






cooling, counters the effects of ML eddies by
homogenizing the water column and destroying
vertical gradients. In the presence of Earth’s ro-
tation, winds induce a surface Ekman transport
normal and to the right of the wind in the North-
ern Hemisphere. Thus, a wind along the density
front in the direction of the frontal current (“down-
front”) drives heavy water over light, producing
convective mixing similar to that driven by sur-
face cooling (21). The balance between restrati-

fyingmechanisms (for instance,ML eddies, solar
heating, and up-front winds) and mixing (due
to, for example, surface cooling and down-front
winds) controls ML depth.

The stratifying buoyancy flux due toMLeddies
(8) for a single front is proportional to (byH)

2/f,
where H is the ML depth, by is the initial merid-
ional gradient of the buoyancy b = −g (r − r0)/r0
at a front, and f is the Coriolis frequency. The
ratio of the buoyancy fluxes due to cooling (de-

stratifying) andMLeddies (stratifying) is estimated
as S ¼ −ga

0:06r0Cp

f Q
b2yH

2, where Q, a, and Cp are the
air-sea heat flux, thermal expansion coefficient,
and specific heat capacity of seawater, respec-
tively. We choose by ~ −0.3 × 10−7s−2, a value
close to the density gradient along the tracks in
Fig. 2B. With H ~ 300 m, Cp = 3988 J/kg /°K,
f = 1.28 × 10−4 s−1, r0 = 1025 kg/m3, and a =
1.6 × 10−4 °K−1, we estimate that S = 1 would be
achieved at Q ~ −100 W/m2. This implies that, in

Fig. 3. Comparison of data (left column) and model (right column). (A)
Evolution of vertical profiles of potential density at the float. Line color de-
notes time (yearday 2008). (B) Stratification, average value of N2, as mea-
sured by Argo floats (green), gliders (NAB08; red), and Lagrangian float
(NAB08; orange) between 0 and 100 m and 100 and 300 m. Lines (solid, 0 to
100 m; dashed, 100 to 300 m) are smoothing spline fits to the Argo (green)
and NAB08 (red) data. (C) Chlorophyll (Chl) 0 to 100 m from float (orange
line), Seagliders (dots), and MODIS satellite (blue with 25 and 75 percentiles)
from within the gray box of Fig. 2A, multiplied by 1.5 to calibrate to obser-
vations. Smoothing spline (heavy red line) is fit to all data. Yellow shading
indicates the onset of silicate limitation in the data. (D) Air-sea heat flux; total
(black) and shortwave (blue) components from NOC climatology (see supple-

mentary materials). NOC plus 40 W m−2 (NOC + 40) shows the range of
uncertainty. Short, thick lines indicate average values from the R/V Knorr
cruise. (E) Wind stress used to drive the model derived from WaveWatch III
(see supplementary materials), eastward (black) and northward (blue) com-
ponents. (F) Model stratification (average N2 over layer) from runs with
lateral density gradient (shaded gray) and without (purple) for 0- to 100-m
(solid) and 100- to 300-m (dashed) layers. The shaded regions indicate a
range of model solutions obtained by increasing the NOC heat flux by 40 W
m−2 to account for uncertainty in the heat flux estimate. Red and green
curves from observations in (B) are overlaid. (G) Model chlorophyll con-
centration in the upper 100 m (average), colored as in (F). Chlorophyll from
the combination of observations in (C) is overlaid.
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the absence ofwinds,ML eddieswould overcome
cooling-induced mixing and restratify the ML
(that is, S < 1) when the cooling weakens beyond
the –100 W/m2 threshold. Down-front winds
also counter restratification by ML eddies, and
a similar scaling estimate (22) for the ratio of
buoyancy fluxes due to down-front winds and
ML eddies is given by Sw ¼ t

0:06r0byH2, where t
is the down-front surface wind stress. Sw = 1 cor-
responds to t = 0.17 Pa.

Variations of parameters S and Sw can qual-
itatively explain the timing of the observed strat-
ification duringNAB08. Before yearday 70, strong
surface cooling (Q ~ −200W/m2) and down-front
winds (t = 0.2 Pa) easily overcame (S > 1, Sw > 1)
restratification by ML eddies. Consequently, the
ML remained well mixed. Near yearday 80, per-
sistent eastward (down-front, Sw > 1) winds
shifted westward (up-front, Sw ~ 1). Near yearday
100, surface cooling declined to below −100W/m2

(S ≤ 1), which is roughly when ML stratifica-
tion started to increase. Thus, theory suggests
that the mixed layer restratified because of the
decrease in surface cooling, aided by the switch
in wind direction from eastward to westward.
However, uncertainties in the scaling parameters
in these simple formulas, as well as the complex-
ities of their combined effects, require a more
detailed evaluation of this hypothesis through
modeling.

Modeling. We conducted a more quantita-
tive analysis of this mechanism with the use of a
3D process-study ocean model (23) coupled to a
single-species, light-limited phytoplankton model
(supplementary materials sections 1.4 to 1.9).
The domain, encompassing several of the many
small fronts seen in Fig. 2B, is 480 km (north-
south) by 96 km (east-west, periodic). The mod-
el is initialized in midwinter (yearday 30), with
three fronts spanning the domain, and evolves
for 120 days. By yearday 95, the start of our ob-
servations, the model has evolved to an equi-
librium condition with little resemblance to the
initial conditions (supplementary materials sec-
tion 1.7 and fig. S6). The north-south average
gradient by, wave number spectrum of by, and
probability density function of by are close to
those found along the observed transect in
Fig. 2B (figs. S7 and S8). The model is slightly
smoother than the observations, underestimating
the mean square by by ~50%, which would slow
the model’s restratification rate by ~20% (supple-
mentary materials section 1.7), but this error is
less than other uncertainties in the model.

The model is forced (Fig. 3, D and E, details
in the supplementary materials) by a uniform sur-
face wind stress and a surface heat flux from the
NOC 1.1a climatology (16), which cools slight-
ly more strongly toward the north. Bagniewski
et al. (24) optimized an ecosystem model to fit

observations of light, chlorophyll, particulate car-
bon, nitrate, and silicate made by (or near) the
NAB08 Lagrangian float. These data were
sufficient to strongly constrain the phytoplankton
model parameters. Model components related
to nutrient limitation and grazing were removed,
leaving a single group of modeled phytoplankton
limited only by light. This is appropriate for the
early part of the bloom where nutrient limitation
and grazing play a minor role in the full model.
Before the onset of the bloom, the average phyto-
plankton in the ML is restored toward a seed
population with 0.08 mg m−3 of chlorophyll,
based on observations at the start of NAB08.
Details of the model and comparisons with data
can be found in the supplementary materials and
also in (24).

Results from four model simulations, two of
which generate ML eddies due to the presence
of a horizontal density gradient (“Gradient” cases
in Fig. 3), and two control runs, which do not
(“No Gradient” cases in Fig. 3), characterize the
impact of ML eddies. Two ML eddy simula-
tions using the NOC heat flux (supplementary
materials and methods and figs. S5 and S6)
and NOC plus 40 W/m2 (Fig. 3D) span the un-
certainty in heat flux. The controls are identi-
cal to these, but initialized with no lateral density
gradients and thus have no ML eddies. Addi-
tional simulations vary wind and heat flux (sup-
plementary materials section 2, fig. S9, and
table S1).

The twoML eddy simulations (Fig. 3F, shaded)
reproduce the two phases of stratification seen
in the data. The first phase stratifies both the
shallow and deep layers starting near yearday
90; the second phase strongly stratifies the shal-
low layer starting at yearday 110 to 120. These
results agree with the observations to within the
uncertainties due to heat flux (shading) and inter-
annual variability [differences between NAB08
(red) and climatology (green)]. The slight diver-
gence between the rate of increase of stratifica-
tion in the upper and lower layers before day
120 is also reproduced in the model. They also
reproduce the concurrent increase in chlorophyll
(Fig. 3G, shaded) around yearday 110. After
roughly yearday 130, the modeled and observed
chlorophyll diverge due to the onset of silicate
limitation, which is not included in the model.
The “No Gradient” control cases, (Fig. 3F, pur-
ple) predict no increase in stratification until the
heat flux turns positive near yearday 120 and
no increase in chlorophyll (Fig. 3G, purple) until
about yearday 130. These model simulations in-
dicate that the initial stratification of the winter-
time ML and the onset of the bloom before
atmospheric warming are due toML eddies arising
from horizontal ML density gradients. In their
absence, the stratification and bloom would be
delayed by 20 to 30 days.

The North Atlantic spring bloom is patchy (25),
as seen in a satellite chlorophyll image (Fig. 4B)
and in the spread of the float and Seaglider
chlorophyll data (Fig. 3C, compare orange dots

Fig. 4. Spatial structure of bloom in data (top row) and from model (bottom row). (A) Seaglider section,
with chlorophyll (color) and potential density (contours). The finest contour interval is 0.00625 kg m−3.
Small white crosses mark profile locations. Data are smoothed over ~7 km horizontally. The horizontal
axis is either distance along track (x axis) or time (black numbers). (B) MODIS satellite chlorophyll
(yearday 115.6) multiplied by 1.92, the product of 1.5 (as in Fig. 3C) and 1.28, to account for the
average chlorophyll increase between yeardays 115.6 and 118. Gray denotes clouds. (C) Model section
across chlorophyll patches on yearday 118 plotted as in (A). (D) Model surface chlorophyll on yearday
118 plotted as in (B). The dashed vertical line shows the location of the section in (C).
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and line). A measured vertical-horizontal section
during bloom growth (Fig. 4A) shows steeply
sloping density surfaces with regions of high
and low stratification. Near-surface chlorophyll
is greatest above the strong stratification (26),
where the reduced depth of mixing leads to
greater light exposure and more phytoplankton
growth. A significant correlation exists between
the spatial variations in chlorophyll and stratifi-
cation in the upper 100 m (fig. S16) during the
period of rapid growth (yeardays 110 to 116).
A model section (Fig. 4C) shows similar vertical
and horizontal structures. Plots of surface chlo-
rophyll from data (Fig. 4B) and the model (Fig.
4D) show kilometer-scale filaments of high and
low chlorophyll. Wave number spectra of chlo-
rophyll (fig. S15) from the model and from the
image in Fig. 4 have similar shapes: white at
100-km wavelength steepening to a –2 slope
at the 10-km wavelength. Observations and si-
mulations exhibit similar patchiness, with varia-
tions in stratification and phytoplankton biomass
occurring on similar scales.

Discussion. Several recent studies have pro-
posed alternate hypotheses for the initiation of
spring blooms, but these theories do not explain
our observations. Taylor and Ferrari (11) sug-
gest that the bloom occurs when the ML turbu-
lence decreases, allowing phytoplankton to grow
within a deep, but weakly mixed layer. The ver-
tical motion of the Lagrangian float directly
measures the vertical velocity (27) and, thus, the
intensity of the turbulence. The root mean square
vertical velocity is strongly correlated with wind
stress, neither of which decreased very much
at the time of the bloom (fig. S17A). Further-
more, this mechanism acts by creating strong
vertical gradients of plankton within the ML,
which are not observed (supplementary mate-
rials section 5 and fig. S17B). Taylor and Ferrari
(3) also suggest that symmetric instability (SI)
could produce vertical stratification from hori-
zontal gradients. However, the amount of strat-
ification that SI could produce is very small
compared with ML eddies (supplementary ma-
terials section 5.2). Furthermore, it is not dom-
inant during the stratification phase, because the
direction of the wind relative to front (28), sur-
face cooling, and density-velocity structure are
not favorable. Alternatively, Behrenfeld (29) sug-
gests that a deepening ML dilutes plankton, de-
creasing the interaction rate between phytoplankton
and zooplankton, reducing grazing, and thus
allowing phytoplankton to grow. The NAB08
bloom occurs during a period of shallowing ML
depth, so this mechanism does not apply.

Blooms driven by ML eddy restratification
evolve differently from those driven by surface
heating. The timing of a bloom caused by eddy
restratification depends on the lateral density gra-
dient, ML depth, the decrease in surface cooling
below a threshold value, and wind speed and di-
rection. In contrast, the timing of a bloom caused
by surface heating depends on the onset of heat-
ing and on wind strength (mixing rate), but not

on wind direction. Differences in forcing func-
tions between these two mechanisms suggest that
the response of bloom onset to interannual and
climatic changes could depend strongly on which
mechanism prevails.

Blooms initiated by ML eddies can be ex-
pected to have patchier growth (fig. S12) and
greater spatial heterogeneity at the 1- to 10-km
scale than those initiated by surface heating, as
the former introduces more horizontal gradients.
This heterogeneity may allow a more diverse plank-
tonic community with different species dominating
in different patches (30). Even in midwinter, the
ML eddies could generate intermittent patches
of shallow stratification, as seen in the Argo
float data (Fig. 3B), leading to enhanced winter
productivity (29) and the maintenance of seed
populations for the spring bloom (31).

The ML eddies that initiate the bloom also
transport water vertically along the sloping iso-
pycnals, bringing nutrient-rich water from across
the entire wintertime ML intermittently into the
euphotic zone (Fig. 4A). In contrast, blooms
caused by surface heating alone will be confined
to the shallow surface layer, limiting access to
and shading the nutrient-rich waters below. Thus
although our simulations do not include nutrient
effects, we anticipate that enhanced nutrient fluxes
into surface waters due to ML eddies will lead
to an overall increase in carbon fixation.

Eddy restratification is effective in this area of
the Icelandic basin due to the existence of deep
(200 to 400 m) MLs and substantial (1 to 5 ×
10−7 kg-m−4) average lateral density gradients
(Fig. 2, C and D). Analysis of Argo float data for
the January-to-April period (Fig. 2, C and D)
shows similar conditions across most of the
subpolar North Atlantic, with the westward shal-
lowing ofMLs compensated by increasing lateral
gradients. These conditions are widespread in
the subpolar oceans, suggesting that theML eddy
processes described here play a major role in
controlling bloom timing in the subpolar North
Atlantic (2) and in similar blooms globally.

Roughly half (32) of global net photosynthesis
occurs in the ocean, with upper-ocean stratifica-
tion playing a key role in regulating productiv-
ity. The current generation of climate models
control springtime ML stratification exclusively
by vertical processes. These results suggest that
lateral processes driven by horizontal density gra-
dients also play an important role, as the results
affirm the need for parameterizing these pro-
cesses (33) and their importance in controlling
ocean productivity and the timing of phyto-
plankton blooms (3, 9, 11, 34).
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