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[1] Accounting for ocean currents in the bulk parameterization of the wind stress might
represent a physically more plausible way to force an ocean model than ignoring their effect.
We show in this study that using the air-sea velocity difference instead of the atmosphericwind
in the wind stress formulation dampens both the near-surface eddy activity and the biotic
carbon assimilation in a high-resolutionmodel of the North Atlantic. The former is significant,
corresponding to a reduction down to 50% in the tropical Atlantic, while in higher latitudes
(in agreement with previous results) the reduction of eddy activity is only around 10%.
The effect on biotically mediated new production and air-sea carbon fluxes is, on the other
hand, minor. New production is reduced by less than 5% on a basin average, while simulated
air-sea CO2 fluxes are barely affected at all. The model results imply that eddy/wind
interaction introduced by accounting for ocean currents in thewind stress formulation does not
drive any additional (and hitherto unaccounted) nutrient fluxes to the sunlit surface of the
subtropical gyre, as was recently proposed in the literature.

Citation: Eden, C., and H. Dietze (2009), Effects of mesoscale eddy/wind interactions on biological new production and eddy kinetic

energy, J. Geophys. Res., 114, C05023, doi:10.1029/2008JC005129.

1. Introduction

[2] Variability of ocean color as observed from space is
often correlated with mesoscale physical features (eddies)
and therefore suggests a strong physical control of phyto-
plankton dynamics by mesoscale eddies [e.g., Doney et al.,
2003]. This physical control is thought to be linked to
mechanisms supplying nutrients to the euphotic zone where
they can stimulate growth of phytoplankton. The general
idea is that the formation and intensification of cyclonic
eddies (CEs) creates low sea level anomalies and upwelling
of isopycnal surfaces at depth. This upwelling, often termed
eddy pumping, can lift nutrient-rich waters into the euphotic
zone thereby fueling new production [e.g., Jenkins, 1988;
Falkowski et al., 1991; McGillicuddy and Robinson, 1997].
Subsequent turbulent vertical mixing, driven by the surface
wind stress or surface buoyancy loss, might then transport
phytoplankton (as well as nutrients) further up to the surface
where it can be observed by satellites.
[3] Less recognized is the physical control of phytoplank-

ton dynamics in anticyclonic eddies (ACEs) where downw-
elling fed by the convergence of horizontal surface currents
during the formation (and intensification) of ACEs can
deepen the surface mixed layer. It is clear that this does
not drive any transport of new nutrients to the euphotic
zone, since it pushes the nutrient-depleted surface waters
into the aphotic zone. Furthermore, the deepening of the
surface mixed layer in ACEs can reduce the temporally
averaged light, experienced by phytoplankton cells dis-

persed in the surface mixed layer [e.g., Tilburg et al.,
2002], thus inhibiting phytoplankton growth. Hence, be-
cause of the differing physical frameworks, cyclonic eddies
should be more productive and might therefore accommo-
date higher phytoplankton concentrations than their anticy-
clonic counterparts.
[4] In the North Atlantic (among other locations), how-

ever, there are exceptions to the above rule. Phytoplankton
concentrations in ACEs which are significantly higher than
those found in their cyclonic counterparts or ambient
surface water, e.g., have been documented by Olson
[1986] and Martin and Richards [2001]. One mechanism
potentially driving at least some of these anomalous high
phytoplankton concentrations observed in ACEs was, to our
knowledge, first described by Dewar and Flierl [1987], put
forward by Martin and Richards [2001] and McGillicuddy
et al. [2007], and is coined eddy/wind interaction: A
spatially uniform wind blowing over an ACE results in a
differential wind stress on diametrically opposite sides of
the eddy because of the relative air-sea velocity being
different on either side. Estimates of the related Ekman
pumping (proportional to the curl of the wind stress) yield
an upward vertical velocity (downward in case of an CE),
which is of the order of 0.5 m d�1 for typical ACEs and
wind speeds.
[5] Recently, McGillicuddy et al. [2007] and Ledwell et

al. [2008] discussed the upwelling induced by eddy/wind
interaction in an anticyclonic mode-water eddy on the basis
of a comprehensive set of observations which includes a
sulfur hexafluoride tracer release experiment. They con-
cluded that there was indeed significant upward nutrient
transport fueling phytoplankton growth and subsequent
export of particulate organic material sinking out of the
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surface ocean due to the eddy/wind interaction. It was
proposed by McGillicuddy et al. [2007] and Ledwell et al.
[2008] that the eddy/wind interaction and the related vertical
velocities might help to resolve an apparent, long-standing
discrepancy between nutrient supply to [Lewis et al., 1986]
and oxygen consumption below [Jenkins, 1982] the eupho-
tic zone of the subtropical gyre.
[6] On the other hand, the relevance of the eddy/wind

interaction has been questioned by Mahadevan et al.
[2008], since scaling arguments, also put forward by Martin
and Richards [2001], suggest that the vertical velocities
associated with the eddy/wind interaction are orders of
magnitude smaller than other (ageostrophic) vertical veloc-
ities associated with mesoscale and submesoscale eddies.
Increased magnitudes of vertical velocities due to (subme-
soscale) mesoscale variability were discussed for instance
by Giordani et al. [2006] and Legal et al. [2007] using
observational results and by Haine and Marshall [1998],
Mahadevan and Tandon [2006], and Capet et al. [2008]
using model results. Furthermore, Martin et al. [2001], Lévy
et al. [2001], Lévy [2003], and Mahadevan and Archer
[2000] demonstrated the potential of increased vertical
velocities related to (submesoscale) mesoscale eddy vari-
ability and consequently higher biotic production.
[7] In this study, we focus on quantifying the effect of

eddy/wind interaction on annual new production and air-sea
carbon fluxes in a realistic basin-scale model. To revise
previous large-scale model-based estimates [e.g., Oschlies
and Garçon, 1998; Oschlies, 2002b; McGillicuddy et al.,
2003] which neglected the nutrient supply to surface waters
induced by the eddy/wind interaction, we discuss two
versions of a coupled ecosystem-ocean circulation model
with mesoscale eddy-permitting resolution of the North
Atlantic. One version includes the feedback of ocean
surface currents on the wind stress forcing the surface
ocean, while the other version ignores that feedback.
[8] The second focus of this study is to understand the

effect of the revised wind stress formulation and the
eddy/wind interaction on the simulation of the mean circu-
lation and, in particular, on the mesoscale eddy activity.
Pacanowski [1987] first discussed the effect of including
the ocean currents in the formulation of the wind stress
forcing a coarse resolution model of the tropical Atlantic
ocean and reported some improvements in the simulation,
apparently resulting from the more realistic forcing func-
tion. Nevertheless, this effect has been ignored in ocean
modeling until recently. The importance of including ocean
currents in the formulation of the wind stress was revisited
by Duhaut and Straub [2006], Zhai and Greatbatch [2007],
and Xu and Scott [2008] with respect to the mechanical
energy input by the wind stress into the ocean. These studies
reported a significant reduction on the total energy input by
the revised wind stress formulation and also a damping
effect on the EKE by about 10% by the eddy/wind interac-
tion. While Zhai and Greatbatch [2007] considered the
subpolar region of the North Atlantic only, we extend these
studies to a basin-wide estimate of the damping effect of the
eddy/wind interaction on EKE and to a detailed analysis of
the causes of the EKE decrease.
[9] In the following section we describe our main tool, the

coupled ecosystem-ocean circulation model. In section 3.1,
we discuss the effect of taking into account surface ocean

currents in the parameterization of the wind stress driving
the ocean model on the wind stress itself. The sections 3.2,
3.3, and 3.4 present the impact of circulation/wind stress
interaction on the circulation itself. The associated biotic
responses, as represented by the ecosystem model, are
discussed in sections 3.5 and 3.6. The last section summa-
rizes our findings.

2. Model Configuration and Experiments

[10] We use a general circulation model of the North
Atlantic Ocean with a nominal horizontal resolution of 1/
12� which ranges from about 5 � 5 km at high latitudes to
10 � 10 km at low latitudes. The vertical grid comprises 45
levels with 10 m thickness near the surface increasing
downward to 250 m. The model domain extents from 20�S
to 70�N with an open boundary formulation following
Stevens [1990] at the northern and southern boundary and a
restoring zone within the Mediterranean Sea. A simple
nitrogen-based four-compartment ecosystem (so-called
NPZD) model is coupled online to the ocean circulation
model. There is no impact of biotic processes on the circu-
lation via, for example, absorption of solar radiation modified
by modeled phytoplankton concentrations. In case of inflow
conditions at the boundaries, i.e., when the velocity at the
open boundaries, as calculated by the formulation by Stevens
[1990], is directed into the model domain, temperature,
salinity and nitrate are prescribed using a combined clima-
tology from Boyer and Levitus [1997] and Levitus and Boyer
[1994]. The same applies for the restoring zone and initial
conditions. Phytoplankton and zooplankton are initialized
with small concentrations at the surface corresponding to a
nitrogen equivalent of 0.05 mmol m�3.
[11] The coupled ecosystem-ocean circulation model is

identical to the one used by, e.g., Eden [2006] and Eden and
Oschlies [2006] except for the following modifications:
[12] 1. Vertical mixing of momentum, temperature, salin-

ity and passive (biogeochemical) tracers near the surface is
parameterized with a turbulent kinetic energy (TKE)
scheme following Gaspar et al. [1990].
[13] 2. Solar radiation penetrates into the water column,

and its absorption is parameterized by the analytical formula
of Paulson and Simpson [1977] for clear ocean water (type I
after Jerlov [1976]).
[14] 3. Modified surface forcing: All integrations dis-

cussed here are preceded by a 30 year spin-up forced with
a monthly mean climatology at the surface. More specifi-
cally, the climatological surface forcing is that from a 3 year
analysis of the T94 version of the ECMWF weather forecast
model [Barnier et al., 1995]. The surface heat flux formu-
lation is a Haney-type relaxation [Barnier et al., 1995]
while sea surface salinity (SSS) is simply restored to
monthly mean SSS from the initial conditions with a
timescale of 30 days. The input of TKE by surface winds
and associated breaking waves which poses the boundary
condition for the vertical mixing scheme of Gaspar et al.
[1990] is parameterized by the friction velocity u* calcu-
lated with the monthly mean climatological wind stress
[Barnier et al., 1995].
[15] The ecosystem model is coupled to the ocean circu-

lation model during the latter 20 years of the spin-up to
allow for an adjustment of the nutrient field within the main
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thermocline and above. Simulated dissolved inorganic car-
bon (DIC) is coupled to nitrate using a constant carbon to
nitrate ratio in each compartment of the ecosystem model
[Eden and Oschlies, 2006]. Surface boundary and initial
conditions for DIC are also identical to Eden and Oschlies’s
[2006], i.e., (preindustrial) air-sea carbon fluxes are calcu-
lated using oceanic surface pCO2 as a function of simulated
dissolved inorganic carbon, temperature, salinity and alka-
linity, where alkalinity is given as a function of salinity
[Eden and Oschlies, 2006].
[16] We discuss two subsequent sensitivity integrations

following the spin-up phase (as described in detail below).
Both sensitivity experiments are driven by daily mean wind
stress, surface heat flux and friction velocity u* derived
from the daily analysis (2001–2006) of the high-resolution
(T511, i.e., about 40 � 40 km horizontal resolution)
ECMWF weather forecast model [Eden and Jung, 2006].
All other components forcing the model, including the
relaxation of SST toward the monthly mean climatology,
are identical to the setup during the spin-up phase.
[17] The two sensitivity integrations differ in the formu-

lation of the surface wind stress. The standard formulation
(as applied by, e.g., Smith et al. [2000], Eden and Böning
[2002], Oschlies [2002b], and McGillicuddy et al. [2003])
for wind stress forcing an ocean model, given by

tstd ¼ racDjuajua ð1Þ

(with wind stress seen by the ocean’s surface tstd, density of
air ra, atmospheric wind velocity ua, dimensionless drag
coefficient cD) does not include any feedback of ocean
surface currents on the wind stress driving the ocean. In the
present study, tstd stems from the low-resolution ECMWF
model during the spin-up phase and from the T511
ECMWF model in the subsequent integrations. The ocean
model forced with the standard formulation of the wind
stress will be called the reference experiment.
[18] The experiment WINDFEED corresponds to an

integration with a revised, more plausible, formulation for
the wind stress, trev, which takes the feedback of ocean
surface currents on the wind stress into account [Large and
Yeager, 2004]

trev ¼ racDjua � uojðua � uoÞ; ð2Þ

where uo denotes the modeled horizontal ocean currents.
The atmospheric wind ua is derived from the same surface
forcing tstd applied in the reference experiment by
assuming a constant drag coefficient of cD = 1.2 � 10�3.
Hence, the only difference between the reference experi-
ment and WINDFEED is the feedback of ocean currents on
wind stress in the model integrations from 2001 to 2006.
Both integrations covering the period from 2001 to 2006 are
forced with the identical high-resolution surface forcing
from the T511 ECMWF model.

3. Results

[19] In this section, we first discuss in detail the changes
in the circulation due to the different formulation of the
wind stress and its possible causes. We refer those readers
which are more interested in the biogeochemical aspects of

the present study, i.e., the impact of the eddy/wind interac-
tion on standing stocks of phytoplankton, associated new
production and air-sea carbon fluxes, directly to sections 3.5
and 3.6.

3.1. Wind Stress Curl

[20] The large-scale structure of the annual mean wind
stress curl (k � r � t) is similar in the reference experiment
and WINDFEED (Figure 1): Negative (positive) wind stress
curl over the subtropical (subpolar) gyre driving downward
(upward) velocities below the surface Ekman layer and
southward (northward) Sverdrup transport which can ex-
plain much of the large-scale structure of the circulation in
the North Atlantic. A previous study by Eden and Jung
[2006] showed that these large-scale features in the wind
stress curl are similar to the wind stress curl derived from
the low-resolution ECMWF model [Barnier et al., 1995]
which drives the model during the shared spin-up phase
while small differences in magnitudes and structure of the
large-scale features can be attributed to interannual variabil-
ity of the atmospheric circulation.
[21] Small-scale features in Figures 1a and 1b, however,

differ as a consequence of the ocean currents altering the
wind stress. Most prominent is the Gulf Stream/North
Atlantic Current (NAC) system extending downstream into
the subpolar gyre where mesoscale structures related to the
oceanic eddy field are clearly revealed in the experiment
WINDFEED while this does not hold for the reference
experiment. Differences are also evident in the western
boundary currents, the Gulf stream itself and the North
Brazil Current.
[22] Also shown in Figure 1c is the curl of the wind stress

derived from the QuikSCAT microwave scatterometer,
which is a satellite-mounted radar that transmits microwave
pulses from space down to the Earth’s surface and measures
the backscatter. For the open ocean, the backscatter is
related to surface waves, which are in turn related to the
stress between ocean and atmosphere. The gridded wind
stress data product at 25 km resolution twice per day is
provided by the Centre ERS d’Archivage et de Traitement
(CERSAT), at IFREMER, Plouzané, France.
[23] The stress derived from the QuikSCAT scatterometer

data includes at least some of the effects of ocean currents, a
fact that can be seen, for instance, off the east coast of North
America south of about 35�N where a positive wind stress
curl anomaly in QuikSCAT is spatially correlated with the
location of the Gulf stream. Moreover, much of the fine-
scale structures in wind stress curl from QuikSCAT are
reproduced in the experiment WINDFEED rather than in
the reference experiment, which, in reverse, is an indication
that a lot of the mesoscale features in the QuikSCAT wind
stress curl is caused by a feedback of ocean surface currents
on wind stress. Here, we conclude that considering the
effect of ocean currents clearly improves the model simu-
lation in terms of the realism of the forcing, but note the
subtleties in using QuikSCAT data directly to force ocean
models as discussed recently by Xu and Scott [2008].
[24] The T511 ECMWF model, which is used in deriving

the wind stress for both the reference and WINDFEED
experiments, assimilates scatterometer winds (from June
1996 onward ERS-2 data, from January 2002 onward
QuikSCAT data, from June 2007 onward ASCAT on
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MetOp-A, according to T. Jung and H. Hersbach (personal
communication, 2008)). This is problematic since wind
stress, derived from scatterometer data, implicitly carries
information about the real-world ocean currents which leads
to subtleties when applied to ocean models where modeled
currents will, inevitably, deviate from reality [Xu and Scott,
2008]. In 2001, only ERS-2 scatterometer winds have been
assimilated in the ECMWF model and their impact seems to
be weak since the imprint of the Gulf Stream can hardly be
seen in Figure 1a. This changes slightly in 2002 when
assimilation of QuikSCAT data in the ECMWF model
system begins and positive wind stress curl anomalies off

the east coast of Florida, spatially correlated with the
position of the Gulf stream, start to show up in the reference
experiment (Figures 1e and 1f). The amplitude of this effect
is however weak when compared to the satellite observa-
tions and in particular when compared with experiment
WINDFEED. The following years are alike 2002 in this
respect.

3.2. Mean and Eddy Kinetic Energy

[25] Figure 2 shows the near-surface mean kinetic energy

(MKE,
ðuoÞ2
2

where the overbar denotes an average in time)
in the reference experiment, WINDFEED and the difference

Figure 1. Wind stress curl in 10�7 N m�3 averaged over the years (a, b, c) 2001 and (d, e, f) 2002 and
box averaged over 1/3� � 1/3� prior to plotting. Figures 1a and 1d refer to the reference experiment, and
Figures 1b and 1e refer to the WINDFEED experiment. Figures 1c and 1f show QuikSCAT observations.

Figure 2. Mean kinetic energy (MKE) (average of the upper 50 m) in the year 2001 in log10(MKE
cm�2 s�2) for (a) the reference experiment, (b) WINDFEED, and (c) difference (WINDFEED –
reference experiment) in cm2 s�2.
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between both for the year 2001. Besides a small eddy signal
in the Gulf Stream/North Atlantic Current system, there are
only minor systematic changes in the mean circulation of
the model. This applies for the subsequent years as well
(Figure 4). The only systematic effect of including the ocean
currents in the formulation of the wind stress forcing is a
reduction of the mean South Equatorial Current (SEC) and
Equatorial Under Current (EUC) in the tropical Atlantic
Ocean, coming along with a slight decrease of the depth
level of the EUC (not shown) and a decrease of the
equatorial upwelling as discussed below. This effect is
consistent with the results of Pacanowski [1987], who
found a similar response in a non-eddy-resolving model
of the tropical Atlantic and a better agreement between their
model results and situ current meter observations after
including the effect of ocean currents on wind stress in
their model.
[26] The near-surface eddy kinetic energy (EKE,

u02o
2
where

the prime denotes deviation from a seasonal mean), on the
other hand, is significantly different in the reference exper-
iment and WINDFEED. Figure 3 shows the EKE in both
experiments for the year 2001. Note that we have estimated
the EKE (and the other correlations discussed in sections 3.3
and 3.4) as deviations from the seasonal mean of velocity
(and other quantities) to exclude the seasonal cycle from the
analysis. Note also that we have used the individual
seasonal means for 2001–2006 in both experiments to
obtain the perturbation quantities. Clearly, the effect of
including the ocean currents in the wind stress is to damp
EKE. This effect is large in the tropical Atlantic, decreases
toward higher latitudes and has a second peak where the
Gulf Stream separates from the American coast. The sub-
sequent years are similar with respect to the reduction of
EKE (Figure 4).

3.3. Eddy Kinetic Energy Budget

[27] To identify the mechanisms behind the large differ-
ences in the eddy activity of the reference experiment and

WINDFEED, we consider the budget of EKE, �e ¼ u02o
2

as
given by the standard Reynolds averaging procedure

@t�eþrh � ðuoeþ u0op
0Þ þ @zw0p0 ¼ �S þ b0w0 � e; ð3Þ

where p0 denotes pressure fluctuations, b0 buoyancy
fluctuations and w0 fluctuations of the vertical velocity.
The EKE budget equation (3) is derived by taking the
average of the scalar product of the horizontal momentum
perturbation u0o with the horizontal momentum budget of
the primitive equations. The terms on the l.h.s of equation
(3) describe changes of EKE (@t�e) due to advective and
radiative processes which cancel out in the domain integral
while the terms on the r.h.s of equation (3) can be
interpreted as production of EKE due to lateral shear,
�S ¼ �u0ou

0
o � ruo, production by baroclinic instability, b0w0,

and dissipative processes, e [Beckmann et al., 1994]. Note
that e includes also the surface forcing of EKE arising from
the wind acting on the ocean, u0o � t 0.
[28] We define two pathways via which changes in the

EKE can be affected by changes in the parameterization of
the wind stress, a direct one and an indirect one. The
indirect pathway refers to changes in wind stress acting
on the ocean, driving changes in the mean circulation and
mean available potential energy which in turn will affect the
EKE production terms �S and b0w0. The direct pathway, on
the other hand, is the drag effect by a modified wind stress
on the EKE budget (entering equation (3) via e), as
explained later.
[29] First we quantify the indirect pathway: Figures 4c

and 4d show the zonal averages of the production terms of
EKE in the reference experiment and WINDFEED. While
differences in b0w0 are only small, the production terms �S
show similar differences as the EKE itself in the two
experiments. The reduction of �S in experiment WINDFEED
relative to the reference is both due to a reduction in the
lateral shear of the mean flow, ruo, and a decreased
magnitude of the tensor u0ou

0
o. The decrease in lateral shear

is in particular large in the tropical Atlantic.
[30] Second, we continue with a quantification of the

direct drag effect (of the revised wind stress formulation) on
the total kinetic energy of the ocean and in particular to the
EKE following Duhaut and Straub [2006] and Zhai and
Greatbatch [2007]. The work P done by the wind stress t is
forcing the ocean’s total kinetic energy uo

2/2 and is given by

r0P ¼ t � uo ¼ racDjua � uojðua � uoÞ � uo; ð4Þ

Figure 3. Eddy kinetic energy (EKE) (average of the upper 50 m) in 2001 in log10(EKE cm�2 s�2) for
(a) the reference experiment, (b) WINDFEED, and (c) difference (WINDFEED – reference experiment)
in cm2 s�2.
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where r0 denotes the reference density of sea water, ra the
density of air, cD the drag coefficient and ua and uo the
velocity of air and sea water, respectively. The difference in
wind work due to the formulations for t is (assuming
identical uo in both cases)

r0ðPrev � PstdÞ ¼ �racDjua � uojjuoj2

� racDðjuaj � jua � uojÞua � uo; ð5Þ

where Prev and Pstd denote the wind work in the revised and
the standard wind stress formulation, respectively. The first
term is negative and is believed to dominate [Duhaut and
Straub, 2006; Zhai and Greatbatch, 2007]. Since for ua � uo
> 0, we find juaj � jua � uoj > 0 and vice versa, the second
term is also sign definite and the effect of the revised
formulation of wind stress is to remove energy, i.e., to apply
a surface drag on the circulation. However, note that in
general uo will change by applying a different wind stress,
but it is reasonable to assume that the change will not
reverse the sign of the effect. Another reasonable assump-
tion is that the difference in atmospheric winds and oceanic
currents does not significantly affect the amplitude of the
wind stress since surface winds are usually at least an order
of magnitude faster than surface currents, i.e., jua � uoj �
juaj such that the difference in the wind work P between
both formulation simply becomes to leading order

r0ðPrev � PstdÞ � �racDjuajjuoj
2: ð6Þ

The difference in wind work for the eddy kinetic energy,
u02o
2

is thus given by

r0ðP0
rev � P0

stdÞ � �racDjuaju02o ; ð7Þ

neglecting, for simplicity, any correlation between wind
speed and ocean current fluctuations which should be
similar in both formulations of t . The perturbation velocity
u0 is again a deviation from the seasonal mean as throughout
this study.
[31] To conclude with a quantitative comparison of the

direct and indirect effect of the revised wind stress param-
eterization, Figure 5 shows zonally integrated EKE produc-
tion terms within the upper 50 m of the ocean which
reveals: The direct drag by the eddy/wind interaction as
given by equation (7), is predominantly driving the reduc-
tion of the EKE, while the indirect effect of a reduction in �S
due to the reduced strength of EKE and lateral shear of the
mean flow is of secondary importance.

3.4. Equatorial Upwelling

[32] Figures 6a and 6d shows the Eulerian mean merid-
ional stream function defined by

@zymðy; zÞ ¼
Z

�vðx; y; zÞ dx ð8Þ

for the reference experiment and WINDFEED. v denotes
meridional velocity, and �v the temporal average of v (over
year 2001). The zonal integral is taken over the whole basin.

Figure 4. Annual mean, zonally integrated (a) EKE and (b) MKE for the reference experiment (blue
lines) and WINDFEED (red lines) (average of the upper 50 m) in 106 m3 s�2 for the years 2001 to 2005
and total average over these years (bold lines). Also shown are zonal integrals of EKE production due to
(c) lateral shear of the mean current (�S ¼ �u0ou

0
o � ruo) and (d) baroclinic instability (b0w0) in m2 s�3

(average of the upper 50 m) in the same color coding.
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In both experiments, ym shows upwelling at the equator of
more than 20 Sv, which is, however, reduced by about 4 Sv
at 40 m in the experiment WINDFEED which includes the
effect of ocean currents in the wind stress formulation. This
reduction in the mean upwelling was also described by
Pacanowski [1987] in a non-eddy-resolving model and
comes along with a decrease in the strength of the mean
South Equatorial Current (SEC) and Equatorial Under
Current (EUC) and a slight decrease of the depth level of the
EUC (not shown).

[33] The reduction in the Eulerian mean equatorial up-
welling is related to the modified, reduced, wind stress over
the equator: Figure 7 shows the wind stress in 2001 for the
reference experiment and the difference between the wind
stress in experiment WINDFEED and the reference exper-
iment. The changes in wind stress are largest in the tropical
Atlantic. North of the equator between 0� and the intertrop-
ical convergence zone at about 2�N the reduction relative to
the reference experiment peaks at around 10%. This re-
duced, northwestward wind stress, leads to a reduced off-

Figure 5. Estimate of the drag effect by the eddy/wind interaction on the EKE of the upper 50 m of the
ocean, i.e., cdra/r0juaju0 2o /50 m as given by equation (7) for the year 2001 (black) and difference
(reference experiment – WINDFEED) in EKE production due to lateral shear, �S ¼ �u0ou

0
o � ruo,

averaged over the upper 50 m (red) and years 2001 to 2005 in m2 s�3. See text for more details.

Figure 6. (a, d) Eulerian mean meridional overturning stream function ym in Sv for the reference
experiment (Figure 6a) and WINDFEED (Figure 6d). (b, e) Standing eddy contribution S for the
reference experiment (Figure 6b) and WINDFEED (Figure 6e). (c, f) Transient eddy contribution T for
the reference experiment (Figure 6c) and WINDFEED (Figure 6f).
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equatorial Ekman transport and thus to a reduced equatorial
upwelling. An additional but smaller contribution suppress-
ing the off-equatorial Ekman transport comes from a reduc-
tion of the westward component of the wind stress south of
the equator.
[34] Drawing conclusions from the Eulerian mean stream

function ym alone is problematic since the actual advective
pathways of mean tracer distributions might well be
changed because of eddy effects. In the Transformed
Eulerian Mean (TEM) framework of Andrews et al.
[1987], the effect of standing or transient eddy signals is
interpreted as an additional advection velocity for the tracer
under consideration, which can for instance lead to a
significant eddy-driven upwelling. In the oceanographic
community, this eddy-induced advection is often called
the bolus velocity [Gent and McWilliams, 1990]. The
TEM frameworks allows the formulation of a residual
stream function, y, which describes the net effect of
Eulerian mean advection velocity and eddy-induced advec-
tion velocity on the mean tracer. That means that y accounts
for the mean advection ym, effects of standing eddies (S)
and transient (mesoscale) eddies (T). It is given by

y ¼ ym þ S þ T with S ¼ d�b*�v*L=@z�̂b
and T ¼ cb0v0L=@z�̂b; ð9Þ

where b denotes buoyancy (buoyancy b = �g/r0r is
calculated using potential density r referenced to the
surface, where g denotes acceleration of gravity and r0 a
fixed reference density according to the Boussinesq

approximation), v̂ (b̂, etc.) the zonal average of v (b, etc.),
v* (v0) deviations from the zonal (temporal) average of v,
and L = L(y, z) the zonal length of the ocean. Note that the
temporal fluctuations exclude again the seasonal cycle.
Figure 6 shows the contributions by the standing and
transient eddies for the reference experiment and WIND-
FEED. While S is similar in both experiments, the
downwelling driven by transient mesoscale eddies is
reduced in WINDFEED below 50 m at around 4�N. Note
that the amplitude of this reduction is less than the
difference in the Eulerian mean stream function. Hence,
for the actual advective pathways of mean tracer distribu-
tions, we conclude that the upwelling at the equator is
significantly reduced if the effect of ocean currents in the
wind stress formulation is taken into account.

3.5. Phytoplankton Standing Stocks

[35] Figure 8 shows the vertically integrated annual mean
phytoplankton standing stock in 2001 for the reference
experiment and WINDFEED in carbon units (converted
from our nitrogen-based ecosystem model with a fixed
Redfield carbon (C) to nitrate (N) ratio of C/N = 6.6).
Two maxima in the simulated phytoplankton concentration
of the North Atlantic show up, one is located north of the
oligotrophic subtropical gyre coinciding roughly with
the region covered by the Gulf Stream/NAC system and
the other one is located in the equatorial upwelling region.
Smaller phytoplankton-rich regions are located in the coast-
al upwelling regions off the coast of west Africa and the
coast of Brazil north of the equator. Note that amplitude and
spatial distribution of phytoplankton standing stocks are

Figure 7. (a) Annual mean wind stress in N m�2 in the reference experiment for year 2001. (b) Same as
Figure 7a but for difference in wind stress between the experiments (reference experiment –
WINDFEED).
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similar to other mesoscale eddy-permitting models [e.g.,
Oschlies, 2002b; McGillicuddy et al., 2003].
[36] The difference in the phytoplankton concentration

between both experiments are shown in Figure 8c. The
overall pattern is a reduction of phytoplankton standing
stocks induced by the feedback of ocean surface currents on
the wind stress forcing the ocean. The largest reduction,
exceeding 40 mmol C m�2 and corresponding to a relative
decrease of about 20%, shows up in the western tropical
Atlantic. The largest relative decrease in phytoplankton
concentration, on the other hand, is along the southwesterly
margin of the subtropical gyre, where the phytoplankton
concentration is reduced by more than 100%. However,
note that there, the concentrations are very small such that
the absolute magnitude of the reduction is small and is
hardly detectable in Figure 8.
[37] Within the NAC region, small mesoscale features

with enhanced or reduced phytoplankton concentrations
dominate. This is related to incoherent eddy activity within
the two experiments since although both experiments share
the same spin-up integration, the mesoscale eddy field in
both experiments diverges in the beginning of the year 2001
and becomes incoherent after a couple of weeks because of

the difference in the forcing of the experiments. The effect is
naturally most pronounced in regions of high eddy activity
such as the Gulf Stream/NAC region and extends into the
subsequent years of the simulation. Figure 9 shows the
zonally integrated phytoplankton biomass for each year as
well as the respective temporal averages over the 2001 to
2005 period as simulated by the two models. As most of the
effect of the incoherent mesoscale features cancels out on a
zonal average we conclude that there is, if at all, only a
minor effect of the eddy-wind interaction on the phyto-
plankton stocks in midlatitudes. Differences in stocks be-
tween individual years in midlatitudes can be related to the
interannual variability in the surface forcing, while the
reduction of about 15% near the equator is persistent in
each individual year and is therefore interpreted as a
consequence of the revised wind stress parameterization in
the experiment WINDFEED.

3.6. New Production and Air-Sea Carbon Fluxes

[38] A main aim of coupled ecosystem-ocean circulation
modeling is to quantify the contribution of marine biota to
air-sea fluxes of CO2 at present and, eventually, for future
climate scenarios. In that respect biological production

Figure 8. (a) Annual mean of vertically integrated carbon content in modeled phytoplankton standing
stocks referring to year 2001 of the reference experiment. Units are mmol C m�2. Data are box averaged
over 1� � 1� prior to plotting. (b) Same as Figure 8a but for experiment WINDFEED. (c) Difference
between Figures 8a and 8b, i.e., WINDFEED – reference experiment.

Figure 9. Temporal means of vertically and zonally integrated carbon content in modeled
phytoplankton standing stocks in 106 mol C m�1. Thin blue (red) lines refer to annual means covering
the period from 2001 to 2005 from the reference experiment (WINDFEED). The bold blue (red) line
denotes the average over the whole period in the reference experiment (WINDFEED).
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concepts such as new production, export production, and
net community production are often applied since, even in
models, it is not straight forward to disentangle biotically
and physically induced air-sea gas fluxes [e.g., Jin et al.,
2007; Dietze and Oschlies, 2005]. Here, we use new
production as a measure of the impact of marine biota on
air-sea fluxes, although we are aware of the limitations of
the concept as outlined by Oschlies and Kähler [2004].
Following Oschlies and Kähler [2004], we define the model
equivalent of new production as the ‘‘total annual dissolved
inorganic nitrogen supply into each grid-box column
bounded by the sea surface and the maximum depth of
the euphotic zone.’’ The maximum depth of the euphotic
zone is set to 150 m. Furthermore, we assume a fixed C/N
ratio to derive its carbon equivalent.
[39] The simulated new production which, in steady state,

equals the export of organic material across the reference
level of 150 m, is shown in Figure 10 for the year 2001
derived from WINDFEED and the reference experiment. In
both experiments the regional distribution of the new pro-
duction in the upper 150 m is similar to the distribution of the
phytoplankton concentration, i.e., large, up to 15 mmol m�2

d�1 at maximum north of about 35�N and close to zero in the
oligotrophic subtropical gyre of the North Atlantic. Toward
the equator, the new production is increasing again and
shows a second maximum at the equator with values similar
to those modeled in the subpolar North Atlantic. Note that
these estimates are within the envelope of variability in prior
model studies [e.g., Oschlies, 2002b; McGillicuddy et al.,
2003]. Coherent differences between the two experiment are
restricted to the equatorial region (Figure 10c), a fact that is
mirrored in the zonal integrals of the period from 2001 to
2005 shown in Figure 11. The zonally integrated new
production is, in general, reduced in WINDFEED compared
to the reference experiment. In total we find a reduction of
about 5% over the whole North Atlantic, but the difference
between both experiments appears to be insignificant in
midlatitudes, since there, interannual variability in new
production is more dominant than the difference between
both experiments for individual years (which does also
apply for the phytoplankton standing stocks). On the other
hand, at low latitudes, the decrease in new production due to

the revised parameterization of the wind stress is clearly
significant, peaking at a reduction of 20% at the equator.
[40] The differences in zonally integrated air-sea fluxes of

CO2 are even smaller than the differences in the export
production of the two experiments (Figure 12a). This
implies physical compensation by changes in solubility
affected by heat fluxes and/or that new production is not
necessarily a good measure for the biotic contribution to air-
sea fluxes of CO2. Here we only want to highlight that
zonally integrated air-sea CO2 fluxes only differ signifi-
cantly (i.e., more than their interannual variations) in the
Gulf Stream/NAC region around 40�N where new produc-
tion is similar in the two experiments. In fact, the
enhanced oceanic heat losses in that region in the exper-
iment WINDFEED relative to the reference (Figure 12b)
implies that the increased oceanic CO2 uptake in the Gulf
Stream/NAC region as modeled in WINDFEED is driven
by physical rather than by biotic processes.

4. Summary and Discussion

[41] We integrated a coupled ecosystem-ocean circulation
model with mesoscale eddy-permitting resolution of the
Atlantic Ocean, driven with high-resolution surface forcing
from 2001 to 2006. In contrast to earlier studies [e.g.,
Oschlies, 2002b; McGillicuddy et al., 2003], we applied a
physically more plausible parameterization of the wind
stress forcing. This revised parameterization takes into
account that the wind stress is a function of the difference
between atmospheric winds and surface ocean currents,
rather than being a function of the atmospheric winds alone.
[42] The main changes in circulation associated with the

revised parameterization are: First, an improved realism of
the wind stress curl forcing the model when compared with
satellite scatterometer data. Second, a reduction of the SEC;
EUC; and, in particular (and noted already by Pacanowski
[1987]), the equatorial upwelling. Third, a reduction of the
near-surface eddy activity by about 10–20% in middle to
high latitudes reproducing results from Duhaut and Straub
[2006] and Zhai and Greatbatch [2007]. Furthermore, a
significant damping of near-surface eddy activity in the
tropical Atlantic, culminating at a reduction by 50% at the
equator. The dominant mechanism behind this reduction of

Figure 10. (a) Modeled new production integrated from the surface down to 120 m (in carbon units
mmol C m�2 d�1) in the reference experiment. Data are box averaged over 1� � 1� prior to plotting. (b)
Same as Figure 10a but for experiment WINDFEED. (c) Difference between Figures 10a and 10b, i.e.,
WINDFEED – reference experiment.
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EKE was identified as the direct drag effect by the revised
wind stress formulation with a minor, indirect, contribution
from reduced near-surface EKE production by lateral shear
instability. We speculate that the meridional gradient in the
damping effect on EKE is a consequence of the correlated
gradient in surface mixed layer depths, i.e., the drag effect
on the eddy/wind interaction appears to be more important
for the shallower mixed layer depths in the tropical Atlantic.
[43] Recently, McGillicuddy et al. [2007] and Ledwell et

al. [2008] discussed the upwelling induced by eddy/wind
interaction in an anticyclonic mode-water eddy and specu-
lated that this effect might help to resolve an apparent, long-
standing discrepancy between nutrient supply to [Lewis et
al., 1986] and oxygen consumption below [Jenkins, 1982]
the euphotic zone of the subtropical gyre. Here we found
that the overall effect of the revised wind stress formulation
on basin-scale biotically affected carbon fluxes is rather low
and in fact given by a modest reduction of export produc-
tion of about 5% for the whole North Atlantic. Interannual
variability of new production in the simulation was found to
be larger than the effect of the revised wind stress formu-
lation in the midlatitude to high-latitude North Atlantic. At
the equator the reduction of new production was significant,
its underlying mechanism identified as the reduced mean
equatorial upwelling which comes along with less nutrients

supplied to the sunlit surface ocean, which in turn reduces
associated vertical fluxes of organic matter (and phyto-
plankton standing stocks).
[44] Our results suggest that previous model estimates of

export production in the subtropical gyre are not biased low
because of the eddy/wind interaction. To the contrary, we
find a decrease in new production by including the eddy/
wind interaction in our model. It seems therefore unlikely
that this effect helps to explain the apparent, long-standing
discrepancy between nutrient supply to the euphotic zone of
the subtropical gyre, as previously speculated.
[45] The results of the present study are in agreement with

the findings of Martin and Richards [2001] and Mahadevan
et al. [2008] insofar as they show that the eddy/wind
interaction on biological production is small on the basin
scale. On the other hand, Martin and Richards [2001] and
Mahadevan et al. [2008] also argue that ageostrophic
vertical velocities related to submesoscale eddy activity
contribute significantly to biological production. However,
we find in our model that the decrease in mesoscale eddy
activity is not related to a correspondingly significant
decrease in biological production. This finding is in agree-
ment with previous observational estimates [Falkowski et
al., 1991] and realistic basin-scale model-based estimates
[Oschlies, 2002a, 2008] which point to a mesoscale eddy-

Figure 12. (a) Modeled zonally integrated air-sea CO2 exchange (including both the biotically and
physically induced fraction) in 103 mol C m�1 d�1. Blue (red) lines refer to annual means of respective
years in the 2001 to 2005 period calculated from the reference experiment (WINDFEED). Temporal
means over the whole 2001 to 2005 period are drawn as bold blue and bold red lines, respectively.
(b) Zonally averaged air-sea heat flux in 109 W m�1 in same color coding as in Figure 12a. Positive
values denote flux from sea to air in both cases.

Figure 11. Modeled new production integrated vertically from the surface down to 120 m and zonally
in carbon units (103 mol C m�1 d�1). Blue (red) lines refer to annual means of respective years in the
2001 to 2005 period calculated from the reference experiment (WINDFEED).
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driven contribution of the upper ocean nutrient supply of
less than 20% on the basin scale while the dominant nutrient
supply is given by the mean flow. Since we use a prognostic
ecosystem model very similar to the one in the papers by
Oschlies [2002a, 2008] it is not surprising that a reduction
of 10–20% of the eddy activity in midlatitudes causes only
a small response in new production and carbon uptake in
our simulations. To our knowledge, all models which
suggest a stronger correlation between eddy activity and
upper ocean nutrient supply recharge nutrients in the sub-
euphotic zone by restoring to climatological nutrient fields
[McGillicuddy and Robinson, 1997; McGillicuddy et al.,
2003]. Note that Oschlies [2002a] andMartin and Pondaven
[2003] argued that this class of models overestimates eddy-
driven upper ocean nutrient supply, since the models with
prognostic ecosystems extending down to the thermocline
yield much lower values.
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