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[1] This article is the second part of a modeling study of upper ocean mesoscale physical
processes in an area of the northeast Atlantic that was extensively sampled during the
Programme Océan Multidisciplinaire Méso-Echelle (POMME experiment, October
2000—September 2001). The model is a high-resolution regional version of the ocean
general circulation model OPA integrated from February to May 2001. The mesoscale
upper ocean dynamics has been carefully validated in a first paper (Paci et al., 2005).
In the present article, the simulation is used to analyze the contribution of mesoscale
eddies to the mixed layer processes during the period that controls the annual subduction
rate and the characteristics of the subducted water. Mesoscale eddies account for a
significant part of the mixed layer heat, salt, and water budgets through mesoscale and
submesoscale structures acting on the horizontal advective terms. They represent
respectively 52% and 66% of the horizontal advection of temperature and salinity and
70% of the lateral induction. They also induce an earlier and more intense restratification.
The domain-averaged detrainment appears to be reduced by more than 15% by mesoscale
eddies and reaches about 0.8 Sv. However, these eddies increase the density of the
detrained water. Some dense water, likely to be involved in the formation of subpolar
mode water, is detrained by them in a way that maximizes its chance to be effectively

subducted in the area.
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1. Introduction

[2] Oceanic subduction is the process by which water
enters into the permanent pycnocline and leaves definitely
the mixed layer over the course of a year. In the subtropical
gyres, these subducted water are involved in the renewal of
the thermocline water masses and remain isolated on a
decadal timescale from the influence of the atmosphere
[Thiele and Sarmiento, 1990]. Then a good knowledge of
their subduction mechanism and the processes associated
are required to understand the interannual to interdecadal
climate variability. Subduction has been first interpreted as
the results of Ekman pumping and horizontal advection by
the mean current across the mixed layer base [e.g., Marshall
et al.,, 1993]. Later, Marshall [1997] shows that this
approach is not appropriate for regions of intense baroclinic
instability. If the role of mesoscale eddies is now recognized
in regions of intense eddy activity [e.g., Hazeleger and
Drijfhout, 2000; Qu et al., 2002], their effect is often
supposed nonsignificant in less active regions. However,
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there is growing evidence, both from in situ data [Weller
et al., 2004] and from numerical studies [Valdivieso Da
Costa et al., 2005; Gebbie, 2007] that they may have a
significant impact on subduction, even in these regions.

[3] The Programme Océan Multidisciplinaire Méso-
Echelle (POMME) provides an exceptional framework to
study this question. POMME has indeed been designed to
study the subduction of a particular water mass, called mode
water because of its vertical homogeneity, and the associ-
ated biogeochemical processes in a particular area of the
northeast Atlantic [Mémery et al., 2005; Reverdin et al.,
2005]. This relatively quiescent region is located halfway
between the Azores and the Iberian Peninsula. Subduction
in this area has been explained in terms of advection of
subpolar mode water to the south by the southern branches
of the North Atlantic current across a steep mixed layer
depth gradient [e.g., Paillet and Arhan, 1996a, 1996b].
Beside this large-scale view, implicitly neglecting meso-
scale eddies, POMME focuses precisely on their role, not
only in the subduction mechanisms of 11-13°C mode
water, but also in biological production and in the carbon
budget of the northeast Atlantic. Indeed, this area is also a
strong sink of atmospheric CO, [Takahashi et al., 1995].
The POMME domain, a 500-km longitude by 750-km
latitude area centered on 41.5°N/18.3°W (see Figure 1),
has been investigated from the fall 2000 to the fall 2001.
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[4] The present article focuses on the February to May
2001 period, described by the two intensive hydrographic
surveys POMME 1 and POMME 2 (hereafter P1 and P2).
P1 was aimed at describing the late winter conditions, in
particular the mixed layer depth field and the prebloom
distribution of physical and biogeochemical data. Fifty days
later, the cruise P2 followed P1 in order to describe the
restratification and the spring bloom. Each cruise was
divided in two legs (hereafter L1 and L2). The first legs
were dedicated to a large-scale survey of the area, whereas
the second legs focused on some specific mesoscale struc-
tures. Because of its importance, this period has been
particularly well described, and an impressive amount of
data have been collected during the field experiments.
However, data are isolated in time and space and need to
be integrated into three-dimensional fields permitting a
realistic spatiotemporal representation of the processes
occurring in the upper ocean. Two 1-year numerical studies
have been conducted by Gaillard et al. [2005] (using a
simplified Kalman filter) and by Giordani et al. [2005a,
2005b] (using a simplified primitive equation model) in
order to meet these objectives. But the simplifications
carried on these models somehow limit their use for realistic
mesoscale process studies.

[5] In a first paper [Paci et al., 2005], the results of a high-
resolution oceanic model using measured data have been
presented and validated through comparisons with a wide
range of in situ and satellite observations. The implementa-
tion of the full primitive equation avoids the drawbacks found
in the other numerical studies of the POMME area. The
model has also been successfully coupled with a biological
model to study biogeochemical processes [Lévy et al., 2005].
A second simulation, without mesoscale eddies, is used in the
present article as a reference to be compared with this sim-
ulation in order to assess their effects. Our aim is not to
conduct a study of the subduction in itself, which would
require at least a 1-year simulation, and probably on a larger
area. But it is to analyze the contribution of mesoscale eddies
to the processes associated with subduction during a period
that controls the annual subduction rate and the character-
istics of the subducted water.

[6] Section 2 presents the numerical model and the two
numerical simulations (with and without mesoscale eddies).
The simulations are used to study the effect of mesoscale
eddies in the evolution of the mixed layer temperature
(section 3) and salinity (section 4), as well as in the water
mass exchange with the pycnocline (section 5). Finally, the
main results of this study are summarized in section 6.

2. The Simulations

[7] This section presents the numerical model and the two
numerical simulations (mesoscale and nonmesoscale). They
will be used later on to study the effect of mesoscale eddies
on the processes occurring in the mixed layer during the late
Winter and Spring of 2001 in the POMME area.

2.1. Regional Ocean Model

[8] The three-dimensional model used in this study is
derived from the ocean general circulation model OPA
developed at the Laboratoire d’Océanographie Dynamique
et de Climatologie (LODYC) and described in detail by
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Madec et al. [1999] (available at http://www.ipsl.jussieu.fr).
The regional version was first set up by Caniaux et al.
[1993]. The present version includes a surrounding recircu-
lation area separated from the physical domain (the interior)
by a buffer zone in which 7Tand S fields are damped [Gavart
et al., 1999].

[9] The model domain is a 500-km longitude by 750-km
latitude area, extending from 15.33°W to 21.33°W and from
38°N to 45°N, which is the POMME area where the four
hydrological surveys were performed (POMME 0, POMME
1, POMME 2, and POMME 3). The horizontal regular grid
spacing is 1/20° (about 5 km), therefore there are 121 x 141
horizontal grid points. The vertical grid, using prescribed
z-levels, has 69 levels down to 5650 m with 5-m-thick layers
in the first 100 m; the thickness then gradually increasing
downward to the bottom. The lower boundary is a high-
resolution bathymetry provided by the Hydrographic Service
of the French Navy (SHOM) (see Figure 1). The upper
boundary is flat (rigid-lid approximation) and is forced by
daily air—sea fluxes.

[10] These fluxes have been computed from in situ data,
satellite data, and ECMWF weather prediction model out-
puts with specific state-of-the-art bulk formulae [Caniaux
et al., 2005a]. Then observed mixed layer heat and salt
budgets have been used to adjust the fluxes [Caniaux et al.,
2005b]. The damping fields used at the lateral boundaries
are computed from the P1L1 hydrographic survey (3—
23 February 2001, Figure 2) and from the P2L1 hydrographic
survey (24 March to 12 April 2001, Figure 2). Figure 2 shows
also many cyclonic (C2, C4, C5, C6, and C7) and anti-
cyclonic (Al, A2, A4, A5, and A7) eddies observed during
P1 and P2, which were more numerous than what was
expected in this region according to Paillet [1999]. The
exhaustive mesoscale eddy nomenclature of the POMME
domain is presented in Mémery et al. [2005].

2.2. The Mesoscale Simulation

[11] In this simulation, the initial mass and the current
fields have been deduced from the P1L1 hydrographic survey
(Figure 2). The model has been integrated from 13 February
to 20 May 2001 without using any other data assimilation
than the air—sea fluxes and lateral boundaries. Indeed, the
air—sea fluxes used provide a way to assimilate the observed
SST, as well as the observed mixed layer heat and salt
budgets. The lateral boundary condition used provide also
a way to assimilate the characteristics of the entering water
owing to the P1L1 and P2L2 hydrographic survey data. In
order to be able to realize a valuable process study, it was
particularly important not to use an assimilation technique
inconsistent with the physics and thermodynamics of the
model. The success of our approach is also partly due to the
fact that the circulation is dominated by a few slow evolving
mesoscale eddies. These main mesoscale eddies are not
formed in the area [Le Cann et al, 2005], but they are
embedded in the initial mass and current fields.

[12] The simulation results have been carefully validated
through comparisons with the extensive data set collected
during P1 and P2 [Paci et al., 2005]. The simulation repro-
duces properly the large-scale gradients in the area as well
as the mesoscale features (position and intensity), according
to the comparisons with data from thermosalinograph
(TSG), conductivity—temperature—depth (CTD), and vessel-
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Figure 1. Map of the experiment and simulation domain.
Bathymetry is represented by 12 grey tone-filled isobaths
evenly spaced from 5500 m depth to the surface, the lighter
tone corresponding to depths greater than 5500 m (figure
reproduced from Paci et al. [2005]).

mounted acoustic Doppler current profiler (VM-ADCP). Not
only the upper ocean dynamics has been validated but also
the deep ocean dynamics by quantifying the baroclinic
horizontal mass transports, integrating water properties from
20 to 1670 m. The comparison between baroclinic horizontal
transports from the model fields and from the analysis of the
hydrological survey at P2L1 demonstrates that the water
mass properties of the 20- to 1670-m layer are correct.

[13] Simulated MLD has been compared favorably with
the MLD deduced from the CTD measurements. In partic-
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ular, the variability is of the same order of magnitude in the
CTD- and model-computed MLD, which is an important
point indicating that the small MLD structures seen in
Figure 3 are not likely to be numerical artifacts.

[14] Vertical velocity is a very difficult field to measure and
to interpret, one reason being its dependence on the scale at
which it is measured. Few direct measurements of oceanic
vertical velocities have been done, and most of them in deep
convection area where intense vertical velocities are found
[e.g., Lherminier et al., 1999; Lavender et al., 2002; Steffen and
D’Asaro, 2002]. Their interpretation is not an easy task and
may even necessitate some complementary data, for example,
the results of a numerical simulation [Lherminier et al., 2001].
Some RAFOS-VCM floats have been deployed during the
POMME experiment, but interpretation of the available data is
still under consideration. Therefore it has not been possible to
compare the simulated vertical velocity with direct measures
of the vertical velocity. However, very similar small-scale
structures were observed in the same simulation but with a
resolution of 2.5 km according to a test reported by Lévy et al.
[2005] and in a different three dimensional numerical model
simulation [Giordani et al., 2005a, 2005b]. Even if these
arguments do not originate from observations, they provide
evidence for the vertical velocity fields simulated. Moreover,
the overall shape and intensity of the simulated vertical
velocities is consistent with the preliminary results of indirect
estimates from in situ measurements using the method pre-
sented in Giordani et al. [2006], as well as with the indirect
estimates from in situ measurements of Legal et al. [2007].

P2L1
(Mar.24—-Apr.12)
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Figure 2. Hydrological surveys performed during the first leg of POMME 1 and POMME 2, with the
conductivity—temperature—depth (CTD) shots by the R/V L’Atalante (black triangles) and R/V
D’Entrecasteaux (white triangles), expandable bathythermograph (XBT) shots by the R/V L’Atalante
(black crosses) and R/V D Entrecasteaux (white crosses), and sea level anomalies (SLA) estimated from

the objective analyses performed on these data sets.
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Figure 3. One-day averaged sea surface temperature, vertical and horizontal velocities at 50 m depth,
and mixed layer depth on 7 March 2001 (during the mixed layer shallowing) for expREF (first line) and
for expMESO (second line). An effect of the mesoscale eddies seen on temperature and horizontal
velocity fields in expMESO is to produce some intense mixed layer and vertical velocities submesoscale

structures.

[15] Table 1 summarizes the simulation validations
conducted. Finally, the model captures realistically both
the upper ocean features and the baroclinic transport in
the 20- to 1670-m layer. The model has successfully
integrated isolated data into three-dimensional realistic
fields. The full mesoscale dynamics of the POMME area
at this period is represented in this simulation, which will
be referred to as expMESO.

2.3. The Nonmesoscale Simulation

[16] In this simulation, the initial mass and the current
fields have been deduced from a mesoscale-filtered P1L1
analysis. The mesoscale has been removed from the P1L1

analysis by averaging it in strips perpendicular to the mean
large-scale density gradient. In order to have the same
characteristics of the entering water than in expMESO, the
structures close to the lateral boundaries have been kept by
progressively merging the mesoscale-filtered field with the
original field close to the lateral boundaries. This is the only
difference with expMESO. As there is no input of energy in
the model other than through air—sea fluxes and lateral
boundaries, and because the main mesoscale eddies were
not formed in the area, it has been sufficient to remove the
mesoscale to the initial state in order to damp the mesoscale
activity over the whole simulation. On average over the
duration of the experiment, the eddy kinetic energy from
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Table 1. Correlations Between Model and Data Fields From P1L1
to P2L2 for the run expMESO Used in This Article®

Correlation 1 @ 3) 4) 5) (6)
model/data fields SST SSS 7 (200 m) S (200 m) (U,V) Transport
expMESO 0.92 0.87 0.89 0.88 0.70 0.80

(1) and (2) SST and SSS from TSG; (3) and (4) 7 (200 m) and S (200 m)
from CTD; (5) VM-ADCP horizontal currents in the 60- to 460-m layer;
(6) baroclinic horizontal transport anomalies (relative to the PILI
hydrological survey) in the 20- to 1670-m layer from the P2L1 hydrological
survey (table reproduced from Paci et al. [2005]).

100 to 1670 m has been reduced by more than 85% com-
pared to expMESO. This nonmesoscale simulation will be
referred to as expREF. It will be used as a reference to be
compared with expMESO in order to assess the effect of
mesoscale eddies. It is important to note that the same air—sea
fluxes are used in both experiments. Therefore the differences
between expMESO and expREF will result only from the
oceanic mesoscale dynamics, and not from the impact of
oceanic mesoscale eddies on air—sea fluxes. However, these
fluxes do contain a mesoscale signal linked to the mesoscale
eddies present during the POMME experiment.

2.4. Some Results

[17] Both simulations, lasting from 13 February to 20 May
2001, are characterized by a warming of upper ocean waters
and a restratification of the mixed layer, in response to
positive net surface heat fluxes associated with rather weak
winds [Paci et al., 2005]. Besides this domain-scale
evolution, there is a strong deformation of the temperature
and salinity fields by advection and stirring induced by
mesoscale eddies in expMESO (Figure 3).

[18] The results show also a strong impact of mesoscale
eddies on mixed layer depth and vertical velocity fields.
Actually one of the most striking differences between
expMESO and expREF is the development of filament-
shaped vertical velocity structures in expMESO, in partic-
ular during the restratification of the mixed layer, as shown
in Paci et al. [2005]. These structures are localized at the
periphery of the eddies (see Figure 3), where the deforma-
tion (or the mixed layer horizontal gradient) induced by the
eddies is important [Giordani et al., 2006]. Some of these
structures may persist for a few days. The typical width of
these filaments localized in the upper few hundred meters is
10—20 km. Their averaged intensity is a few meters per day,
but vertical velocities larger than 25 m day ' are found at
some locations, the highest values being obtained during the
restratification period.

[19] Another interesting difference between expMESO
and expREF is the mixed layer depth field (hereafter
MLD). If we except the area of small MLD located near
41°N, 19.5°W, which is linked to the fingerprint of the
cyclonic cold-core eddy C4 on air—sea fluxes [Bourras et
al., 2004], the MLD field is quite close to a south-north
gradient in expREF (Figure 3). This result is even stronger
if we consider the maximum MLD field (not shown). There
is indeed a relatively strong gradient located near 42°N in
this field, lifelike the one usually found in lower resolution
studies [e.g., Williams et al., 1995; Valdivieso Da Costa et
al., 2005]. To the contrary, the MLD field as well as the
maximum MLD field (not shown) is far from amounting to
a simple south—north gradient in expMESO (Figure 3). In
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this experiment, the MLD field is filament shaped as is the
vertical velocity field, but to a lesser extent, and some
structures are persistent during a few days, particularly
during the restratification period. Note that the MLD is
computed using a potential density finite difference
criterion. This method has been retained as the most suitable
one in the context of the POMME program. In particular, it is
more stable than the others, as has already been noted by
Brainerd and Gregg [1995], and stability is of primary
importance for the mixed layer budget calculations presented
in this article. The reference depth is set at the third z-level
(12.5 m) to limit diurnal cycle effects, and the density
threshold is 0.023 kg m >, close to the values found in the
recent extensive study of Boyer Montégut (de) et al. [2004].

[20] The mesoscale and submesoscale structures revealed
by expMESO lead us to this question: Do they have an
effect on the processes occurring in the mixed layer in the
POMME area, and if they do, which one? In the following
sections, the simulations expREF and expMESO will pro-
vide the material to answer this question in a much more
comprehensive way than what would have been possible
using the data alone. But first, let us consider the domain-
averaged mixed layer depth (Figure 4). The domain-
averaged MLD maximum occurs around 4 March in expREF.
It occurs a bit earlier in expMESO, around 1 March. The
domain-averaged MLD is also significantly smaller in
expMESO than in expREF from 1 March to 25 March, with
a difference reaching 22 m on 10 March. Therefore an earlier
and more intense restratification occurs in expMESO from
1 March to 25 March. This difference can be attributed to
the role of mesoscale eddies in the restratification [e.g.,
Lévy et al., 1998; Nurser and Zhang, 2000; Oschlies, 2002;
Henning and Vallis, 2005], but also to the effect of the
submesoscale filaments induced by mesoscale eddies.
Indeed, Lapeyre et al. [2006] found that the surface fronto-
genesis, induced by the stirring of density fronts near the
surface, increases the stratification in the upper ocean. Here
vertical velocities in the upper ocean, which are at least partly
related to the submesoscale ageostrophic circulations that
develop to counteract the growth of horizontal density
gradients, are the most intense from 1 March to 25 March
inthe POMME area [Paci et al., 2005]. Note that this effect of
the submesoscale filaments might be slightly underestimated
in our simulation due to their small size relative to the model
resolution.

3. Heat Budget

[21] A heat budget analysis has been performed in both
simulations in order to investigate the effect of mesoscale
eddies on the physical processes contributing to mixed layer
and sea surface temperature variations.

3.1. Formulation
[22] The budget equation is derived from the full model

equation for the tracer X, namely, temperature or salinity:
X = —U - VX —wd.X + 0.F, — 0.Xw —V(X-U') (1)
and the continuity equation:

V-U4+0.w=0 (2)
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Figure 4. Temporal evolution of the domain-averaged mixed layer depth in expREF (plain line) and in
expMESO (dashed-line). Under the effect of mesoscale eddies, the restratification occurs 3 days earlier

and is more intense from 1 March to 25 March.

[23] U = (u,v) is the horizontal velocity component, w is
the vertical velocity component, 0.F), is the depth derivative
of the penetrative flux of X, U’X’ and w' X" are the horizontal
and vertical part, respectively, of the turbulent flux of X, and
V= (gx, % ). The overbar averaging operator is a Reynolds
average. [t'allows the resolution of the motion and timescales
of interest without simulating the significantly smaller ones.
This operator is applied on each variable of the model. But,
for the sake of simplicity, the overbar has been kept only for
the turbulent fluxes (i.e. fluxes associated with the average
correlation of turbulent fluctuations over the meshgrid and
timestep of the model). These turbulent fluxes are repre-
sented with diffusive closure schemes.

[24] We define the vertical average of any variable a over
the mixed layer as

0
(a) = %[h adz (3)

where h is the MLD, and then the deviation from this
average is a = a — (a).

[25] Using the continuity equation and the rigid-lid
approximation, the vertical integral of equation (1) becomes:

/0 O Xdz = — /0 VUXdz + w(—h)X (—h) + [F,(0) — F,(—h)]
J—h J—h
0

_WX(0) + WX (—h) — / VT (4)

J—h

[26] The vertical integration from z = —/ to the surface of
the continuity equation leads to:

v. /0 Udz = V(h(U)) = w(—h) + U(=h) - Vi (5)

[27] Specifying the surface turbulent fluxes as —X'w/(0) =
F,p (nonpenetrative flux of X), the vertical integral of
equation (1) becomes:

hd,(X) = —h{U) - V(X)—V - [ (: UXdz —[(X) =X (—=h)]we(—h)

entrainment
horizontal advection

+[F,(0) = Fy(=h)] + Fop +WX'(—h)
S —

surface flux vertical diffusion

_ / @ (6)
— ——

h

horizontal diffusion

where w(—h) = w(—h) + U(—h)-Vh + 0,h is defined as the
vertical flow of material across the surface z = —h. Note that
deepening (shallowing) has a positive (negative) contribu-
tion to w.(—h). A quite similar budget equation was derived
for temperature by Stevenson and Niiler [1983] and
Caniaux and Planton [1998].

[28] The terms on the right hand side represent, respec-
tively, the horizontal advection of X by the depth-averaged
current and by the deviations from this mean current (the
sum of these two terms will be called the horizontal
advection later on), the flux of X carried by the mean flow
across the z = —/ surface (defined as the entrainment), the
penetrative flux of X, the turbulent fluxes across the upper
and z = —h surfaces, and the horizontal diffusion of X. The
turbulent fluxes across the z = —h surface (the mixed layer
bottom) will be referred to as the vertical diffusion (at the
mixed layer bottom).

[20] In the case of the heat budget (X = 7):

[30] ® [F,(0) — F(—h)] = % [Z(0) — I(—h)], where F,
is the short-wave radiative flux at the sea surface, / the
fraction of Fi, that penetrates to depth z, p, is the ocean
density of reference, and ¢, is the ocean specific heat;
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Figure 5. Time-integrated mixed layer heat budget divided by the duration of the experiment for
expREF and expMESO. Final values (on 20 May) correspond to the mixed layer heat budget averaged
over the duration of the experiment. Surface heat flux and horizontal advection are the main components

of heat storage. The horizontal advection of cold water is enhanced by mesoscale eddies.

[31] ® Fyp = p:;?p’, where F,., is the sum of the sensible
(Hs), latent (L), and net infrared heat fluxes (F});

[32] e the left hand side of equation (6) is the contribution
of the depth-averaged temperature to changes in the heat
content and will be referred to as the heat storage term. This
term gives information about mixed layer and therefore sea
surface temperature variation rate.

[33] The sum of the solar penetrative flux and turbulent
fluxes across the upper surface will be referred to as the net
surface heat flux. Each term of the heat budget has been
computed at each time step of the model integration and
multiplied by poc, in order to be converted to watts per
square meter. All these terms were then time or space
averaged. However, because of the damping term near the
recirculation area and its nonphysical significance, space
averaging was performed on a 105 x 125 inner points
subdomain. This area extends from 15.73°W to 20.93°W
and from 38.4°N to 44.6°N, representing approximately a
600 x 700 km* domain.

3.2. Domain-Averaged Mixed Layer Heat Budget

[34] Time-integrated mixed layer heat budgets are pre-
sented in Figure 5 for expREF and expMESO. The values
are divided by the duration of the experiment, therefore final
values (on 20 May) correspond to the averaged mixed layer
heat budget from 13 February to 20 May. Surface heat flux
and horizontal advection are the main components of the
heat budget over the duration of the experiments. Moreover,
the temporal high frequency of the heat storage is driven by
the surface heat flux. Whereas surface heat flux warms the
mixed layer at a mean rate of about 38 W m ™2, all the other
terms act to cool it (excepted entrainment that is very small
although positive) in both experiments. As a whole, heat
storage increases at a mean rate of 31 W m 2 in expREF
and 24 W m ™2 in expMESO. This difference is explained
by a horizontal advection of cold water, which is increased
by more than 100% by mesoscale eddies, mostly during the

restratification period. If the cooling effect of horizontal
advection represents only 12% of the surface heat flux in
expREF, it represents more than 25% of the surface heat
flux in expMESO. Thus, if the mixed layer is thinner in
expMESO than in expREF during the restratification under
the effect of mesoscale eddies, it is not overheated relatively
to expREF because the horizontal advection of cold water in
the mixed layer is also enhanced by mesoscale eddies. This
horizontal advection counteracts the shallowing of the
mixed layer by mesoscale eddies. In fact, the increase of
SST is slightly lower in expMESO than in expREF (by
0.04°C) over the duration of the experiments, and final SST
is closer to the data in expMESO than in expREF.

[35] In the two experiments, the cooling effect of total
horizontal advection is the result of a meridional advection
of cold water and a smaller zonal advection of warm water.
Both are enhanced by mesoscale eddies, but the effect is
stronger for the meridional advection (x2.4) than for the
zonal advection (x1.8).

3.3. Spatial Variability of the Mixed Layer
Heat Budget

[36] The two-dimensional heat storage, horizontal advec-
tion, and net surface heat flux averaged over the 13 February
to 20 May period are presented in Figure 6 for expREF and
expMESO. The other two-dimensional fields of heat budget
terms are less significant relative to the spatial variability of
the heat storage. The net surface heat flux field contains
fingerprints of oceanic mesoscale eddies, but the horizontal
advection is counteracting these mesoscale structures and
the resulting heat storage field is very homogeneous in
expREF. To the contrary, the heat storage field contains very
contrasted mesoscale and submesoscale structures in
expMESO. In this experiment, the heat storage is shaped
by mesoscale eddies through the horizontal advection.
Structures of intense cold and warm horizontal advection
are located at fronts between eddies. This has been also
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Figure 6. Synoptic charts of 96 daytime-averaged heat storage, horizontal advection, and net surface
heat flux (13 February to 20 May) for expREF and expMESO. Units are # m 2. The heat storage is
shaped by mesoscale eddies through the horizontal advection. The structures of cold horizontal advection
are stronger and larger than the warms ones, which is responsible for the cooling effect of mesoscale
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eddies.

reported in Caniaux and Planton [1998] and Giordani et al.
[2005b]. It is interesting to point out that these structures
developed mainly during the restratification period. The
structures of cold horizontal advection are stronger and
larger than the warm ones, which is responsible for the
cooling effect of mesoscale eddies. They are located mainly
on the southern side of Al (anticyclonic cold-core eddy)
and A2 (anticyclonic warm-core eddy) and between A2 and
C4 (cyclonic cold-core eddy).

4. Salt Budget

[37] A salt budget analysis has been also performed in the
two simulations in order to investigate the effect of meso-

scale eddies on the physical processes contributing to mixed
layer and sea surface salinity variations. The formulation
and calculation are similar to the ones presented for the heat
budget in section 3.1.

4.1. Formulation

[38] In the case of the salt budget X = S in equation (6)
and:

[39] e [F,(0) — F,(—h)] = 0, as there is no penetrative
flux of salt;

[40] e Fy, = (£ — P)SSS, where E is the evaporation rate,
P is the precipitation rate, and SSS is the sea surface
salinity, will be referred to as the net evaporation flux;

8 of 15



C04007

PACI ET AL.: UPPER OCEAN MESOSCALE VARIABILITY

Time integrated mixed layer salt budget
expREF expMESO

Time integroted mixed loyer solt budget, Feb.13—May20 Time integroted mixed loyer solt budget, Feb.13—-May20
T T T T T T T T

40 40
salt storage salt storage
net evaporation flux net evaporation flux
----- entrainment - - entrainment
F— horizontal odvection - horizontal advection
- vertical diffusion - - vertical diffusion
—~ 201-.. horizontal diffusion T —~ 20 horizontal diffusion 1
g g
3 3
£ £
x x
3 E] 3
% g 0
N 0
-20} - -20} -
1 1 1 1 1 1 1 1
60 80 100 120 140 60 80 100 120 140
L 1 1 1 1 1 J L 1 1 1 1 1 J
Feb13 Mar01 Mor16 AprO1 Apri6  MayOl May20 Feb13 Mar01 Mor16 Apr01 Apr16 MayO1 May20

Doy of year 2001 (1:01/01/2001) Day of year 2001 (1:01/01/2001)

Figure 7. Time-integrated mixed layer salt budget divided by the duration of the experiment for
expREF and expMESO. Final values (on 20 May) correspond to the mixed layer salt budget averaged
over the duration of the experiment. Horizontal advection and surface salt flux are the main components
of salt storage. The horizontal advection of freshwater is enhanced by mesoscale eddies. Note that
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—10 W m™2 is equivalent to an addition of approximately 1 mm day ' of freshwater.

[41] e the left hand side of equation (6) is the contribution
of the depth-averaged salinity to changes in the salt content
and will be referred to as the salt storage term. This term
gives information about mixed layer and therefore sea
surface salinity variation rate.

[42] Each term of the salt budget has been multiplied by
PoCp g in order to be converted to their equivalent in watts
per square meter. « is the thermal expansion coefficient and
(3 is the haline contraction coefficient. The value retained is
a constant Eﬁ = 5 K. This procedure allows to compare heat
and salt budgets in relation to the relative contribution of
T and S in the equation of state, i.e. to their respective
contribution to the variation of the seawater density.

4.2. Domain-Averaged Mixed Layer Salt Budget

[43] Time-integrated mixed layer salt budget is presented
in Figure 7 for expREF and expMESO. As in section 3.2,
the values are divided by the duration of the experiment,
therefore final values (on 20 May) correspond to the
averaged mixed layer salt budget from 13 February to
20 May. Horizontal advection and surface salt flux are the
main components of the salt budget over the duration of the
experiments. Moreover, the temporal high frequency of
the salt storage is driven by the net evaporation flux.
Whereas the net evaporation flux tends to increase the salt
storage at a mean rate of about 6 W m ™2 (this means that the
evaporation rate exceeds the precipitation rate by about
0.6 mm day "), all the other terms act to decrease it. As a
whole, salt storage decreases at a mean rate of 1.6 W m ™2 in
expREF and 9.7 W m 2 in expMESO. This difference is
explained by a horizontal advection of freshwater, which is
increased by nearly 300% by mesoscale eddies, mostly
during the restratification period. If the freshening effect
of horizontal advection represents 68% of the surface salt
flux in expREF, it is about two times larger than the surface
heat flux in expMESO. Therefore if the mixed layer is

thinner in expMESO than in expREF during the restrati-
fication under the effect of mesoscale eddies, it is not
oversalted relatively to expREF because the horizontal
advection of freshwater in the mixed layer is also enhanced
by mesoscale eddies. However, the increase of SSS is
slightly higher in expMESO than in expREF (by 0.013)
over the duration of the experiments.

[44] In the two experiments, the freshening effect of total
horizontal advection is the result of a meridional advection
of freshwater and a small zonal advection of salty water.
The effect of mesoscale eddies on the total horizontal
advection is mainly due to an enhancement of the meridi-
onal advection of freshwater (x2.22).

[45] As for the mixed layer heat budget, the main com-
ponents of salt budget are surface flux and horizontal
advection. Nevertheless, horizontal advection is relatively
more important for the salt budget than for the heat budget,
it is even the main term of the salt budget under the
influence of mesoscale eddies.

4.3. Spatial Variability of the Mixed Layer Salt Budget

[46] The results regarding the two-dimensional fields of
salt budget terms averaged over the 13 February to 20 May
period (not shown) are quite similar to the ones found for
the heat budget. However, in this case the mesoscale
structures of the net surface salt flux are too weak to have
an impact on the spatial variability of the horizontal
advection and salt storage terms, even in expREF. In this
experiment, the horizontal advection field is very homoge-
neous as is the salt storage field. To the contrary, the salt
storage field contains very contrasted mesoscale and sub-
mesoscale structures in expMESO. In this experiment, the
spatial variability of the horizontal advection and salt
storage terms is very similar to the spatial variability of
the corresponding fields presented in Figure 6 for the heat
budget. In particular, the structures of horizontal advection
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Figure 8. Time-integrated domain-averaged detrainment rate for expREF and expMESO. A positive
value means that at the given time (horizontal axis) the amount of water in meters reads on the vertical
axis has left the mixed layer over the domain in average since the beginning of the experiment. The
respective contribution of vertical pumping, lateral induction, and MLD change in the detrainment is also
shown. Mesoscale eddies induce a significant entrainment by lateral induction. The resulting detrainment

appears to be reduced by more than 15%.

of freshwater are stronger and larger, which is responsible
for the freshening effect of mesoscale eddies. As for the heat
budget, these structures developed mainly during the restra-
tification period.

5. Mixed Layer/Pycnocline Water Exchange
5.1. Formulation

[47] The flux of water across the base of the mixed layer
toward the pycnocline is termed detrainment, whereas the
flux of water across the base of the mixed layer toward the
mixed layer is termed entrainment [Qiu and Huang, 1995].
The instant detrainment rate [e.g., Cushman-Roisin, 1987] is
defined by:

D = —(w(—h) + u(—h).Vh + ,h) (7)

where /£ is the mixed layer depth. When D > 0 water is
effectively detrained from the mixed layer to the pycno-
cline, whereas when D < 0 water is effectively entrained
from the pycnocline to the mixed layer. Note that D is equal
to the opposite of w.(-4), as it is defined in section 3.1.

[48] Following Tsujino and Yasuda [2004], the first term
on the right-hand side of equation (7) will be called the
vertical pumping, the second term will be called the lateral
induction, and the last term will be called the MLD change.
Each term has been computed at each time step of the model,
and then these terms were then time or space averaged. As in
sections 3 and 4, space averaging was performed in the
physical domain (the damping area is excluded).

5.2. Domain-Averaged Detrainment

[49] Time-integrated domain-averaged detrainment rates
are presented in Figure 8 for expREF and expMESO. If the

detrainment is largely dominated by the MLD change in
expREF, the lateral induction has also a significant contri-
bution in expMESO due to an increase by mesoscale eddies
of the amount of water entrained into the mixed layer by
this process. This amount of water is more than three times
larger in expMESO than in expREF. Lateral induction and
the effect of mesoscale eddies on it occur mainly from the
beginning of the simulation to the end of the first half of the
restratification period (about 20 March). Note that lateral
induction is negative in expMESO, which is opposite to
what is expected from a large-scale southward current [e.g.,
Paillet and Arhan, 1996a, 1996b]. Actually the meridional
lateral induction is positive, which is consistent with a
southward current, but the total lateral induction is domi-
nated by a negative zonal lateral induction. Vertical pump-
ing is small in the two experiments, but it is smaller in
expMESO (1 m) than in expREF (1.8 m). As the MLD
change is the same in the two experiments, the resulting
detrainment appears to be reduced by more than 15% by
mesoscale eddies. This is consistent with the results of
Valdivieso Da Costa et al. [2005], which found that eddies
tend to counteract the detrainment by the mean flow,
reducing the total annual subduction rate in the density
class of interest (26.8—27.2) in the northeast Atlantic. But it
is opposed to what they found in the particular POMME
area (see Figure 9f in their article). This may be attributed to
interannual variability, as their work is based on a 20-year
average of the model fields. It may also be attributed to the
lower resolution of their study. Over the duration of the
experiment (96 days), the domain-averaged amount of water
leaving the mixed layer is about 85 m in expMESO, in very
good agreement with the results obtained from a different
numerical model by Giordani et al. [2005b].
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Figure 9. Synoptic charts of 96 daytime-cumulated vertical pumping, lateral induction, MLD change,
and resulting detrainment (13 February to 20 May) for expREF and expMESO. Units are meters. Note
that the scale used for vertical pumping is six times smaller than the one used for the other fields. If the
domain-averaged effect of mesoscale eddies on the lateral induction is to entrain more water into the
mixed layer, eddies contribute to detrain water in the peculiar positive filaments seen on this field in

expMESO.

5.3. Spatial Variability of the Detrainment

[50] Two-dimensional fields of detrainment terms aver-
aged over the 13 February to 20 May period are presented in
Figure 9 for expREF and expMESO. Detrainment in
expREF is a positive field, with higher values north of
42°N, as is the MLD change field. This field is actually very
similar to the annual subduction rate field found in the lower
resolution study of Valdivieso Da Costa et al. [2005] in the
POMME area (see Figure 9d in their article). Lateral
induction and vertical pumping have not a significant
contribution to the spatial variability of the detrainment in
expREF. To the contrary, lateral induction in expMESO is a
very contrasted field, dominated by some submesoscale
filaments of intense positive lateral induction and more
numerous areas of moderate to intense negative lateral
induction. The filaments are related to the structures seen
on the MLD fields during the restratification period (see

Figure 3). If the domain-averaged effect of mesoscale eddies
on lateral induction is to entrain more water into the mixed
layer, eddies contribute to detrain water in these peculiar
filaments. The resulting detrainment field has the shape of
the lateral induction field but shifted toward positive values
by the MLD change term, which is quite homogeneous
relatively to the other fields. Even if it does not contribute
much to the spatial variability of the detrainment, the
vertical pumping also exhibits filament-shaped structures
in expMESO but less intense than in the lateral induction
field. These submesoscale structures are associated as
dipoles of positive and negative vertical pumping, in the
fronts between eddies. Filaments of negative vertical pump-
ing are more numerous than filaments of positive vertical
pumping, which is responsible for the effect of mesoscale
eddies on the domain-averaged field.
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5.4. Detrainment in Individual Density Classes

[s1] Besides the previous results regarding the detrainment
term taken as a whole, it is important to know how this term
splits on individual density classes. Detrainment and entrain-
ment through the mixed layer base at 0.104 intervals over the
POMME domain (damping area excluded) from 13 February
to 01 March are presented in Figure 10 for expREF and
expMESO. They are calculated as a function of density
classes following instantaneous isopycnal positions in the
mixed layer in equation (7). The net exchanged water through
the mixed layer base (net detrainment) is also represented.

[52] The first effect of mesoscale eddies is to enhance the
real exchange of water between the mixed layer and the
pycnocline (white bars in Figure 10): the amount of
detrained water increases by about 40% and the amount
of entrained water increases by nearly 60% in expMESO
relatively to expREF. According to sections 5.2 and 5.3, this
is mainly due to the lateral induction, and the resulting net
detrainment is reduced by about 15%. But Figure 10 shows
that the decrease of the net detrainment by mesoscale
eddies is far from being homogeneously distributed among
the individual density classes. To the contrary, the effect of
mesoscale eddies on the net detrainment impacts mainly
two potential density classes: 26.85-26.95 and 26.95—
27.05. In fact, if mesoscale eddies contribute to entrain
about 30 m of water into the mixed layer in the 26.85—
26.95 density class, they also detrain about 15 m of water
from the mixed layer to the pycnocline in the 26.95-27.05
density class. This is a result of primary importance
because these density classes, in particular the second
one, are likely to be the ones involved in the formation
of subpolar mode water during the POMME experiment
according to Reverdin et al. [2005] and to the results of
ongoing research conducted on the high-resolution in situ
data collected during P2L2.

[53] In order to better understand these effects of meso-
scale eddies, it is interesting to consider the synoptic charts
of the difference between expMESO and expREF in the
detrainment of these two density classes. They are presented
in Figure 11. In the 26.85-26.95 density class, the area of
detrainment by MLD change north of 42°N (Figure 9) is
weaker in expMESO than in expREEF, hence the entrainment
effect of mesoscale eddies. This is related to the earlier and
more intense restratification induced by mesoscale eddies.
Indeed, this effect of mesoscale eddies affects the mixed
layer density during the first half of the restratification,
which has an influence on the characteristics of the
detrained water. This is consistent with the numerical results
of Valdivieso Da Costa et al. [2005]. They suggest indeed
that the change in the mixed layer density during the period
of effective detrainment has an important impact on the
subduction. However, there are some filaments of detrain-
ment by lateral induction on the western side of C4,
between C4 and A4, and south of A4. These filaments are
related to the advection of cold (and fresh) water in the
mixed layer seen in Figure 6, under the horizontal velocity
field induced by these mesoscale eddies. Part of this water is
likely to come from outside of the POMME area, in
particular on the western lateral boundary near 40°N, where
a weak surface intensified eastward flow has been revealed
from the subsurface floats [Le Cann et al., 2005].
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[s4] The anticyclonic eddy Al is the key element for the
detrainment of the 26.95-27.05 density class. On the one
hand, it is responsible for the horizontal advection of denser
(cold and fresh, but the temperature effect prevails) in the
mixed layer from the northern lateral boundary near 18°W
and 16.5°W. Part of this water is winding round A1, as seen
in Figure 6. On the other hand, it is responsible for the
detrainment by lateral induction of this advected water. Note
also that some of the water detrained in the vicinity of Al
had been probably advected within the eddy during its
propagation in the ocean. Moreover, there is some detrained
water advected from the north near 16.5°W by Al in the
density range 27.05-27.10 (not shown). The water
advected from the north and detrained in the POMME area
by the anticyclonic eddy Al has a smaller probability to be
entrained again into the mixed layer during the following
winter. Therefore this water has more chance to be effec-
tively subducted in the POMME area than if it would have
been detrained farther north. These results are confirmed by
in situ data. Filament-shaped structures of high oxygen,
similar to the simulated filaments of detrainment, were
found in the high-resolution survey carried out during
P2L2 on the region south of the anticyclonic eddy Al
[e.g., Reverdin et al., 2005, p. 14]. An area of high oxygen
was also found in the region east of Al [Reverdin et al.,
2005, pp. 7—8]. Moreover, evidence of a deep oxygen max-
imum was found in the core of Al [Le Cann et al., 2005,
p- 19], suggesting that this eddy has indeed a very particular
effect on the detrainment. J. C. Gascard et al. (unpublished
data, 2005) found also that this eddy may contain some newly
ventilated water. These results are consistent with the data
analyzed by Paillet [1999], which indicate that significantly
more anticyclones than cyclones contain mode water in the
north of the area.

6. Conclusion

[s5] According to the traditional standpoint [Paillet and
Arhan, 1996a], subduction in the POMME area is explained
by a lateral induction of water by a mean southward velocity
of about 1 cm s~ ! (as retained by van Aken [2001]) across a
steep MLD gradient (as seen in Williams et al. [1995] and
Valdivieso Da Costa et al. [2005]). If this had been
observed, it would have been quite easy to evaluate the
subduction in the area from the value of the meridional
current and the MLD field. But the mesoscale eddies were
much more numerous in this relatively quiescent region of
the ocean than previously reported by Paillet [1999]. In fact,
the circulation is dominated by mesoscale eddies, with little
indication of such a mean southward current [Reverdin et al.,
2005], and the MLD distribution does not present a steep
gradient [Paci et al., 2005]. In order to assess the effect of
these mesoscale eddies, a high-resolution simulation has
been performed during a key period of the POMME
experiment (POMME 1 and POMME 2, late Winter and
Spring of 2001). This period contains the period of effective
detrainment as defined by Qiu and Huang [1995], indeed
the effective detrainment takes place after late winter when
the mixed layer reaches its annual maximum depth and
starts to retreat. The amount of detrainment during this
period controls the annual subduction rate, as well as the
characteristics of the subducted water. The simulation
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Figure 10. Detrainment (positive white bars) and entrainment (negative white bars) through the mixed
layer base in meters at 0.1 oy intervals over the POMME domain (damping area excluded) from
13 February to 01 March for expREF and expMESO. The net exchanged water through the mixed layer
base is represented by grey tone bars. If mesoscale eddies contribute to entrain about 30 m of water into
the mixed layer in the 26.85—-26.95 density class, they also detrain about 15 m of water from the mixed
layer to the pycnocline in the 26.95-27.05 density class.
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Figure 11. Synoptic chart of 96 (13 February to 20 May) daytime-cumulated detrainment in expMESO
minus the same field in expREF. The fields are plotted for the two major oy intervals that may be involved
in the formation of subpolar mode water during the POMME experiment. They highlight the role of the
mesoscale eddies in the detrainment of these density classes. The white areas correspond to a difference
larger than 100 m, whereas the dark grey areas correspond to a difference smaller than —100 m.
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results have been carefully compared with the extensive
data set collected during P1 and P2, including temperature,
salinity, and horizontal currents measurements. This valida-
tion work shows the good quality of the simulation and its
ability to properly represent the large-scale gradients in the
area as well as the mesoscale features. A second simulation,
without mesoscale eddies, is used as a reference to be
compared with this simulation through mixed layer heat,
salt, and water budgets.

[s6] Besides their imprint on the horizontal currents,
mesoscale eddies induce the development of filament-
shaped vertical velocity and mixed layer depth structures.
These mesoscale and submesoscale features have a strong
impact on the spatial variability of the mixed layer budgets.
The two-dimensional structure of the surface heat and
freshwater fluxes is not found in the two-dimensional
structure of the storage terms because the temperature and
salinity are redistributed by mesoscale eddies through the
horizontal advection. Similarly, the two-dimensional struc-
ture of detrainment is not retrieved from the two-dimensional
structure of the MLD change but is controlled by the lateral
induction induced by mesoscale eddies. These phenomena
occur during the period of evolving MLD, particularly
during the restratification period, and underline the impor-
tance of the complex interaction between mesoscale eddies
and MLD evolution. The fact that mesoscale and submeso-
scale structures have a strong and clear signature on the
spatial variability of the budgets is not only due to the slow
evolution of mesoscale eddies during the duration of the
experiment. It also suggests that the structures present during
periods of rapid MLD evolution have the strongest influence
on the spatial variability of the processes.

[57] The effect of these structures on the domain-averaged
mixed layer budgets is far from being negligible. At the
domain scale, air—sea fluxes and horizontal advection are
the leading terms in the heat budget and salt budget,
respectively. Similarly, the domain-averaged detrainment is
controlled by MLD change and lateral induction. Mesoscale
eddies account for a significant part of these budgets through
the horizontal advective terms. Indeed, they represent 52%
and 66% of the horizontal advection of temperature and
salinity, respectively, and 70% of the lateral induction. As
observed for the spatial variability of the budgets, the effect
of mesoscale eddies occurs mainly during the period of
MLD evolution, in particular during the restratification.
Actually, according to the comparison with the study of
Giordani et al. [2005b], it seems that mesoscale activity
during the restratification has a major influence on the
annual budgets.

[58] These results have important consequences for the
exchange of water between the mixed layer and the pycno-
cline. Detrainment appears to be reduced by more than 15%
by mesoscale eddies. If the water detrained over the
duration of the experiment was effectively detrained over
a year, it would correspond to an annually averaged net
detrainment rate of about 0.8 Sv (1 Sv is 10° m® s ). It
would be consistent with the results of Valdivieso Da Costa
et al. [2005], Gaillard et al. [2005], and Giordani et al.
[2005b], where values ranging between 0 and 1.4 Sv were
obtained in the POMME area. But more important are the
results relative to the distribution over the density classes of
the detrained water. Indeed, mesoscale eddies increase the

PACI ET AL.: UPPER OCEAN MESOSCALE VARIABILITY

C04007

density of the detrained water by two mechanisms. The first
involves a particular anticyclonic eddy, Al, located in the
north of the domain. Under the influence of this eddy,
there is a horizontal advection of northern dense water that
is detrained in the domain. The second involves the earlier
and more intense restratification induced by mesoscale
eddies, resulting in the detrainment of denser water during
the period of effective detrainment. This effect of eddies on
the density of the detrained water is of primary importance
because it leads to the detrainment of water likely to be
involved in the formation of subpolar mode water during the
POMME experiment. Under the influence of mesoscale
eddies, this water is detrained in the POMME area and
not farther north; thus, it has a smaller probability to be
entrained again into the mixed layer during the following
winter, and therefore it has more chance to be effectively
subducted in the area.

[s9] These results suggest that a realistic numerical study
of the intrannual to interannual variability of the upper
ocean should use a model able to represent mesoscale
eddies and their propagation in the ocean, with some
parameterization of the submesoscale dynamics if this is
not explicitly resolved.
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