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[11 Concomitance at the mesoscale between doming isopycnals and phytoplankton
maxima is often observed. A different situation is sometimes revealed by satellite images,
where chlorophyll varies at the submesoscale. These two situations are rationalized using
numerical simulations of interactive oceanic eddies, in the standard situation where they
result from baroclinic instability. The driving parameter is found to be the nutrient
distribution in the region where the eddies are formed. It is shown that the existence of a

large-scale horizontal gradient is a sufficient condition for observing phytoplankton
maxima within the eddies. The proposed mechanism is based on the direct horizontal
cascade and involves horizontal transport. This mechanism is different from eddy
pumping, which involves vertical transport, but leads to similar distributions of nutrients,
phytoplankton, and density at the eddy scale. When vertical gradients are dominant,

the regime is that of small-scale nutrient injection. In this regime, eddy-induced upwelling
and associated nutrient transport occur on a scale one order of magnitude below the
eddy scale. In both regimes, new production resembles vorticity and displays energetic
small-scale features. On the contrary, phytoplankton distribution shows different
characteristics depending on the regime. In the absence of horizontal gradients,
submesoscale upwelling and subsequent stirring lead to enhanced phytoplankton in
vorticity filaments. Otherwise, when horizontal gradients prevail, phytoplankton is
primarily driven by the horizontal cascade and resembles the mesoscale temperature field.
Another important result is that small-scale subduction can contribute to the export and

decrease new production.
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1. Introduction

[2] It has been recognized for some time that mesoscale
dynamics are responsible for vertical nutrient supply to the
upper ocean [Jenkins, 1988; Falkowski et al., 1991]. A
number of observations have shown that phytoplankton
is often more abundant within doming eddies than in
adjacent waters [Allen et al., 1996; Pinca and Huntley,
2000; McNeil et al., 1999; McGillicuddy et al., 1998, 1999,
2001; Longhurst, 2001]. A mechanism has been proposed
to explain these observations [Yentsch and Phinney, 1985;
McGillicuddy et al., 1999], often referred to as eddy
pumping. It can be conceptualized by considering a density
surface with mean depth at the level of the euphotic zone.
Since first-mode cyclonic mesoscale structures have doming
isopycnals at their center, the perturbation that they induce
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shoals density surfaces and, provided that nutrient distribu-
tion follow the isopycnals, lift nutrients into the euphotic
zone. Conversely, isopycnal perturbations associated with
first-mode anticyclones are a hollow at their center, and
cannot supply nutrients to the euphotic layer. On the basis of
theoretical arguments, another route for nutrient supply has
been put forward to explain biological enhancement at the
mesoscale that involves eddy-induced horizontal transport
[Williams and Follows, 1998, 2003]. This mechanism could
be a special case of Abraham’s [1998] scenario in which
plankton patchiness is interpreted as the consequence of the
classical direct horizontal cascade (production of smaller
and smaller scales by mesoscale eddies). In Abraham’s
scenario, nutrients, which are injected at large scales
within the euphotic layer, are subsequently affected by this
cascade process that occurs at a timescale usually larger
than the e-folding time of phytoplankton growth.

[3] High-resolution sea color satellite images reveal
another type of situation, where the phytoplankton field is
dominated by small-scale features (small-scale or submeso-
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scale meaning small in comparison with the scale of the
eddies) [Garcia-Moliner and Yoder, 1994; Yoder, 2000;
Abraham et al., 2001; Longhurst, 2001; Mahadevan and
Campbell, 2002; Davenport et al., 2002; Santoleri et al.,
2003]. A previous modeling process study [Lévy et al.,
2001, hereinafter referred to as LKT] was aimed at ratio-
nalizing this situation. In LKT, a classical physical context
was set up with a high-resolution primitive equation ocean
model, in which mesoscale eddies result from the nonlinear
equilibration of an unstable baroclinic jet. This set up
allowed tracking the formation of both a cyclonic and an
anticyclonic eddy. The physical model was coupled with an
ecosystem model. LKT suggest that the small-scale features
in the phytoplankton field result from small-scale nutrient
injection, characteristic of frontogenesis [ Wang, 1993; Spall,
1995, 1997; Klein et al., 1998], in specific regions where
the horizontal stirring is strong. In the situation explored in
LKT, the leading mechanism is not eddy pumping but
small-scale nutrient injection. Actually at the scale of the
eddy, a situation opposite to eddy pumping prevails. In
agreement with the nonlinear dynamics of baroclinic jets,
the formation process of the anticyclone is associated with
an average upward transport (squeezing), while the forma-
tion of the cyclone is accompanied by a downward transport
(stretching). Consequently, the anticyclone is more produc-
tive than the cyclone. Such a situation has been encountered
in the Azores front region by Perez et al. [2003], in the
Northeast Atlantic by C. Fernandez et al. (Impact of
mesoscale features on seasonal distribution of nitrate in
the northeast Atlantic Ocean, submitted to Journal of
Marine Systems, 2003, hereinafter referred to as Fernandez
et al., submitted manuscript, 2003), and similar model
results were obtained by Spall and Richards [2000]. It is
worthwhile to emphasize that the processes of squeezing
and stretching do not imply changes in the usual thermo-
haline structure of the eddies (i.e., first-mode cyclonic
eddies have doming isopycnals in their center, and are seen
with a surface depression in TOPEX/Poseidon imagery,
with the inverse situation for first-mode anticyclonic
eddies).

[4] This study is aimed at differentiating the above
observed situations, in the standard situation where eddies
result from the baroclinic instability of a mean current. One
question which arises and that has received little attention
up to now is how the large-scale distribution or injection of
nutrients affects the variability of new production, and
ultimately the phytoplankton. More precisely, this study
aims at answering the following questions: What are the
dynamical processes into play, and can they be distin-
guished on the basis of a simple criterion on the large-scale
nutrient distribution? How does the large-scale nutrient
distribution ultimately control the variability of phytoplank-
ton in a mesoscale eddy field? Is the resulting variability of
the biomass the same as that of new production? An
underlying goal is to shed some light on the interpretation
of concomitant observations of temperature and chloro-
phyll, either as remotely sensed or from moorings. While
temperature (or sea level high) and chlorophyll (or nitrate)
may show good correlation at the mesoscale, it is not always
the case. The reasons for this existence of or lack of
correlation are examined in light of the large-scale temper-
ature/nutrient relationship. These questions also stem from
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numerical and theoretical results in ocean physics. Klein
and Hua [1990] examined the emergence and evolution of a
mesoscale variability in sea surface temperature triggered
by a mixed layer deepening. Their results suggest that the
scales of variability of a tracer depend on its initial large-
scale features.

[s] The above questions are addressed in the model set up
used in LKT, which provide an accurate representation of
the mesoscale and submesoscale physics. The intention is to
create a framework to characterize the nature of the effect of
the large-scale nutrient distribution on the space variability
of phytoplankton and new production. For that purpose, the
model is run with four different initial nutrient fields and the
different model runs are compared. In the experiments
described in LKT (as well as by Spall and Richards [2000]),
nutrients are assumed to be distributed as a function of depth
rather than density on the vertical, which may explain
why eddy pumping does nor prevail. In order to test that
hypothesis, density versus depth dependence in the nutrient
field is investigated. Then, the influence of a large-scale
nutrient horizontal gradient in the euphotic layer is
examined. This situation allows both the horizontal cascade
process and small-scale vertical nutrient injection to occur.
The LKT experiment only addressed the case of an oligo-
trophic regime, and focused on eddies during their formation
process. In this work, various trophic regimes are explored,
as well as the formation, propagation and decay of oceanic
eddies, and the effect of heat fluxes. However, quantification
of the impact of eddies on biogeochemical fluxes remains
difficult since so many factors are at play: the turbulent
kinetic energy, the age of the eddies, the heat flux, the
stratification, the depth of the nitracline. A systematic
sensitivity study of all of these factors has not been done,
although many experiments were carried out.

[6] On the basis of these simulations, I propose a scenario
where the increase of phytoplankton biomass within cyclo-
nes involves essentially horizontal transport. These experi-
ments also illustrate the robustness of the mechanisms
proposed in LKT. In particular, small-scale nutrient injec-
tion is found to occur during the formation and decay of the
eddies and to drive the scales of variability of new produc-
tion in most cases. However, phytoplankton variability
depends on the initial large-scale nutrient distribution.

[7] The paper is organized as follows. In section 2 the
model setup and the various model experiments are pre-
sented. Section 3 describes the results of the experiments,
and section 4 is the discussion.

2. Model Setup
2.1. Dynamical Model Setup

[8] The dynamical regime addressed in this study is that
of typical interactive midocean eddies, scaled by the first
Rossby radius of deformation, with O(1) Rossby number,
and with the vertical structure of the first baroclinic mode
(cyclones characterized by doming isopycnals in their core,
and anticyclones by shoaling isopycnals).

[9] Several studies suggest that these first-mode baroclinic
eddies are formed through the mechanism of baroclinic
instability, and constitute the primary eddy source term
everywhere in the ocean (although other processes may
become locally important). Stammer [1998] reaches this
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conclusion by highlighting the close association of the
observed eddy kinetic energy distribution estimated from
TOPEX/Poseidon altimetric measurements with the mean
baroclinic flow, and the fact that eddy scales are strongly
correlated with the first-mode Rossby radius of deformation.
Wunsch [1997] comes to a similar conclusion from a
completely independent analysis in terms of dynamical
modes of globally distributed current meter data. Paillet
[1999], from a series of float trajectories, identifies central
water vortices in the Eastern Atlantic as the instability of the
North Atlantic current, the Azores Current and the poleward
eastern boundary current. Spall [2000] shows that baroclinic
instability of nonzonal weak flows might generate strong
mesoscale eddies. His results suggest that within the interior
of oceanic gyres, away from strong boundary currents,
baroclinic instability is also the main formation process of
eddies.

[10] On the basis of the above studies, the model is set up
so that eddy energy feeds on an initial large-scale potential
energy reservoir. A primitive equation ocean model (OPA)
[Madec et al., 1999], set at high horizontal resolution (2 km),
is used to simulate an initially straight front breaking
apart into first-mode baroclinic eddies, in a zonally periodic
B plane channel. The basic state is a uniform potential
vorticity zonal jet, centered at 30°N, in geostrophic and
hydrostatic balance resulting from the interpolation between
a northern and a southern density profile, representative of
the North Atlantic (see LKT).

[11] The mean density profile yields a first baroclinic
Rossby radius of deformation of 30 km. The most unstable
wave has a wavelength of 160 km, a growth rate of
approximately (15 days)™' and is mainly captured by the
first baroclinic mode (whose zero crossing is at a depth of
500 m). The initial density field is perturbed with the fastest
growing unstable mode. The domain geometry is a channel
1000 km wide, 160 km long, and 4000 m deep. The domain
length is chosen to correspond to one wavelength of the
most unstable baroclinic wave. For the sake of simplicity,
density is assumed to be a linear function of temperature.
Horizontal mixing of density and momentum is included
through biharmonic friction terms which insure numerical
stability by selectively dissipating the smallest horizontal
scales of all fields. The dissipation coefficient is tuned to
the smallest possible value to avoid numerical noise, 0.5 x
10° m* s~'. Most experiments are forced with a positive net
heat flux of 100 W m 2 and a penetrative solar flux of
250 W m 2, which are average daily values for spring to
summer conditions (diurnal variations are not accounted for
in this study). One experiment is also presented with a
negative net heat flux of —100 W m 2 and a solar flux of
100 W m ™2, which is representative of fall conditions.

2.2. Simulated Dynamics

[12] Eddies are spun up in 20 days, and the experiments
last for two months (instead of one month in LKT). During
the first few days of the simulation (days 1 to 12), meanders
develop at the initial frontal jet. These meanders grow and
break up into eddies. After 20 days the nonlinear regime is
fully attained and mesoscale eddies have developed. The
decay period starts after 30 days.

[13] The inspection of a particular scene after 42 days of
simulation (Figure 1) reveals three dominant mesoscale
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structures: in the south, a small, cold, well-formed cyclonic
eddy (C1); in the north, a large, warm, strongly distorted
anticyclone (AC1), and a smaller anticyclone in formation
(AC2).

[14] The formation and decay of these eddies can be
visualized in Figure 2, which shows the time evolution of
zonal enstrophy. The meridional development of enstrophy
trails correspond to the fingerprints of C1 and AC1, which
are formed around day 20 and then detach. It can be seen
that C1 is an isolated structure (the contour of the southern
trail is very accurate). It has a diameter of roughly 50 km,
and propagates over approximately 250 km during the
experiment. On the other hand, AC1 strongly interacts with
its surroundings (the northern trail contour is less clear). Its
diameter is approximately 100 km, but its original circular
structure is strongly distorted by the interactions with
its surroundings. AC1 also covers a distance of roughly
250 km during the experiment. AC2 is identifiable close to
the center of the domain starting from day 30, and does
not propagate much. The slow decrease of enstrophy after
30 days marks the start of the decay period. Between days
30 and 60, maximum enstrophy in C1 decreases by 54%, in
ACI1 by 34% and in AC2 by 39%.

[15] Comparisons with observations of midlatitude jets
and eddies in the North Atlantic indicate that the model
produces a realistic representation of midlatitude mesoscale
dynamics. Days 1 to 20 of the run provide a schematic
picture of eddies detaching from a meandering jet, with
cyclones to the South and anticyclones to the north. The
numerical eddies that propagate and decay during days 20
to 60 of the simulation have diameters (50 to 100 km),
maximum horizontal velocities (up to 0.9 m s~ 1), associated
vertical velocities (up to 50 m d™ '), and propagation speed
(~ 4 km d" to the west) comparable to observations in the
North Atlantic [Richardson, 1983; Pollard and Regier,
1992; Richardson, 1993; Stammer, 1997, 1998; Martin
and Richards, 2001; Glover et al., 2002].

[16] Besides the mesoscale structures, Figure 1 also
reveals the presence of thin submesoscale relative vorticity
patterns. One important aspect of the patterns is that these
submesoscale vorticity filaments are closely related to
mesoscale eddies. Some of them surround eddies, as the
positive vorticity filament F1 that shields AC1. Others are
ejected by the eddies and are responsible for chaotic
advection, such as filament F2 being ejected by ACI,
and some are more isolated like F3. As discussed in LKT,
these submesoscale vorticity structures are the signature
near the surface of active small-scale frontal dynamics
[Davies-Jones, 1991; Spall, 1997]. They are associated
with intense vertical velocities (=50 m d~'), that are
dominant in the first 200 m. Vorticity filaments that
surround the eddies are known to act as dynamical barriers
that preserve their coherence and increase their lifetime
[Mariotti et al., 1994]. Eddies decay when these dynamical
barriers disappear because of dissipation (case of Cl),
or when filaments are ejected (case of AC1). In this second
case, which occurs when the eddy is interacting with
other eddies, the eddy decay is accompanied by vertical
movements.

[17] The scales of variability of vorticity and SST can be
quantified by looking at their respective variance spectra
(Figure 3). SST displays a spectrum slope of k™~ and
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Figure 1. Model snapshots at day 42. For clarity and taking advantage of the zonal periodicity the
domain is artificially doubled in length in its zonal direction. Meridional bands 0—200 and 800—1000 km
are not affected by the eddies and are withdrawn from the analysis. Surface fields are shown, except for
“Phy, run NLS-DEP”, which shows the phytoplankton concentration averaged over the depth range 0—
100 m. The same dynamics are used in runs NLS-DEP, HLS-ISO, and HLS-DEP. The differences in the
resulting distribution of phytoplankton are related to different nitrate initializations. Note that the space
scales of variability of temperature (density) and relative vorticity are quite different. In run NLS-DEP,
phytoplankton space variability resembles that of vorticity (i.e., dominated by submesoscale features),
while in runs HLS-ISO and HLS-DEP, it resembles the variability of SST (i.e., dominated by mesoscale
features). See color version of this figure at back of this issue.

therefore energetic large scales. The vorticity field has a less
steep spectral slope (k%) and as such contains more
energetic small scales. Values of these slopes indicate that
the submesoscale turbulence is accurately reproduced by
the model [Held et al., 1995; Klein et al., 1998].

2.3. Biogeochemical Model Setup and Model
Experiments

[18] The biological model consists of six prognostic
variables (nitrate, ammonium, phytoplankton, zooplankton,
detritus, and dissolved organic matter), which are freely

advected by the flow and entrained by vertical mixing (See
LKT for a complete description of the model). Phytoplank-
ton and zooplankton proper mobility are not accounted for
in this model. The model explicitly enables the distinction
between new production, based on nitrate, and regenerated
production, based on ammonium. In this work, emphasis is
put on the analysis of new production, which is directly
influenced by the dynamics.

[19] Several experiments are performed that differ in the
way nitrate is initialized (Table 1). Unless specified, the
dynamics are exactly the same for all experiments.
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Figure 2. Time evolution of surface enstrophy, averaged
along the zonal direction.

[20] Nitrate distribution at depth results from the combi-
nation of isopycnal transport and remineralization, and two
extreme situations can be imagined, in which it would result
entirely from either one or the other. If only isopycnal
transport is at play, nitrate concentration follows isopycnal
surfaces. This hypothesis is fundamental for eddy pumping
to occur. In the second case, and assuming depth-dependent
remineralization, nitrate concentration follows depth sur-
faces, a configuration used in LKT and Spall and Richards
[2000]. Situations close to each of these two extreme cases
have been reported in the North Atlantic ocean. Pelegri and
Csanady [1991] find homogeneous nitrate concentrations
along isopycnals in the Gulf Stream region, below the
euphotic layer. In contrast, in the Northeastern Atlantic,
nitrate surfaces flatter than the isopycnals have been
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Table 1. Model Experiments

Initial Nitrate — Large-Scale Depth Trophic
Runs Field Gradient Distribution Regime
NLS-DEP NLS-DEP no depth oligo
NLS-ISO NLS-ISO no iso oligo
HLS-ISO HLS-ISO yes iso bloom-oligo
HLS-DEP HLS-DEP yes depth bloom-oligo
NLS-DEP-F NLS-DEP no depth oligo-fall

reported [Arhan et al., 1994; Fernandez et al., submitted
manuscript, 2003].

[21] In the euphotic layer, nutrients are often depleted, in
which case the nitrate distribution does not display a large-
scale horizontal gradient. Only during transient prebloom
conditions is nitrate observed at the surface, and it can
exhibit large-scale gradients. At midlatitudes, these surface
gradients are the fingerprint of the gradient at depth, and can
also result from variability in mixed layer winter entrain-
ment [Glover and Brewer, 1988; Fernandez et al., submitted
manuscript, 2003].

[22] On this basis, four initial nitrate distributions are
considered (NLS-ISO, NLS-DEP, HLS-ISO, and HLS-
DEP). The suffixes ISO and DEP designate the nitrate
distribution below the euphotic layer and refer to whether
the vertical distribution follows the isopycnal surfaces (ISO)
or the depth surfaces (DEP). The prefix NLS stands for no
large-scale gradient in the euphotic layer. In the NLS
situation, nutrients are depleted in the first 100 m all over
the domain. For the contrary, the suffix HLS for horizontal
large-scale indicates the existence of a large-scale cross-
frontal gradient in the euphotic layer. Since the ISO nitrate
distributions follow the isopycnals, nitrate and density are
linearly related below the euphotic layer in NLS-ISO and
HLS-ISO. This is actually how NLS-ISO and HLS-ISO
were constructed. The linear regression (NO; = 25.29—
1.006T, with NOj; the nitrate concentration in mmole m >
and T the temperature in degrees Celsius) is inferred from
North Atlantic climatological data (Levitus nitrate and
temperature data between 30N and 40N in the main ther-
mocline). The DEP distributions are derived from the ISO
ones (Figure 4). Since isopycnals outcrop in the north,
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Figure 3. Wave number spectrum of the fields displayed on Figure 1 and of the corresponding new
production fields. Spectra of relative vorticity, SST, and phytoplankton are characterized by a power law
as k" between the mesoscale peak at 100—200 km and a scale of 10 km.
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Figure 4. The northern (dotted line) and southern (solid
line) nitrate profiles in the four initial nitrate distributions
used to run the model. By definition the two profiles
coincide below the euphotic layer in the DEP cases.

nutrient concentrations at a given depth are higher in
the north than in the south in the ISO case, but are constant
in the DEP case. At the surface, there is more nitrate on
the north side (3 mmole m ) than on the south side
(1 mmole m*) in HLS-ISO, reflecting the meridional
nitrate gradient at depth. Such a situation could result from
a large-scale injection because of a convective event that
would have homogeneously deepened the mixed layer. In
HLS-DEP the opposite situation is explored (initially, there
is more nitrate available in the south, 1.5 mmole m >, than
in the north, 0.5 mmole m—>). This situation can occur

Nitrate transport

New Production
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when the southern side is significantly less stratified than
the northern side. In that case, the mixed layer entrainment
due to convection is deeper in the south than in the north.
These nitrate surface values fall into the range encountered
during prebloom conditions at midlatitudes in the North
Atlantic (i.e., BATS, NABE).

[23] The other biogeochemical varlables are initialized
with low values (0.01 to 0.1 mmole m ) in the euphotic
layer. In the case of the NLS experiments, the basic state
(i.e., in the absence of mesoscale activity) is an oligotrophic
situation in steady state, with a subsurface phytoplankton
concentration located at the base of the nitracline and
sustained by weak nitrate diffusion. In the case of the
HLS experiments, the initial state is that of prebloom
conditions. Convection is assumed to have occurred prior
to the experiment, and the water column is stabilized at the
initiation of the run. The HLS experiment describes a bloom
followed by a transition toward oligotrophy.

3. Model Results

3.1. Case of the Absence of a Large-Scale Nutrient
Gradient in the Euphotic Layer
3.1.1. Nitrate Following Depth Surfaces

[24] When no large-scale gradient is present at the sur-
face, which is typically the case of oligotrophic situations in
which nitrate is depleted in the euphotic layer, the small-
scale vertical nutrient inputs are the main source for
phytoplankton growth. This situation is that of run NLS-
DEP. Figure 5 shows that the main impact of the dynamics
associated with the mesoscale eddy field is to trigger
nutrient input within the euphotic layer and to increase
new production above its initially low value. Total new
production (defined as the domain averaged new production
rate) increases by a factor of three between day 1 and 30
(0.2 to 0.6 mmoleN m = d™ "), corresponding to the period
of intensification of the eddles It remains comparatively
large (0.4-0.5 mmoleN m 2 d~') during the period of
decay of the eddies.

[25] As shown in LKT, the most striking result of this
simulation is the strong heterogeneity of new production on
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Figure 5. Time evolution of Nitrate transport (advection + diffusion), new production, and
phytoplankton for run NLS-DEP (solid line) and run NLS-ISO (dotted line). Values are averages over
the horizontal domain shown in Figure 1 and integrated over the first 100 m of the water column.
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3

for run NLS-DEP). New production is significantly enhanced in regions of strong negative relative
vorticity in both runs. This is also the case for phytoplankton in run NLS-DEP but not in run HLS-ISO.

scales smaller than the mesoscale. More precisely, new
production is enhanced in regions of strong vorticity gra-
dients, particularly around mesoscale eddies and in vorticity
filaments. Maximum new production is obtained within
regions of strong negative vorticity, which are regions
where upward vertical velocities due to frontogenesis
prevail [Spall, 1997]. This can be seen in Figure 6, which
shows a plot of new production against relative vorticity.

[26] In response to the increase in new production,
phytoplankton develop during the course of the run
(Figure 5). In this oligotrophic situation phytoplankton
growth is entirely sustained by the injection of nutrients,
which essentially occurs at small scales. Therefore phyto-
plankton patterns closely resemble those of new production,
only a bit more stirred up by the flow. Hence, as for new
production, phytoplankton are essentially found in filaments
of negative vorticity (Figure 6) and mostly display sub-
mesoscale patterns (Figure 1). Maximum phytoplankton
concentrations are found below the surface, at the base of
the nitracline (Figure 7). Consequently, these small-scale
phytoplankton patterns should not be detectable by a
satellite. Finally, there is no obvious correlation between
the phytoplankton and the SST patterns. Rather, phyto-
plankton variability resembles that of relative vorticity and
displays energetic small scales (the spectrum slope of
phytoplankton in run NLS-DEP is k'*; Figure 3).
3.1.2. Nitrate-Following Isopycnal Surfaces

[27] The impact of the distribution of nitrate below the
euphotic layer is addressed by comparing the results of
runs NLS-DEP and NLS-ISO. As mentioned before, the
initial nitrate field in run NLS-ISO is such that nitrate
follows the isopycnals below the euphotic layer, whereas in
run NLS-DEP nitrate concentrations follow the depth
surfaces. Results show that these different nitrate initializa-
tions lead to slightly different nitrate transport, but on
whole barely affect total new production and total phyto-

plankton (Figure 5). Moreover, the phytoplankton and new
production distributions are very similar (they are not
discernible to the eye). These results are not surprising,
and can be understood by looking at the analytical formu-
lation of vertical advection. The flux of nitrate into the
euphotic layer due to vertical advection is equal to the
vertical velocity multiplied by the nitrate concentration at
the base of the euphotic layer (which coincides with the
depth of the nitracline). Vertical velocity is the same for the
two runs, and, as shown by Figure 4, nitrate concentrations
at the base of the euphotic layer are very similar. They
are only slightly stronger in the north in the case of run
NLS-ISO, which is consistent with the slightly higher level
of new production and of phytoplankton.

[28] There is no signature of eddy pumping, even in this
more favorable experiment. Phytoplankton are more abun-
dant (Figure 1) and closer to the surface in the anticyclonic
eddies than in the cyclonic eddy (Figure 7). There is some
biomass enhancement associated with C1 (Figure 7), but
located at the rim of C1 (Figure 1) and due to submesoscale
upwelling. The lack of evidence for eddy pumping in this
simulation is all but confirmed by cross sections of nitrate
(Figure 8). Down to approximately 400 m, nitrate concen-
tration contours subside within C1, and dome within ACI1.
Below the euphotic layer, nitrate turns out to be actually
slightly positively correlated with temperature, which is a
situation opposite to what would be expected from eddy
pumping. This unusual distribution, mostly apparent in run
NLS-DEP, is the consequence of the partiality of this work
to totally discriminate between vertical and horizontal
nutrient gradients in the initial conditions. It highlights that
the dominant trend of this dynamics is not to align nutrients
and density. Hence strong nutrient gradients are generated
along isopycnal surfaces, and are particularly obvious below
the euphotic layer. For instance, the vertical displacement of
the second isopycnic level from the surface associated with
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Figure 7. North-south vertical section of phytoplankton
(grey shading) along x = 100 km (snapshot at day 42) and
for the first 150 m. The section goes across cyclone Cl,
anticyclone ACI1, and filaments F2 and F3 and is shown by
the vertical dotted line on Figure 1. Contour values are 0.01,
0.05, 0.1, 0.2, 0.3, and 0.4 mmoleN m > for runs NLS-DEP
and NLS-DEP-F and 0.003, 0.01, 0.05, 0.1, 0.3, 0.5, 0.7,
and 0.9 mmoleN m > for run HLS-ISO. The thicker lines
are the contours of the isopycnals. The dotted line shown for
run NLS-DEP-F is the mixed layer depth. In run NLS-DEP,
phytoplankton is found more abundant and closer to the
surface in filaments than within the coherent eddies. Also,
the concentration within the cyclone is weaker than within
the anticyclone. In run NLS-DEP-F, with an active mixed
layer, the small-scale phytoplankton patterns are revealed to
the surface. In run HLS-ISO, phytoplankton is found more
abundant when isopycnals are doming (within C1) or
outcropping (in the north) than in ACI1.

C1 in Figure 8 is of the order of +100 m (from 220 to 120 m),
and is clearly not associated with an upward displacement of
the nutrients. The inverse situation is observed within ACI.
The vertical displacement of the same isopycnic level is
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—100 m (40—140 m), and is not followed by a similar trend
in the nutrient surfaces. Such intersections between isopyc-
nals and isonitrate below the euphotic layer have been
reported in the Atlantic by Fernandez et al. (submitted
manuscript, 2003).

[20] Indeed, although it is widely accepted that mesoscale
activity acts to ““diffuse” tracers along (coarse grained)
isopycnal surfaces, clearly it should not be inferred that
tracer and isopycnal patterns should closely resemble one
another at the mesoscale and submesoscale. These results
illustrate that the signature of raised isopycnals within
cyclone Cl1 is not the consequence of an upward vertical
transport. It is acquired through the horizontal displacement
of C1 from its source waters (the cold side of the front from
which it originates) into the warmer environment of the
southern side of the front.

[30] On the other hand, there is evidence for the stretch-
ing of C1 and squeezing of AC1. Again if one follows the
depth of the second isopycnic level on Figure 8, it appears
that the minimum depth within C1 (120 m) is deeper than
the basic state in the north (40 m), and that the maximum
depth within AC1 (140 m) is shallower than the depth of
the basic state in the south (220 m). This shows that
cyclone C1 has actually been stretched down during its
formation, and anticyclone AC1 squeezed up. The squeez-
ing and stretching can also be inferred from the nitrate
contours below the euphotic layer. The third contour is
deeper in C1 (260 m) than in the basic state in the north

Nitrate, run NLS-DEP
T T

T

Depth (m)
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Depth (m)
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Figure 8. Same as for Figure 7 but for nitrate, and over
500 m depth. Contour interval is 1 mmoleN m . There is
no evidence of an uplift of nitrate associated with the
isopycnals, even in the case when nitrate initially follows
the isopycnal surfaces (run NLS-ISO).
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Figure 9. Nitrate transport (advection + diffusion), new production, and phytoplankton for run HLS-
ISO (solid line) and run HLS-DEP (dotted line). Values for nitrate transport and new production are
averages over the horizontal domain shown on Figure 1, integrated over the first 100 m of the water
column. Values for phytoplankton are sea surface concentrations averaged over the horizontal domain of

Figure 1.

(190 m) and shallower in AC1 (140 m) than in the basic
state in the south (190 m).
3.1.3. Impact of Weak Convective Mixing

[31] In run NLS-DEP-F, a buoyancy loss is applied at the
surface, reflective of a fall regime. Then, the dynamics are
not strictly identical to that of run NLS-DEP. In particular,
the mixed layer depth progressively deepens. The primary
effect of this forcing is to entrain the phytoplankton sub-
surface maxima to the surface (Figure 7). The immediate
consequence is that phytoplankton submesoscale patterns
are revealed to the surface and are now detectable by a
satellite.

[32] The deepening of the mixed layer is not homoge-
neous. At day 42, the mixed layer reaches 80 m both away
from the mesoscale eddy field, and inside some of the
mesoscale eddies (Figure 7). However, it remains relatively
shallow (30—40 m) over frontal regions. As investigated by
Nurser and Zhang [2000], shallow mixed layers in such
conditions are due to the tilting of the isopycnals by the
ageostrophic flow, which opposes the destratifying action of
the buoyancy loss. Interestingly, the mixed layer in run
NLS-DEP-F is shallowest in the same regions of the flow
field where phytoplankton subsurface maxima in run NLS-
DEP are the most intense and the closest to the surface. This
results from the phase relationship between vertical veloc-
ities and submesoscale fronts [Davies-Jones, 1991; Spall,
1997]. Therefore in run NLS-DEP-F, phytoplankton are first
revealed at the surface in these regions of strong stirring.
Moreover, the fingerprint of submesoscale phytoplankton
patterns at the surface remains strong since the shallowness
of the mixed layer inhibits entrainment of deeper waters
having low phytoplankton concentrations.

3.2. Case of the Presence of a Horizontal Large-Scale
Nutrient Gradient in the Euphotic Layer

[33] In Runs HLS-ISO and HLS-DEP, the initial large-
scale horizontal nutrient gradient injected at the surface
leads to a situation very different to that of Run NLS-DEP.
At the surface, the available nitrate is consumed in a couple
of days, leading to a large phytoplankton bloom (Figure 9).

The horizontal large-scale nutrient gradient is converted
into a phytoplankton gradient of the same amplitude
(i.e., 3 mmole m* in the north and 1 mmole m—3 in the
South in Run HLS-ISO, and 0.5 mmole m > in the north
and 1.5 mmole m > in the South in Run HLS-DEP).

[34] In both runs, part of the nitrate that is initially
available at the surface is sunk by the triggering of meso-
scale activity. On a domain average, this results in an export
of nitrate from the surface in Run HLS-ISO, where waters
that sink (in the north) are richer in nitrate than waters that
rise (in the south) (Figure 9). This result contrasts with the
more common view that mesoscale activity brings nutrients
to the surface, and illustrates a situation where mesoscale
activity can on the contrary decrease total new production.
In run HLS-DEP the opposite situation occurs since waters
from the south are now richer than waters from the north.

[35] Typical postbloom conditions start with the decline
of the new production peak (day 3, Figure 9). During this
postbloom period, phytoplankton progressively decrease
through mortality and grazing, although it is partly sus-
tained by regenerated production. Its e-folding time is
approximately 2 weeks. The nitracline progressively deep-
ens and new production has the same order of magnitude as
in run NLS-DEP. New production during the postbloom
regime shows the same submesoscale patterns as in oligo-
trophic conditions, with very energetic small scales. The NP
spectra are almost flat in the wave number range 6 to 40,
corresponding to wavelengths comprised between 15 and
150 km (Figure 3). In these spectra, the approximate same
amount of variance resides at mesoscales and at submeso-
scales. This is not in contradiction with the result that NP is
essentially occurring at submesoscales (as can be seen from
the plots in physical space, Figure 1). It stems from the fact
that submesoscale filaments are organized by the mesoscale
eddy field, and therefore contribute to the mesoscale vari-
ance. As for run NLS-DEP, the plot of new production
versus relative vorticity in run HLS-ISO shows that new
production increases in regions of strong negative vorticity
(Figure 6). The minimum of new production that is found in
run NLS-DEP in regions of zero relative vorticity is not as
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marked in run HLS-ISO. This is because the initial large-
scale nutrient input is not yet fully consumed, and still
sustains a certain amount of new production in all regions.
Note also the strong decrease of new production in regions
of strongly positive relative vorticities in run HLS-ISO.
These are regions where downwelling associated with
frontogenesis prevails, and are therefore the regions where
nutrients are subducted. High positive vorticities mark also
the cyclonic eddy, where sinking results from stretching.

[36] Another important result with respect to runs HLS-
ISO and HLS-DEP is that phytoplankton patterns are totally
distinct from new production patterns, and from those in run
NLS-DEP (Figure 1). Furthermore, phytoplankton appear to
be very well correlated with the mesoscale temperature
structures. Correlation coefficients between snapshots of
SST and surface phytoplankton range between 0.94 and
0.99. The spectrum slope of phytoplankton (k%) is much
steeper than in run 1 (k= '*), and closer to that of temper-
ature (k). In run HLS-ISO, the cold cyclonic structure
(C1) is associated with high phytoplankton concentrations,
and the warm anticyclonic structures (AC1 and AC2) with
low concentrations. The opposite is true for run HLS-DEP,
with the cyclone being poorer than the anticyclones.

[37] In runs HLS-ISO and HLS-DEP the mechanism
which leads to spatial variability in the phytoplankton field
is simply the direct horizontal cascade [Abraham, 1998].
The variance, initially distributed with a large-scale hori-
zontal gradient, is progressively transferred to smaller and
smaller scales. The strong correlation between temperature
and phytoplankton also stems from this cascade, since
temperature and phytoplankton are initially correlated. In
run HLS-ISO, phytoplankton is initially more abundant in
the north than it is in the south. Cyclones embody the rich
and cold northern waters, and evolve in the poorer waters of
the south where they appear as biomass maxima and
temperature minima. Inversely, anticyclones embody the
poor southern waters and evolve in the north, where they
appear as biomass minima and temperature maxima. In run
HLS-DEP the opposite situation is found since phytoplank-
ton is initially less abundant in the north than in the south:
phytoplankton and temperature are both minimum within
cyclones, and maximum within anticyclones.

[38] However the cascade process is not merely horizon-
tal. For instance in run HLS-ISO the phytoplankton con-
centration within cyclone C1 is about half that of the
concentration of northern waters (Figure 1; the cyclone
would appear in red if only horizontal transport was in
play). This ensues from the stretching of C1 during its
formation, which leads to the subduction of phytoplankton.
Evidence for this subduction is seen the phytoplankton
vertical section shown on Figure 7: below the euphotic
layer, at 100 m depth, there is more phytoplankton at the
location of C1 than in its surroundings. Inversely, the two
anticyclones are richer than the waters from the south of the
front because of squeezing (they would appear as purple on
Figure 1 if squeezing was negligible).

4. Discussion
4.1. Eddy Transport Processes

[39] Results of these simulations illustrate a situation
where the raised isopycnals in a cold-core eddy formed
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by baroclinic instability is not associated with upwelling but
rather with downwelling since cold water sinks and warm
waters rises in slantwise exchanges. Actually in this situa-
tion, cyclones acquire their signature of raised isopycnals
through their horizontal displacement into a warmer envi-
ronment. This is different from the case of eddy pumping,
where cyclones are associated with upwelling.

[40] Moreover, as schematized in LKT (see Figure 4 in
LKT) and very nicely put forward in the review paper by
Williams and Follows [2003], in terms of the conservation
of potential vorticity, defined as (( + f)/h (with C the
relative vorticity, f the Coriolis parameter and 4 the thick-
ness of an isopycnic layer), the formation of a cyclone
requires an increase in (. Hence it must be balanced by an
increase of /2, which corresponds to a stretching of the water
column. Since vertical velocity goes to zero at the surface,
h is increased more readily by a lowering of the layer
bottom than by a raising of its top. In other words, cyclones,
when they result from the baroclinic instability of a mean
current, tend to be associated with downwelling.

[41] Once the eddy is formed, and in terms of vertical
velocities, the typical feature in the quasi-geostrophic
(QG) approximation is a multipolar structure with alternate
upwellings and downwellings around the eddies [Davies-
Jones, 1991; Shearman et al., 2000; Martin and Richards,
2001]. These patterns, which extend down to the zero
crossing of the first baroclinic mode (i.e., approximately
1000 m), are induced by the curvature of eddy, or by eddy-
eddy interactions. This is supportive of the idea that upwell-
ing associated with a turbulent mesoscale field occurs at
scales smaller than the eddy. This also contrasts eddy pump-
ing, where upwelling is basically on the scale of the eddy.

[42] Close to the surface (down to 200 m approximately),
frontogenesis processes become important [Hoskins and
Bretherton, 1972]. Vertical velocities are closely associated
with strong vorticity gradients and are characterized by
dipolar structures astride these gradients [Spall, 1997;
LKT]. This strongly ageostrophic surface dynamics cannot
be captured in the frame of the QG approximation, since it
involves strong surface density gradients. This explains why
it is not seen in modeling studies using QG models
[Yoshimori and Kishi, 1994; McGillicuddy et al., 1995;
McGillicuddy and Robinson, 1997] nor in modeling studies
based on primitive equation models but where the horizon-
tal resolution is not sufficient to accurately resolve these
gradients, and the associated submesoscale vertical trans-
port [Mahadevan and Archer, 2000; Oschlies and Gargon,
1998; Oschlies, 2002].

[43] These modeling results and dynamical arguments
therefore call into question the efficiency of eddy pumping,
as outlined by McGillicuddy et al. [1998], for first-mode
eddies resulting from baroclinic instability of a mean
current. As discussed before, this situation is common, but
certainly not representative of all situations of the open
ocean. Moreover, the present model results suggest that the
increase in new production occurs on a much smaller scale
than previously thought, should the eddy be interacting or
not.

[44] Recently, Oschlies [2002] made two critical obser-
vations about eddy pumping on the basis of biogeochemical
arguments. His first concern is that statistically there is no
reason why in situ measurements at long-term time series
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stations should have undersampled the occurrence of eddy
events, since the typical sampling intervals (monthly) is
similar to the lifetime of the eddy. This argument has indeed
been put forward to resolve the apparent discrepancy
between indirect geochemical estimates of nutrient supply
to oligotrophic subtropical ocean gyres, which tend to be
higher than direct measurements [Jenkins, 1988]. Oschlies’s
[2002] second concern is that a complete picture of eddy
pumping has to account not only for uplift and uptake of
nutrients, but also for sinking and the subsequent reminer-
alization. Because sinking constitutes a diapycnal transport,
remineralization of organic matter occurs on denser and
locally deeper isopycnals than its formation. Oschlies
[2002] therefore argues that the long-term effect of eddies
would be a net deepening of the nutricline to a level at
which eddy pumping would cease.

[45] Oschlies’s [2002] remarks are interesting arguments
to defend the idea that submesoscale events rather than
mesoscale events could reconcile direct and indirect esti-
mates of new production in the subtropical gyre of the
North Atlantic. First, submesoscale events have shorter
space and timescales (day to week, 10 km), which inher-
ently makes them more difficult to sample than mesoscale
events (months, 100 km). Second, unlike eddy pumping,
submesoscale upwelling is strongly ageostrophic and con-
stitutes a diapycnal transport that could balance the diapyc-
nal detrital flux.

[46] Regarding the interpretation of observations, corre-
lations between the dynamical signature of an eddy (SSH,
temperature anomaly or sloping isopycnals) and an anomaly
in the biogeochemical variables (chlorophyll, nutrients) are
often presented as lines of evidence for the occurrence of
eddy pumping [McNeil et al., 1999; McGillicuddy et al.,
1998, 1999, 2001]. The mechanism outlined by the present
model experiments, that eddies created through baroclinic
instability can lead to an enhancement of biological activity
because of lateral transfer of rich waters, is also in agree-
ment with these observations. Certainly, interpretation of
such observations must be handle with care, and knowledge
on the history of the eddy is needed.

[47] The importance of the horizontal route for mesoscale
nutrient supply is supported by other modeling studies.
Garcon et al. [2001] regional budgets computed from an
eddy-permitting North Atlantic basin biogeochemical model
experiment, show that horizontal nitrate supply to the
oligotrophic gyre is larger than vertical transport. The latest
budgets by Oschlies [2002] show that vertical eddy advec-
tion is the strongest near western boundary currents, where
turbulent eddy energy is the highest, whereas eddy supply
nutrients predominantly via horizontal advection near the
quieter southern and eastern margins of the subtropical gyre.
Finally, eddies have also been shown to play an important
role in the long-term and large-scale horizontal transport of
nutrients [Lee et al., 1997; Lee and Williams, 2000].

[48] The lateral transport emphasized in this study is
achieved through the displacement of the eddies away from
their formation area. Indeed, contrary to stable waves, eddies
carry water parcels with them and have their own displace-
ment dynamics [McWilliams et al., 1986]. Observations of
eddies traveling for several months and over hundreds of
kilometers, while maintaining the chemical characteristics
of their source waters, have been reported [Richardson,
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1993; McDonagh and Heywood, 1999]. Provenzale [1999]
shows that this horizontal transport by coherent barotropic
vortices is possible because they are highly impermeable to
inward and outward particle fluxes.

4.2. Key Parameter: A Large-Scale Nutrient
Gradient in the Euphotic Layer

[49] For this horizontal transfer of nutrients to be effective,
the simulations carried in this work clearly show that eddies
must originate from a region where there exists a large-scale
nutrient gradient in the euphotic layer. When the frontal
region where the eddy is formed is also a front between two
different biogeochemical regimes, then the biogeochemical
properties on one side of the front are transferred to the other
side, embedded within mesoscale eddy features.

[s50] This mechanism applies to the Gulf Stream rings,
since the Gulf Stream separates the rich Slope waters from
the poorer Sargasso Sea. Run HLS-ISO is actually qualita-
tively and quantitatively in good agreement with observa-
tions in cold-core and warm-core rings in the Gulf Stream
region. AC1 and AC2 are good representations of warm-
core rings invading the slope waters, and C1 can be
compared with cold-core rings in the Sargasso Sea. Vertical
section of nitrate and phytoplankton across C1 (Figures 7
and 8) compare well with the mooring observations around
Bermuda [McGillicuddy et al., 1998; McNeil et al., 1999],
that show enhanced chlorophyll and nitrate concentrations
inside cyclonic eddies. Moreover, as a result of stretching
and squeezing, biogeochemical properties within the meso-
scale eddies are not exactly those of source waters. They are
affected by the vortex stretching and vortex squeezing of the
eddies during their formation process. Again, this result is
consistent with some observations in Gulf Stream warm-
core rings [Hitchcock et al., 1987, 1993] that suggest that
phytoplankton biomass and productivity in the warm-core
rings can be higher than in the Sargasso Sea.

[51] Although the experiments carried out in this study
are rather restricted in parameter space, they raise the
question of the efficiency of the lateral transport mechanism
in relation with the interdependence of the reaction time-
scale of the ecosystem and of the timescale for the devel-
opment and propagation of the coherent physical features.
Conceptually, the interplay between the two timescales
comes into view by figuring the biological evolution of
seeded particles along their lagrangian trajectories. Some of
these trajectories are shown in LKT. Floats originating from
the northern side of the front eventually end up tracked
within the cyclone, while the anticyclone is filled with floats
originating from the south. On long timescales, Williams
and Follows [1998] suggest that eddies should be quite
efficient in transporting DOM, since DOM has long turn-
over times. On shorter timescales, the transport is more
likely to concern phytoplankton (as in run HLS-ISO) or
zooplankton (as suggested by Abraham [1998]).

4.3. Scales of Variability of New Production

[52] Results of this study emphasize again that the impact
of the dynamics involving mesoscale eddies on new pro-
duction occurs at scales smaller than the mesoscale, in
regions where the deformation field is large. Submesoscale
dynamics are activated when eddies evolve and interact, or
when they eject filaments and decay. These results gener-
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alize the recent findings of LKT, since they are obtained
for various biogeochemical regimes, atmospheric forcings,
nitrate distribution and during the period of growth and of
decay of oceanic eddies.

[s3] Direct new production measurements require long
incubations, and are difficult to obtain with submesoscale
resolution. Attempts to compare new production rates inside
and outside of a cyclonic eddy [4/len et al., 1996], are still too
coarse to confirm the new production enhancement at the rim
of the eddies that is predicted by these model results. Such a
task would actually require sampling stations 5 km apart.

[54] Autoanalyzer systems, mounted on moorings
[McNeil et al., 1999] or on towed hydroelectric systems
[Prieur et al., 1993] provide high-resolution nitrate mea-
surements, but such data are still very rare. In a frontal
region that lies between Almeria and Oran in the in the
Mediterranean Sea, Prieur et al. [1993] observe a very
narrow (a few kilometers) nitrate peak located below the jet,
which is a supporting evidence of submesoscale vertical
nutrient injection within the euphotic layer. At a mooring off
Bermuda, McNeil et al. [1999] observe short-lived (1-—
2 days) episodic nitrate events in May and June 1995,
which also supports submesoscale upwelling.

[s5s] The most important aspect of submesoscale fronto-
genesis for biogeochemistry is the phase relationship
between vertical velocities, regions dominated by strain
and regions of strong vorticity gradients [Lapeyre et al.,
1999, 2001]. Submesoscale upwelling occurs in regions of
strong vorticity gradients, which are regions of strong
surface shear. The upwelled nutrients, once brought to the
surface, are elongated in thin filaments along those shears.
Complementary evidence for the importance of horizontal
stirring is provided by Martin et al. [2002], who used a
2D turbulence model forced with a parameterization for
localized nitrate upwelling to show that dispersion at the
surface by the turbulence field can increase new production.

4.4. Scales of Variability of Phytoplankton

[s6] These modeling results show that phytoplankton
variability can actually be quite different than the variability
of new production. This result stems from the different
e-folding times of phytoplankton and new production. In a
nutrient stressed environment, new production responds
almost instantaneously to inputs of nutrients and is there-
fore always governed by vertical advection. Phytoplankton
on the other hand can persist for a couple weeks, the time
necessary for the turbulent cascade to transfer variance
from the large scale to the mesoscale.

[s71 When nutrients are depleted from the surface,
phytoplankton growth mostly results from submesoscale
nutrient injection. Therefore phytoplankton distribution
resembles that of new production, and is also dominated
by submesoscale features. There is no obvious correlation
with temperature, which is dominated by mesoscale vari-
ability. Rather, phytoplankton are found in regions of strong
sea surface vorticity gradients, where frontogenesis is
active. This case is illustrated by runs NLS-DEP, NLS-
ISO, and NLS-DEP-F. There is some observational evi-
dence of this type of situation. Hitchcock et al. [1987],
during a series of transects across the Gulf Stream, found a
chlorophyll maximum located at the periphery of a warm-
core ring. Perez et al. [2003] observe similar features in a
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summer cruise to the Azores front region. Strass [1992],
using a towed undulating vehicle in the North Atlantic
during summer finds patches of high chlorophyll concen-
tration at scales of 10—20 km. Most of all, high-resolution
sea color images [Garcia-Moliner and Yoder, 1994; Yoder,
2000; Abraham et al., 2001; Longhurst, 2001; Mahadevan
and Campbell, 2002; Davenport et al., 2002; Santoleri et
al., 2003] clearly reveal spatial variability of phytoplankton
at the submesoscale. As shown in run NLS-DEP-F, the
submesoscale phytoplankton patterns, that are produced
essentially below the surface, can indeed be exposed to
the surface when the mixed layer is active.

[s8] However, when a large-scale nutrient (and/or phyto-
plankton) gradient exists at the surface, then submesoscale
frontal regions primarily appear as a transition zone between
rich and poor waters, rather than a local biomass maximum.
In this situation, phytoplankton distribution is dominated by
mesoscale variability and is anticorrelated with temperature.
Such a close correspondence between the mesoscale tem-
perature and pigment field structures was observed in
satellite imagery of the Gulf Stream [Garcia-Moliner and
Yoder, 1994] and Sargasso Sea [McGillicuddy et al., 2001].

[s9] The scenarios presented here are different from that
of Mahadevan and Campbell [2002], who conclude from a
passive tracer transport/reaction model, that phytoplankton
is more patchy than temperature because the response of
phytoplankton to the availability of nutrients is faster than
the equilibration of temperature to atmospheric heat fluxes.
Abraham [1998], like LKT, indicates phytoplankton is more
patchy than temperature when its initial conditions differ
from that of temperature. This is because the thermal wind
balance prohibits the formation of energetic small scales
of density [Klein et al., 1998]. In the Mahadevan and
Campbell [2002] scenario, temperature is allowed to
develop small scales, corresponding to a situation where
temperature and density are strongly decoupled [Klein et al.,
1998]. Incidentally, phytoplankton patchiness may also
result from biological processes alone, as shown by the
modeling study of Popova et al. [2002].

4.5. Subduction

[60] This study also provides evidence that subduction of
organic matter at submesoscale is an important export
pathway. This can be seen on the vertical sections of
phytoplankton (Figure 7) which shows the presence of
biomass below the euphotic layer, located in thin filaments.
Since phytoplankton are neutrally buoyant in the model,
downwelling velocities are responsible for this subductive
export. Plots of this downwelled biomass against surface
relative vorticity (not shown) reveal that subduction mainly
occurs in regions of high positive vorticities, which are
indeed regions where downwelling velocities due to front-
ogenesis processes occur.

[61] In all experiments, this dynamical transport has the
same order of magnitude as the more traditional export
through fast sinking particles. However, characteristics of
these two export pathways are very different. The dynam-
ical export is much faster; it follows by only a few days the
new production peak, while biological export is delayed by
1-2 months (the time taken by the zooplankton to grow).
They also feed different water masses: the dynamical export
feeds the intermediate 100—300 m of the water column (i.e.,
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just below the nitracline), while export of sinking particles
is to much deeper depths. This suggests that submesoscale
dynamical export might play a role in the depth of the
nitracline and the vertical gradient of nitrate in the large
scale. Evidence of such dynamical export has been reported
at a Mediterranean front [Prieur et al., 1993]. It differs from
dynamical export associated with storm events and chang-
ing mixed layer depths [Stramska et al., 1995; Koeve et al.,
2002].

[62] Another important finding is the possible decrease of
total new production due to mesoscale dynamics. Following
a large-scale nutrient injection, some of the nutrients made
available can be subducted prior to being used for photo-
synthesis. A possible consequence is that coarse-resolution
models, that are generally thought to underestimate new
production because they misrepresent the action of the
eddies [Oschlies and Gargon, 1998; Aumont et al., 2003],
can actually occasionally overestimate it.

5. Conclusion

[63] This study investigates specific transport mecha-
nisms that induce variability of phytoplankton and new
production on scales of 2—100 km in temperate and
subtropical regions of the ocean, and relates these mecha-
nisms to the large-scale nutrient environment. It is shown
that observations consistent with eddy pumping (i.e., cor-
relation between doming isopycnals and increased biology)
are also consistent with another mechanism, that involves a
horizontal route for transport. Furthermore, nutrients are
shown to not necessarily follow isopycnal surfaces at the
mesoscale, although this could be true at larger scales.

[64] These results then stress the importance of the
biogeochemical environment in the region where the
eddies are formed. Two distinct regimes are rationalized,
in terms of the large-scale distribution of nutrients. The
model setup provides a schematic representation of these
two regimes. When horizontal gradients are dominant, the
regime is that of the direct horizontal cascade (Abraham’s
[1998] scenario). In that case, phytoplankton and temper-
ature are correlated at the mesoscale if the large-scale
gradient of nutrients coincides with that of temperature.
In such a regime, high-resolution satellite maps of chloro-
phyll and temperature should show significant correlations.
When vertical gradients are dominant, the regime is that of
the small scale nutrient injection (LKT). The small scales
of phytoplankton are more energetic, and phytoplankton is
correlated with vorticity rather than temperature. In both
regimes, new production is mainly driven by small-scale
vertical advection.

[65] Another important aspect revealed by the numerical
results is the small-scale subduction triggered by the flow.
Subduction can affect both organic material, and therefore
contribute to the export, as well as inorganic nutrients, and
thus decrease new production.

[66] Results of this study apply to first-mode baroclinic
eddies produced by baroclinic instability, which constitute a
large part of the total eddy variability [Stammer, 1997,
1998]. Regionally, other sorts of eddies may dominate, such
as 18° mode water eddies [Brundage and Dugan, 1986],
so-called submesoscale coherent vortices [McWilliams,
1985], eddies created in the lee of islands [Falkowski
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et al., 1991], Von Karman vortex or eddies resulting from
wind stress circulation patterns, and these deserve more
specific analysis. Other open ocean situations that remain
to be explored concern the interaction between a large
number of eddies, and the long term effect of seasonal and
intermittent atmospheric forcing over an eddy field. In
these situations, eddy pumping has been shown to prevail
[McGillicuddy et al., 1999], and further regional studies at
higher resolution should enable to quantify the relative
importance of horizontal transport, eddy pumping and
submesoscale vertical transport.

[67] Also, not all aspects of the coupling between the
eddy activity and the distribution of nutrients in the ocean
are addressed in this study. It is shown how the large-scale
distribution of nutrients affects the variability of phyto-
plankton. It is also suggested that in turn, subduction of
organic material through small-scale advection could be a
significant source for remineralization below the euphotic
layer. What remains to be explored are the effects of the
small-scale distribution of nutrients. As mentioned before,
nutrients may not follow the isopycnal surfaces at the
mesoscale. Below the euphotic layer, it can be considered
as a passive tracer at a first order, and therefore displays
more energetic small scales than does density [Klein et al.,
1998]. These small scales should impact the variability of
phytoplankton when injected through convection.
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Figure 1. Model snapshots at day 42. For clarity and taking advantage of the zonal periodicity the
domain is artificially doubled in length in its zonal direction. Meridional bands 0—200 and 800—1000 km
are not affected by the eddies and are withdrawn from the analysis. Surface fields are shown, except for
“Phy, run NLS-DEP”, which shows the phytoplankton concentration averaged over the depth range 0—
100 m. The same dynamics are used in runs NLS-DEP, HLS-ISO, and HLS-DEP. The differences in the
resulting distribution of phytoplankton are related to different nitrate initializations. Note that the space
scales of variability of temperature (density) and relative vorticity are quite different. In run NLS-DEP,
phytoplankton space variability resembles that of vorticity (i.e., dominated by submesoscale features),
while in runs HLS-ISO and HLS-DEP, it resembles the variability of SST (i.e., dominated by mesoscale
features).
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