Summer	  

Winter	  
strong	  front	  
strong	  down-‐front	  winds	  

weak	  front	  
weak	  winds	  

PV	  <	  0	  

•  First	  observa=ons	  of	  
nega=ve	  PV	  –	  
Symmetric	  
Instability?	  

•  Diagnoses	  of	  
ageostrophic	  
secondary	  
circula=ons,	  
subduc=on.	  

•  Subduc=on,	  PV	  <	  0	  
confined	  to	  front	  
during	  forcing.	  

Thomas	  and	  Lee,	  2005;	  Lee,	  Thomas	  &	  Yoshikawa,	  2006;	  Thomas,	  Lee	  &	  Yoshikawa,	  2010;	  Yoshikawa,	  Lee	  &	  Thomas,	  2012	  	  

buoyancy cannot account for the inferred vertical ve-
locity, we conclude that time-dependent nonlinear
Ekman dynamics contributes significantly to the gener-
ation of strong vertical motions at the subpolar front.

b. Vertical advection of tracers

The vertical transport of tracers by submesoscale sec-
ondary circulations is of considerable interest to ques-
tions involving biogeochemical processes in the upper
ocean as well as the subduction of water masses recently
modified by atmospheric forcing. At the subpolar front
the spatial structure of salinity (which can be considered
a passive tracer at the front) and chlorophyll fluores-
cence (a proxy for phytoplankton biomass) presented
evidence of such vertical transport. An example of this
can be seen along section 2 of survey 2, Fig. 9. On this
section, a strong slantwise frontal downdraft is aligned
with a streamer of water with low salinity as well as with
a plume of high chlorophyll fluorescence that extends
down from the surface. The correlation of the ageo-
strophic flow, salinity, and chlorophyll fluorescence sug-
gests a causal relation between the inferred vertical
velocity and the apparent vertical displacements in the
tracer fields. These observations attest to the potential
impact of frontal scale vertical motions in the generation
of submesoscale bio–optical features and thermohaline
intrusions (such as the ones seen at y 5 22 km and y 5
217 km in Figs. 2 and 9, respectively), both of which are
common features of the subpolar front of the Japan/East
Sea (e.g., the majority of the sections of the SeaSoar
survey contained such features) and ocean fronts in

general (e.g., Barth et al. 2001; Fedorov 1983). The
vertical extent of the plumes of water with low salinity
and high chlorophyll fluorescence suggest that fluid
parcels near the front experience vertical displacements
of O(50 m). The issue of whether such displacements
are consistent with the vertical velocities inferred from
the inverse method is discussed below.

In the previous section, it was argued that the frontal
vertical circulation is primarily associated with near-
inertial motions driven by time-dependent nonlinear
Ekman dynamics. An oscillatory vertical velocity of mag-
nitude wo oscillating at a frequency feff will induce a
maximum vertical displacement of 2wo/feff in one cycle.
The strongest frontal downdrafts are found on the dense
side of the front where feff 5 (1 2 1.5)f and wo ; 2 mm s21.
Given these values, the maximum vertical excursion
experienced by fluid parcels should not be much greater
than 40 m, a distance similar to the vertical extent of
the thermohaline intrusions and bio-optical features ob-
served at the front. This suggests that the large magnitude
of the inferred vertical velocities and the interpretation
that the frontal vertical circulation is associated with near-
inertial motions are both plausible.

The inferred vertical velocity could conceivably be
used to estimate vertical advective tracer fluxes by cor-
relating tracer and vertical velocity fields from each
section. However, given the apparent time variability in
the ageostrophic flow, it is likely that such a calculation
would be prone to errors. This is because, although the
time-dependent vertical motions lead to large vertical
displacements in the tracer fields, these displacements

FIG. 9. Indications of vertical advection of tracer fields. Vectors of the ageostrophic velocity with the (a) salinity and (b)
chlorophyll fluorescence for section 2 of survey 2. Dots indicate the base of the velocity vector; isopycnals contoured in
intervals of 0.1 kg m23.
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AESOP	  DRI	  –	  Kuroshio	  Extension	  (2005-‐2009)	  

PV	  <	  0	  →	  Symmetric	  Instability?	  

SF2	  =	  ‘sharpest	  front’	  
confluent	  flow	  
down-‐front	  winds	  

Float	  <w2>	   <w2>	  scales	  
with	  wind	  
except	  at	  SF2	  

D’Asaro,	  Lee,	  Rainville,	  Harcourt	  and	  Thomas,	  2010	  

•  Dissipa=on	  elevated	  at	  SF2	  
•  Larger	  than	  atmospheric,	  similar	  to	  EBF.	  
•  Energy	  from	  the	  front,	  rather	  than	  wind	  forcing	  



Models	  and	  Theory	  →	  Submesoscale	  Turbulence	  

•  Submesoscale	  turbulence	  produced	  by	  instabili=es	  in	  deep,	  
winter=me	  mixed	  layers	  interac=ng	  with	  mesoscale	  eddies.	  

•  Forward	  cascade	  of	  energy	  from	  mesocale	  to	  dissipa=on.	  

•  Models	  depict	  dis=nc=ve,	  sinuous	  filaments	  of	  strong	  cyclonic	  
vor=city	  embedded	  in	  a	  weak,	  an=cyclonic	  background.	  

•  Testable	  predic=ons	  of	  vor=city,	  divergence	  and	  strain	  sta=s=cs.	  

Molemaker	  and	  McWIlliams	  



Challenges	  
•  Broad	  range	  of	  spa=al	  and	  temporal	  scales.	  

Processes	  inherently	  mul=-‐scale.	  Patches	  to	  basins…	  
how	  do	  we	  upscale	  and	  generalize?	  

•  Persistence	  –	  maintain	  observa=ons	  through	  
complete	  annual	  cycles,	  capture	  decadal	  shi}s.	  

•  Physical	  variables	  are	  easy-‐	  need	  matching	  
measurements	  of	  biogeochemical	  and	  ecological	  
parameters.	  

•  Process	  experiments	  to	  refine	  parameteriza=ons	  for	  
models,	  broaden	  u=lity	  of	  remote	  sensing.	  

•  Persistent	  observing	  to	  constrain	  models,	  detect	  and	  
understand	  environmental	  change.	  Remote	  sensing	  
and	  autonomous	  approaches.	  




