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[1] The meridional transport of salt in the Atlantic ocean is an important process for
climate, controlling the stability of the meridional overturning circulation. The contribution
of transient eddies to this transport is quantified in an eddy resolving North Atlantic
model at 1/12° resolution (NATL12), and compared with lower resolution North-Atlantic
and global 1/4° models. In NATL12 between 10°N and 40°N, there is a volume loss by
evaporation of 0.6 Sverdrups (Sv). The divergence of the eddy flux of salt (normalized
by a reference salinity of 34.8) is 0.2 Sv over the region, a significant fraction of the total
air-seawater exchange, but it is compensated by an opposite convergent transport of salt
by the mean flow, so that the total transport of salt is small. The compensation between
eddy and mean salt transport is almost complete in a multicentury long global model
experiment, but less effective in NATL12 because the short integration time does not allow
the salt content to equilibrate and the model drift is large. Eddies arising from baroclinic
instability contribute to the meridional salt transports at the northern and southern
boundary of the subtropical gyre, where they appear consistent with a lateral diffusion
acting on the mean salinity gradient. However, the eddy transport of salt is the sum of two
terms: an advective contribution (arising from the correlations of velocity and isopycnal
thicknesses) and a diffusion along isopycnals. Both components have the same amplitude
at the southern boundary of the subtropical gyre, while diffusion is dominant at the

northern boundary.
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1. Introduction

[2] The meridional transports of heat and salt by the ocean
are key mechanisms that influence the global climate. The
ocean contributes to the heat transport from the tropics to
high latitudes, and this heat transport can be a source of
climate variability on seasonal, decadal and longer time-
scales. The role of the meridional transport of salt has been
highlighted recently in coupled climate models, because the
freshwater input at the southern boundary of the Atlantic
ocean appears to be an indicator of the bistability of the
meridional overturning circulation [Huisman et al., 2010;
Hawkins et al., 2011]. The net meridional transport of salt
would vanish in a steady state ocean because evaporation
and precipitations do not carry any salt. In a changing cli-
mate, regional variations of the salt content are expected to
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occur, and these can be related to changes in the meridional
transports or/and changes in the regional balance of evapo-
ration, precipitations and continental runoff. In the North
Atlantic ocean such changes may have huge consequences
because of the feedbacks involved in the global thermoha-
line circulation, driven by the formation of North Atlantic
Deep Water. Curry et al. [2003] show that the salinity of the
subtropical Atlantic has increased from the fifties to the
nineties, while the subpolar Atlantic freshened. The origin of
these changes cannot be fully understood without better
estimates of oceanic transports of salt.

[3] Transports of heat or salt are products of a velocity and
a scalar, and as a result the time averaged transport has a
contribution from the averaged correlations between veloc-
ity and temperature (or salinity) anomalies. These terms are
usually called “eddy transports”. In the atmosphere, transient
disturbances arising from baroclinic instability of the zonal
mean flow are a major contribution to the meridional trans-
port of energy at mid latitudes, as explained for example by
Kuo [1956].A recent estimate of the atmospheric eddy heat
flux is found in Trenberth and Stepaniak [2003], who dis-
cuss the tendency for the meridional heat transport by sta-
tionary waves and by transient eddies to cancel each other, a
phenomenon first pointed out by van Loon [1979]. In the
ocean, observations are sparse and the contribution of tran-
sient eddies to the meridional transport of heat has been
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evaluated using numerical models. A pioneering study is
that of Cox [1985], who was the first to show that the
transport by eddies and by the mean flow change in opposite
directions when the model resolution is refined, a behavior
that may have similarities with the cancelation observed in
the atmospheric heat fluxes by van Loon [1979]. This issue
has been further discussed by Bryan [1986]. Eddy/mean
cancelations of the oceanic heat flux have also been found in
realistic North Atlantic models by Bryan and Smith [1998]
and Smith et al. [2000].

[4] In contrast with eddy heat transports, meridional eddy
salt transports have seldom been analyzed in detail in
numerical models. McCann et al. [1994] attempted a first
estimate of salt transports in a global eddying model, but the
results were questionable due to the coarse resolution of the
model (0.5°) and the forcing by relaxation to a climatology,
at the surface as well as in the deep ocean. Two recent
studies have documented the eddy transports of heat and salt
(or freshwater) in the Southern Ocean. Meijers et al. [2007]
have analyzed the horizontal and vertical structure of eddy
transports in a 1/8° model. Lee et al. [2007] have used a
global eddy permitting model to diagnose and compare two
mechanisms by which eddies affect the mean temperature
and salinity fields: the advective effect due to the eddy-
induced velocities, and the diffusion of tracers along iso-
pycnals. However, regarding the North Atlantic ocean, we
are not aware of any calculation of the eddy fluxes of salt in
an eddy resolving model.

[5] Stammer [1998] has estimated the eddy salt transport
using satellite observations of eddy kinetic energy and a
climatology of salinity. Based on a downgradient mixing
hypothesis, he computed the salt flux as the product of a
lateral mixing coefficient (obtained from the observed sur-
face eddy kinetic energy) and the meridional gradient of
salinity averaged over the top 1000 m. This observation-
based estimate has never been compared with salt transports
from numerical models, although such a comparison would
be of interest in order to verify the underlying hypotheses of
Stammer [1998].

[6] The purpose of the present study is to document the
eddy contributions to the meridional transport of salt in the
North Atlantic, building on the analyses that have been
carried out for the heat transport in eddying ocean models.
We use eddy-permitting models at 1/4° resolution that have
been shown to represent eddy fluxes reasonably well in the
Southern Ocean [Treguier et al., 2007] as well as their
contribution to interannual variability [ Treguier et al., 2010],
compared with other models such as Meijers et al. [2007] or
Lee et al. [2007]. However, Smith et al. [2000] have dem-
onstrated that a 1/4° resolution is not sufficient to resolve
key features of the North Atlantic circulation, such as the
Gulf Stream separation. Therefore, we also use an eddy
resolving model of the North Atlantic at 1/12° resolution,
and compare the results with the eddy permitting experi-
ments. At a time when the resolution of the ocean in coupled
climate models increases, so that these models begin to
resolve eddies, it is important to explore how the salt trans-
port depends on model resolution, as was done for the heat
transport by Bryan and Smith [1998]. We calculate the
meridional structure of the eddy salt fluxes and investigate
their origin: are the eddy salt fluxes related to the mean
gradients, following a simple diffusive model as proposed
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by Stammer [1998]? Is there compensation between the
eddy salt transport and the transport by the time mean flow,
as noted in the case of the heat transport by Cox [1985]
for example?

[7] The following section presents and validates the
numerical experiments. In section 3, we describe the model
equations for the conservation of volume and salt. We stress
that transient eddy correlations do not contribute to the
transport of volume, but they do contribute to the transport
of salt. This fact motivates our focus on salt rather than
freshwater transports. The total, mean and eddy transports of
salt are analyzed as a function of latitude, contrasted
between the different model experiments, and the degree of
eddy/mean cancelation is assessed. Section 4 describes in
more details the horizontal and vertical structure the eddy
transports of salt, demonstrating that different processes play
a role in the North Atlantic depending on the latitude con-
sidered, and section 5 summarizes our findings.

2. Numerical Experiments

2.1.

[8] The numerical simulations have been performed in the
framework of the Drakkar project [Drakkar Group, 2007].
The Drakkar group has developed with Mercator-Ocean the
global ocean model ORCAO025, based on the NEMO mod-
eling framework [Madec, 2008]. The ocean model makes the
Boussinesq approximation, which means that it conserves
volume rather than mass. ORCAO025 is based on an isotropic
global tripolar grid, with a resolution of 1/4° (27 km) at the
equator [Barnier et al., 2006]. With this global eddy per-
mitting model, the Drakkar group has performed simulations
of the ocean variability over the last 50 years forced by
atmospheric reanalyses [Brodeau et al., 2010]. These simu-
lations have been used to address scientific questions
regarding the ocean variability at different space and time-
scales. In this study we focus on a higher resolution simu-
lation with a 1/12° mesh covering the Atlantic ocean and the
Nordic seas between 20°S and 80°N (a domain referred to as
“NATL”, Figure 1). This simulation (hereafter NATL12) is
25 years long, from 1980 to 2004, and is documented in a
report [ Treguier, 2008]. In order to study the effect of model
resolution on the eddy fluxes, we also use a NATL025
simulation at 1/4° resolution. All simulations are forced by
the atmospheric data sets DFS3 or DFS4 (Drakkar Forcing
Set 3 or 4) described by Brodeau et al. [2010]. The data set
is a combination of wind, humidity and air temperature from
ECMWEF (European Centre for Medium-range Weather
Forecasts), together with radiation and precipitation data
from other sources [Large and Yeager, 2009]. Turbulent air-
sea fluxes are computed using bulk formulae from Large
and Yeager [2009]. The turbulent transfer coefficients are
estimated using the difference between the wind velocity
and the modeled water velocity. The feedback of ocean
currents on the wind stress is important because it modifies
the strength of the equatorial upwelling and damps the eddy
kinetic energy in eddy-rich regions, as demonstrated by
Eden and Dietze [2009] in a North Atlantic 1/12° model.

[v] As mentioned in the introduction, in a steady state
ocean the net meridional transport of salt would be zero. In
order to study the relative importance of transport by the
eddies and by the time-mean flow, it is very important to use
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Figure 1. RMS sea level variability (cm) for the period 1993-2004. (a) AVISO data (there is no data
north of 65°N due to the presence of sea ice). (b) NATL12. The 5 cm contour is indicated in white.

a numerical simulation that is well equilibrated, with a var-
iability of the salt content of an order of magnitude com-
patible with observations. It is clearly not the case for
simulations carried out for a few decades where the model
drift is large. We have run NATL12 for 25 years only due to
the cost of such a high resolution model; however, within the
Drakkar project, a global ORCA025 simulation has been run
recently for 327 years [Penduff et al., 2011] forced by a
repeated seasonal cycle computed from the Drakkar Forcing
Set DFS4 [Brodeau et al., 2010]. This simulation is used in
the present study in order to clarify the role of the model drift
and to assess the robustness of our results.

[10] Both regional NATL simulations have been forced at
the open boundaries by a monthly climatology built from the
global 1/4° simulation ORCA025-G70, which was the best
global simulation available in the Drakkar group at the time
[Treguier et al., 2007]. This global simulation has been run
for a longer period than NATL, from 1958 to 2004.The
forcing at the northern and southern boundaries of the NATL
domain consists in monthly averages of the velocities, tem-
perature and salinity from ORCA025-G70. A repeated cli-
matological seasonal cycle, built using years 1980-2004 of
the global model, has been chosen rather than fully inter-
annual boundary conditions in order to focus on the inter-
annual variability generated within the NATL domain. At
the southern boundary at 20°S, the radiative open boundary
algorithm described in Treguier et al. [2001] is applied. The
northern boundary follows the ORCA tripolar grid around
80°N across the Canadian Archipelago, Fram Strait and the
Barents Sea. It is characterized by a shallow bathymetry and
very distinct water masses of Arctic origin. If the transport
were allowed to vary across this northern boundary as a
consequence of the volume conservation imposed over the
whole domain, it would generate large fluctuations of
freshwater transport, incompatible with observations. In
order to avoid this spurious behavior, the properties and
velocities of the global model are imposed at the northern
boundary, and the conservation of total volume in the
domain is ensured at each time step by adjusting the trans-
port at the southern boundary so that the inflow from the
boundaries compensates the net loss by evaporation within
the domain (which is of the order of 0.35 Sv on average). All
the experiments are fully coupled with the sea ice model

LIM of the NEMO modeling framework. For the NATL
experiments, a relaxation to the sea ice concentration and
thickness of the global ORCA025-G70 run is introduced
near the northern boundary to mimic the inflow of arctic ice
from into the domain (this is necessary because full open
boundary conditions have not been implemented for the ice
model yet).

[11] None of the experiments has a fully prognostic
Mediterranean sea. The NATL experiments have a closed
boundary at 23°E, with a buffer zone to restore temperature
and salinity toward the climatology of Levitus et al. [1998].
In the long ORCAO025 simulation, it has been found neces-
sary to add a three-dimensional restoring to climatology in
the Mediterranean Sea, with restoring time of 180 days, to
avoid a strong drift in water properties. The need probably
arises from the inadequacy of the climatological forcing,
since the previous (and shorter) interannually forced
ORCAO025 experiments produced a useful simulation of the
Mediterranean sea [7Tsimplis et al., 2008]. There is also
restoring in the Gulf of Cadiz in ORCAO025 locally, in the
Mediterranean water layer only (600—1200 m) with a shorter
restoring time (6 days). This local restoring has been removed
in NATL12, because the higher resolution together with a
local modification of the bathymetry allowed a better repre-
sentation of the Med water overflow [Treguier et al., 2012].
This special treatment of the Gulf of Cadiz is also omitted in
NATLO025 for consistency. Besides the restoring in buffer
zones and the Mediterranean water, the surface freshwater
forcing also includes a restoring to the monthly sea surface
salinity climatology of Levitus et al. [1998]. The main para-
meters of the two NATL simulations and the global
ORCAO025 experiment are summarized in Table 1. Model
outputs are 5-days averages. Unless specified otherwise, the
results of the NATL configurations presented in this study are
averages of these 5-days outputs over a 12-year period, from
1993 to 2004. Results for the long ORCA025 experiment are
averaged over the last 27 years because 5-day outputs are
available over this period (years 301-327).

2.2. Validation

[12] Figure 1 compares the RMS sea level anomaly mea-
sured by altimetry [Ducet et al., 2000] with the RMS sea
level anomaly in NATL12. As expected for such a high
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Table 1. Characteristics of the Simulations®

NATLI12 NATLO025 ORCAO025

Resolution at 45°N 6.5 km 13 km 13 km
Vertical levels 64 46 46

Max horizontal viscosity 1.25 10" m*s™! 1.510" m*s™! 1.510" m*s™!
Max isopycnal diffusivity 100 m*s~! 300 m*s~! 300 m%.s™!
Surface salinity restoring for 10 m depth 176 days 60 days 60 days
Forcing set DFS3 DFs4 DFS4 clim

®For clear reference, NATL12, NATL025 and ORCAO025 are the simulations documented as NATL12-BAMT20, NATL025-
BRD80 and ORCA025-MJMO! in the Drakkar simulation ensemble, respectively. The main difference between the high
resolution (1/12°) and the low resolution (1/4°) experiments is the horizontal viscosity (biharmonic, maximum at the equator,
varying as the third power of the grid size) and the isopycnal diffusivity (Laplacian, maximum at the equator, proportional to the

C05010

grid size). The Drakkar forcing sets DFS3 and DFS4 are described in Brodeau et al. [2010].

resolution model, the agreement is good. The model repro-
duces the main eddying regions (Loop current in the Gulf of
Mexico, Gulf Stream, Azores front, North Atlantic Drift)
with a level of variability compatible with observations. In
the 1/4° model the eddy energy is underestimated and the
path of the mean currents differs more from observations
(not shown); this sensitivity to model resolution has been
described by Smith et al. [2000] using the POP model
(Parallel Ocean Program).

[13] We have compared the evolution of the salinity in the
three models. The time series of the domain-averaged
salinity is dominated by a trend which is smaller in
ORCAO025 but of the same order of magnitude as in the short
experiments: over 25 years, the mean salinity in the whole
NATL domain increases by 0.001 PSU in ORCAO025, by
0.003 PSU in NATLI12, and decreases by 0.009 PSU in
NATLO025. However, this small trend integrated over the
whole NATL domain hides large opposing trends in the
subtropical and the subpolar gyres in the short experiments.
Figure 2 contrasts the trends in these two basins in the three
models; the drift is much reduced in the long ORCA025
simulation compared with the short NATL experiments. The
drift in the gyres in NATL is larger in amplitude than
changes typically observed in the ocean over a few decades
(for example, Curry et al. [2003] find that the averaged
salinity of the North Atlantic between 40°N and 60°N
decreased by 0.03 PSU over 30 years). The model drift is an
adjustment problem, and not a response to the interannually
varying forcing, as has been verified by cycling over the 50
years of the DFS4 atmospheric forcing twice with the
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ORCAO025 model [Treguier et al., 2010; Grist et al., 2010]:
the drift was much reduced during the second 50-years long
experiment. From Figure 2 one can further note that in the
NATL domain, the initial drift shows no simple dependency
on model resolution. In the subpolar gyre the salinization is
larger in NATL12 compared with NATLO02S5, but in the
subtropical gyre the freshening is larger in NATLO02S5.
Rattan et al. [2010] have performed a detailed analysis of
these initial drifts in the 1/4° models, focused on the Lab-
rador Sea. They have found that the interpretation is com-
plex as the drifts result from an interplay between errors in
the model, its initial conditions and its forcing field.

[14] As an additional validation of our models, the
meridional advective heat transport (MAHT) is presented in
Figure 3 for our three simulations, for comparison with
results of the POP North Atlantic model at increasing reso-
lutions of 0.4, 0.2 and 0.1°, first published by Bryan and
Smith [1998] (the same figure appears in Hecht and Smith
[2008]). In our case the transports are estimated across the
model grid lines, which are not exactly parallel to lines of
constant latitude north of 20°N, but the small difference
does not affect the results significantly at the latitudes con-
sidered here.

[15] The model MAHT can be compared with the recent
estimate of Large and Yeager [2009] derived from surface
fluxes, also indicated in Figure 3. Large and Yeager [2009]
compute the meridional heat transport by integrating the
surface air-sea heat flux divergence, starting from zero at
the north pole. The light pink shading in Figure 3 represents
the range of their annual mean estimates over the years

Subpolar gyre north of 40'N

35.12
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35.1f| — — -NATL025
—— ORCA025
2 35.08
£
‘S
® 35.06
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[}
0] —
S 35.04 -
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35
1980 1985 1990 1995 2000 2005
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Figure 2. Time series of averaged salinity in the three models. For ORCAO025, the last 25 years of the
climatological run are plotted. (left) Subtropical gyre between 10°N and 40°N; (right) subpolar gyre north
of 40°N.
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Figure 3. Meridional heat transport, averaged over years 1993—-2004 for the NATL models and over the
last 27 years of the ORCAO025 climatological experiment. Solid lines indicate the total transport and
dashed lines the eddy contribution. For NATL12, a black vertical bar indicates the range of annual mean
heat transport values between 1993 and 2004, at the latitude where the maximum annual value is found
(25.25°N). The pink shading indicates the range of annual mean transport estimates over the years
1984-2006, computed by Large and Yeager [2009] from air-sea surface fluxes. The red dot marks the heat
transport across the RAPID array (with its range of uncertainty) from Johns et al. [2011].

1984-2006. NATL12 agrees the best with these data,
excepted for its large heat transport between 40°N and 50°N.
The range of annual mean transports for NATLI12 at
25.25°N (where the maximum is found) is indicated by a
black bar, showing that the amplitude of the interannual
variability is in agreement with Large and Yeager [2009]. At
26.5°N, the MAHT has recently been estimated with
unprecedented accuracy using the RAPID array [Johns
et al., 2011]. Their value of the MAHT (1.33 £ 0.12 Pw)
is indicated in red in Figure 3. It is larger than Large and
Yeager [2009] and also larger than most previous esti-
mates. Among our models, only NALT12 is compatible with
this new observation at 26.5°N.

[16] The dependency on model resolution is very clear in
Figure 3, because the two 1/4° models are closer to each other
than to the 1/12° model, even though NATL025 and ORCA025
have different boundary conditions (ORCA025 being a
global model) and different forcing fields (NATLO025 has an
interannual forcing, ORCA025 a climatological forcing). The
divergence of the meridional heat transport (advective and
diffusive) is balanced by the surface heat flux, and the trends
of the heat content. The increase of the MAHT from
NATLO025 to NATL12 is consistent with the increase of the
integral of the surface flux (not shown); more heat advected
northward in NATL12 results in a greater heat loss to the
atmosphere. This is expected within a forced ocean model,
where the air temperature is imposed and the air-sea heat flux
is calculated by bulk formulae.

[17] Just as noted by Bryan and Smith [1998], the differ-
ence between the MAHT at 1/4° and 1/12° is due to changes
in the mean transport (e.g., a stronger Gulf Stream and North
Atlantic current) rather than being due to changes in the

eddy component, which is generally small compared to the
total MAHT (dashed lines in Figure 3). The general shape
and amplitude of the eddy advective heat flux is similar in all
three Drakkar models, and also similar with the POP model.
Overall, in agreement with a classical downgradient mixing
hypothesis, eddies flux heat out of the subtropical gyre, with
maxima of southward eddy heat flux at the southern
boundary of the subtropical region (5°N to 15°N) and a
maximum of northward eddy heat transport around 35°N to
40°N at the limit between the subtropical and the subpolar
region. In all models, eddy heat fluxes are small in the
subpolar gyre. The large peak in eddy heat transport
(0.4 PW) found at 36°N in NATLI12 is a special feature of
this model, not found in POP. It is completely compensated
by a corresponding drop in the heat transport by the time-
mean flow, so that it has no effect on the total heat transport
(Figure 3). This feature is further discussed in section 4.

3. Freshwater, Volume and Salt Transports

3.1.

[18] Meridional transports of salt are difficult to estimate
from data, due to the lack of adequate observations of ocean
velocities. The uncertainty of the total volume transport
across a section is usually of the order of—or larger than—
the total transport itself. For this reason, oceanographers
have focused on the transport of freshwater, as explained for
example by Wijffels [2001]. Freshwater is defined as

Rationale

So—S
So

(1)
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Figure 4. (a) Meridional volume transport and (b) freshwater transport, averaged over years 1993-2004
for the NATL models and over the last 27 years of the ORCAO025 climatological experiment. The grey
shading is based on the range of annual mean transport estimates over the years 1984-2006, computed
by Large and Yeager [2009] from air-sea surface fluxes. Large and Yeager [2009] do not take into account
the transport through Bering Strait; a fixed value of —1.4 Sv (Figure 4a) and —0.12 Sv (Figure 4b) has
been added to their freshwater transport to allow comparison with the models.

S being the salinity and S, a reference salinity. The equation
for the freshwater content is obtained by combining the
conservation equations for volume and salt. When S is
defined as the averaged salinity along a section, the fresh-
water transport across that section is independent of the total
mass (or volume) transport. Even when an arbitrary reference
salinity is used [7alley, 2008], the correlation of velocity and
salinity errors ensures that the freshwater transport can be
determined with some skill despite the unknown total volume
transport [ Ganachaud and Wunsch, 2003].

[19] In a numerical model where the mass transport is
known exactly, it is possible to consider both volume and
salt transport separately. Let us assume an ocean volume V
delimited by a boundary b (say, two meridional sections
across a basin) and an air-sea interface of surface s. The
model we use makes the Boussinesq approximation, so that
the mass conservation reduces to the conservation of volume

o [
Ja fr=Jl

where v is the velocity normal to the boundary, 7 is the free
surface elevation and F,, is the freshwater forcing at the air-
sea interface. In our model F,, = E — P — R + F,,, where E —
P — R is the balance of evaporation minus precipitation and
runoffs, and F,, is the restoring to the climatological sea
surface salinity of Levitus et al. [1998]. Equation (2) is lin-
ear; when variables are split into a time-mean and a fluctu-
ating (eddy) part, and averaged in time, no eddy effect
appears.

[20] The conservation equation for salt content, on the
other hand, is impacted by eddy fluxes. Our model uses the

)

linear free surface formulation of Roullet and Madec [2000].
The free surface equation is

o _
or

w(z=0)— 3)

where w is the vertical velocity. The salinity equation is

O = V($) + V) + 8= mSF ), (@)
where u is the three-dimensional velocity, Fp is the diffusive
flux, and F; is the surface ice-ocean flux and 6 the Dirac
operator. F,, is the concentration-dilution flux also appearing
in (2) which contributes to the evolution of salinity. This
equation is similar to the tracer equation 1b in Roullet and
Madec [2000], excepted that the net tracer flux F,,, is zero
in our case because evaporation, precipitation and runoff are
assumed to carry no salt: there is no salt exchanged through
the surface of the ocean. Equation (4) can be integrated
vertically to derive the equation for the conservation of salt

in a fluid column
0
/ upS +
-H

T oS
KHE—‘W

where uy, is the horizontal velocity and V, the horizontal
divergence operator. The surface water flux F,, does not
enter (5) because the concentration/dilution effect in (4)
is canceled by the vertical advection of salt wS at z = 0,
with w(z = 0) being given by (3). This ensures a very good
global conservation of salt [Roullet and Madec, 2000],
consistent with the fact that no salt is exchanged with the

/0 V(Fp) + 6(z = n)SF; (5)
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Table 2. Surface Water Flux, Positive for Net Evaporation, Over the
Whole NATL Domain and in Three Latitude Bands Representing
the Subpolar, Subtropical and Tropical Regions, Respectively®

NATLI12 NATL025  ORCAO025

NATL total upward water
flux (Sv)
North of 40°N

0.41 (0.04)  0.26 (0.06)  0.34 (0.05)

—0.14 (-0.01) —0.20 (0.03) —0.11 (0.09)

Between 10°N and 40°N 0.61 (0.05) 0.53 (0.06) 0.56 (0.05)
Between 0° and 10°N —0.39 (0.01) —0.4(0.01) —0.43 (—0.01)
NATL total ice/ocean flux (Sv) —0.09 —0.07 —0.14

The net F,, is indicated, with the restoring component of the flux F,,
given in parentheses (Sv). The ice-ocean flux results from net ice melt in
the NATL domain.

atmosphere at the surface. In our model, as a consequence of
the linearized free surface formulation, the lateral fluxes at
the boundaries are integrated vertically from the bottom
z = —H to the fixed depth z = 0 (neglecting the sea surface
elevation 7). However, the variation of volume due to the
motion of the upper boundary 7 cannot be neglected in the
global model

0 n

" 8S on
— s
ot )_y

)y ot ot ©)
In the North Atlantic models, the volume is kept constant
by adjusting the flow at the southern open boundary, so that
On/ot = 0 when integrated over the domain.

[21] When the salinity S and velocity v are decomposed
into a mean and eddy part (S = S + S and v = v + V'), the
salt conservation in a volume V), averaged in time, can be
expressed as

%///Vs_;_jévﬁfiﬁnty{ﬁ:/[ﬁ (7)

where Fpp is the diffusive flux of salt (due to the model
parameterized isopycnal mixing). When volume V is our
North Atlantic domain, (7) shows that the salt content can
vary through advection or diffusion of salt in the ocean at the
open boundaries, or through the surface ice-ocean flux. The
latter has a net freshening effect because sea ice is advected
into the North Atlantic from the Nordic Seas and melts there.
Note that when the parameterized diffusive flux F, is small
(which is the case in a high resolution eddy resolving
model), outside the ice-covered regions, and if the salt con-
tent is at equilibrium, (7) reduces to

fvﬂfﬁ:o, (8)
Jb b

the eddy transport of salt is exactly compensated by the
mean, so that the total advective transport into the domain is
zero (in the case of the North Atlantic, it means that the net
meridional transport is non-divergent, independent of
latitude).

[22] An equation for the conservation of freshwater
defined by (1) is readily obtained by substracting (7) divided
by a reference salinity S, from the mass conservation (2).
However, in a numerical model volume and salt fluxes can
be analyzed separately and it makes sense dynamically. The
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ocean volume adjusts through fast dynamics. A localized
volume flux forces gravity waves; persisting anomalies of
(E — P — R) give rise to responses referred to as
Goldsbrough-Stommel gyres [Huang and Schmitt, 1993],
which are fast ocean responses set up by barotropic Rossby
waves. On the other hand, the salt content evolves on very
long timescales when the net salt transport into a region is
non-zero (timescales of centuries, typical of the world ocean
thermohaline circulation). The variability of the freshwater
(1) is thus potentially complex, as its combines these very
different timescales.

3.2. Volume and Freshwater Transport

[23] The net meridional volume transport is shown in
Figure 4a for the three experiments. In all cases, it is exactly
balanced by the surface flux F,,, because our numerical
model conserves volume exactly. The inflow at the northern
boundary is rather large (1.5 to 1.6 Sv). It results from the
water balance of the Arctic in the global 1/4° model, which
has been studied in detail by Ligue et al. [2009]. Our global
model overestimates the transport through Bering Strait:
1.3 Sv in the simulation ORCA025-G70 used as boundary
condition for the NATL domain, and 1.4 Sv in the climato-
logical ORCAO025 simulation. These values are larger than
the recent observation of 0.8 Sv by Woodgate and Aagaard
[2005].

[24] The amplitude of the volume transport is in very good
agreement with the estimates of Large and Yeager [2009]
reproduced in Figure 4. Starting from the north, the trans-
ports in Figure 4 first increase southward up to 40°N due to
the net freshwater input in the subpolar gyre, then decrease
due to evaporation in the subtropical gyre, and increase
again in the tropics. The net surface water flux in these three
latitude bands is indicated in Table 2, together with the
restoring term F),. The contribution of restoring to the sur-
face fluxes is small, although non negligible.

[25] Our model results demonstrate that like the meridio-
nal heat transport, the volume transport is sensitive to the
model resolution. The subpolar freshwater gain is smaller in
NATLI12 compared with NATLO025 and the subtropical loss
is larger, resulting in differences in meridional volume
transport of about 0.1 Sv between the two experiments. The
differences in both gyres result from the stronger evapora-
tion in the high resolution model (precipitation and runoff
are prescribed and identical in both models); this stronger
evaporation is consistent with the larger northward heat
transport in NATL12 discussed in the previous section.
The difference is not due to the relaxation to observed sea
surface salinity which is relatively small (Table 2). Over
most of the domain the restoring term contributes to atten-
uate the differences between the two NATL models at dif-
ferent resolutions.

[26] The corresponding transports of freshwater are plot-
ted in Figure 4b (note that two different offsets at 70°N are
applied to plot the Large and Yeager [2009] transport in
Figures 4a and 4b). We have chosen Sy = 34.8 in (1);
freshwater transports computed with reference salinities
between 34.8 and 35 are barely distinguishable from each
other on the scale of Figure 4 (not shown). The latitudinal
variations in freshwater transports are different from those of
the volume transport, demonstrating that the net advective
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Figure 5. Variations with latitude of the meridional salt transport, averaged over years 1993-2004 for the
NATL models and over the last 27 years of the ORCA025 climatological experiment. (a, ¢, and ) Mean,
eddy and total meridional salt transports (the mean and total are plotted as an anomaly relative to the total
transport at 20°S, which is —1.3 Sv in ORCA025 and NATL025 and —1.2 Sv in NATL12). (b, d, and f)
Comparison of the total transport with the salt content variation and the integral of the ice-ocean flux in the

three model experiments.

transport of salt is not zero in the models. For example, the
decrease in freshwater transport from 15°N to 40°N is larger
in the North Atlantic models than in the global model, and
the latter is the most compatible with the surface fluxes of
Large and Yeager [2009]. These differences will be analyzed
further in the next section by concentrating on the transport of
salt, which we compute in units of Sverdrups (10° m3.s~1),
normalized by a constant salinity Sy. Throughout this paper

we choose Sy = 34.8; this value is arbitrary and used only to
help the reader compare the relative contribution of the
volume flux and the salt flux to the freshwater (1).

3.3. Salt Transport

[27] The time-averaged meridional advective salt transport
(normalized by S;), which is the difference between the
curves in Figures 4a and 4b, can be decomposed into its
mean and eddy component (Figure 5). In order to focus on
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the meridional structure within the domain, the total trans-
port at the southern boundary of the NATL domain is sub-
tracted for each model (see the caption of Figure 5). The first
thing to note is that the eddy transports are significant:
across the subtropical gyre, the eddy salt transport diver-
gence is larger than 0.2 Sv, which is not small compared to
the evaporation- precipitation balance over the area (0.6 Sv,
see Table 2). A second very striking characteristic is the
compensation between eddy and mean salt transport. In the
global experiment ORCAO025 (Figure 5a) the compensation
is almost perfect, the total salt transport (thin black line)
being small, excepted between 36°N and 40°N, and north of
60°N. Figure 5b shows again this total salt transport for
ORCAO025, compared with other terms in the conservation
equation (7): the integral of the salt content drift (dashed
line) is very small because the model has been run for more
than 300 years. As shown by (6) it is the sum of two terms:
the salinity increase in the fixed volume delimited by a
constant surface z = 0, and the contribution of the variation
in the sea surface elevation. Over the last 25 years of
ORCAQO025, the respective contribution of these two terms in
0.009 Sv and 0.004 Sv. The contribution from the ice-ocean
flux (thick grey line) explains entirely the transport north of
60°N. The rapid increase of the southward transport at 36°N
is probably balanced in the model by the relaxation of
salinity (and temperature) to observed water mass properties
in the Mediterranean Sea and the Gulf of Cadiz. Near 40°N
the diffusion of salt (parameterized by an isopycnal Lapla-
cian operator) may be significant at the boundary between
the subtropical and the subpolar gyre, and can also contrib-
ute to balance the nonzero advective salt transport. These
terms have not been saved in the model archive and are
difficult to recompute with enough precision to verify the
balance.

[28] In NATLO25 (Figure 5d) and NATL12 (Figure 51),
the total salt transport is larger than in ORCAO025, and it is
mainly balanced by the drift of the salt content. Note that the
ice-ocean flux is smaller in the NATL experiments than in
ORCAQO025, because some parameters for the sea ice model
were different in the climatological ORCAO025 run. The sea
ice flux in the North Atlantic can be compared with the sea
ice export from the Arctic Ocean through Fram Strait, which
is around 0.09 Sv [Dickson et al., 2007]. In both regional
and global simulations, Figure 5 demonstrates the strong
compensation between eddy and mean advective meridional
salt fluxes. The key result is that in a well equilibrated
eddying model, the required cancelation of the salt conver-
gence is realized because eddies compensate mean flow
advection at each latitude, both eddy and mean fluxes being
large (of the same order of magnitude as the evaporation/
precipitation balance). The lateral diffusion parameterized in
the eddying models (in our case, an isopycnal Laplacian
diffusion) does not play a significant role in the basin-wide
meridional transports, even at 1/4°.

[29] Let us now consider the meridional structure of the
eddy salt fluxes. The variations as a function of latitude are
quite similar in the three experiments with a maximum near
36-40°N, a minimum near 15°N, and a maximum just north
of the equator. In all models, the eddy salt fluxes are small in
the subpolar gyre. The amplitude of the eddy transport of
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salt increases with the model resolution, from 1/4-1/12°, as
the spectrum of eddy variability is better represented in the
model. A strong sensitivity to resolution appears at the lati-
tude of the Gulf Stream separation (36°N), with a much
larger eddy salt flux in NATL12 compared with the 1/4°
models. In these respects, the salt transport behaves like the
heat transport described in section 2.

[30] Most of the v'S" correlation is due to variability at
timescales typical of oceanic eddies, and shorter than one
year. This is confirmed by comparing the eddy salt transport
averaged over the 1993-2004 period with averages over
individual years for NATL12 (Figure 6a). Although there is
year-to-year variability, the overall meridional structure of
the eddy salt transport is well established using only one
year of model output. We have also estimated the part of the
V'S’ correlation that results entirely from the seasonal cycle.
To do this, we have computed an average seasonal cycle
over the 12 years 1993-2004. The 12 monthly values of

velocity and salinity, ¥ and S are used to compute a salt

transport vS. The difference with the transport by the mean
flow ¥S is the contribution of the seasonal cycle, represented
by a thin line in Figure 6a. This contribution is small,
excepted in the tropics. Between the equator and 10°N the
seasonal cycle explains half the eddy transport of salt in
NATLI12. This seasonal contribution is complex to analyze
because it is the sum of large and opposite northward and
southward fluxes depending on longitude; at 10°N where the
seasonal eddy flux is maximum in amplitude, the seasonal
cycle at the western boundary plays the most important role
(not shown).

[31] In the subtropical gyre, the meridional structure of the
eddy salt fluxes appears in good agreement with the one
computed by Stammer [1998] based on a simple down-
gradient mixing hypothesis. Using the meridional gradient
of salinity averaged over the top 1000 m, he found a maxi-
mum eddy salt transport near 40°N and a minimum near
10°N (his Figure 8b). We compare in Figure 6b the eddy salt
transport in NATL12 and a similar estimate based on the
gradient of the averaged salinity in the top 500 m, and a
constant mixing coefficient . Figure 6b shows a calculation
based on the model salinity gradient and a calculation based
on the observed salinity climatology of Levitus et al. [1998]:
both give similar results. The mixing coefficient we have
chosen, k = 250 m?.s 2, is similar to the averaged x found
by Stammer [1998] in the subtropical gyre (he obtained
larger values in the western boundary current system). We
have used a depth of 500 m to average the salinity gradient
rather than 1000 m like Stammer [1998] because it fits better
the model estimate. When salinity is considered over the top
1000 m, a larger salinity gradient appears around 30-35°N
due to the Mediterranean water while there is no enhanced
southward eddy salt transport in NATLI12 in that latitude
band. In summary, Figure 6b seems to validate the down-
gradient hypothesis near 15°N, but less so in the 36-40°N
band where the peak of eddy transport in the model does not
correspond to the latitude of the maximum salinity gradient.
Figures 5 and 6 suggest that the main role of eddy salt fluxes
is to mix salt out of the subtropical gyre, in order to com-
pensate for the input of salt into the gyre by mean advection,
which is itself partly due to the volume flux convergence
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Figure 6. (a) Meridional eddy salt transport for NATL12 experiment over the 1993-2004 period, com-
pared with estimates for each individual year (grey lines) and the contribution of seasonal V'S’ correlations
(thin black line). Four latitudes are marked where the salt transport is examined in more detail in Figure 7.
(b) Comparison of the NATL12 eddy salt transport with an estimate using a constant mixing coefficient
k=250 m”.s * and the meridional gradient of salinity in the top 500 m, for the NATL12 model (thick
dashed line) as well as the Levitus climatology (thin dashed line).

driven by the excess evaporation. In order to go beyond this
simple picture, an examination of the zonal and vertical
structure of eddy salt fluxes in the subtropical gyre as well as
an estimation of their advective and diffusive components is
presented in the following section.

4. Structure and Origin of Eddy Salt Fluxes

[32] Figure 7 represents the eddy salt flux cumulated from
the west in the NATL12 and NATLO025 models, at four
latitudes. For NATL12, these latitudes, indicated in the top
map of Figure 7, correspond respectively to the minimum
and maximum eddy salt transport (15°N and 36.5°N, see
Figure 6), the maximum sea surface salinity (26.5°N) and
the northern boundary of the gyre (42°N), where the strength
of the eddy salt transport is similar to 15°N but with an
opposite sign. The cumulated transport at 42°N in Figure 7
displays a strong eddy contribution at the longitude of the
Gulf Stream/North Atlantic Current system, but eddy fluxes
exist all along the section. At the latitude where the north-
ward eddy salt flux is maximum in NATLI2 (36.5°N)
almost all the eddy flux occurs at the western boundary. In
the center of the gyre at 26.5°N, the eddy salt flux is very
small outside the Gulf of Mexico. This is consistent with
Stammer’s [1998] diffusive flux hypothesis, since this lati-
tude (which is the latitude of the RAPID array) corresponds
to the salinity maximum of the subtropical gyre, where
meridional gradients of salt are small. Near the southern

boundary of the gyre, at 15°N, where the maximum south-
ward eddy salt transport is found, the eddy contribution is
significant at all longitudes, with no large contribution from
either the western or the eastern boundary.

[33] The contribution of different layers to the total eddy
salt flux is presented in Figure 8 for the four latitudes 15°N,
26.5°N, 36.5°N and 42°N. The basin-wide flux is dominated
by contributions from the upper layers above the thermo-
cline, explaining why it is better to average the meridional
gradients over the top 500 m (our Figure 6) rather than 1000 m
[Stammer, 1998] when attempting to estimate fluxes from
gradients. The complex vertical structure at 15°N, with a
surface minimum, is explained by the contribution to the
zonal integral of the Caribbean Sea (not shown), where the
surface eddy salt flux is northward contrary to the Atlantic
basin at this latitude. This may be a model artifact, as the
surface meridional gradient of salt is reversed and over-
estimated there in the model due to an invasion of anoma-
lously fresh waters from the Amazon and Orinoco rivers.
This problem may be related to the values we have chosen for
the river run-off, a climatology from Dai and Trenberth
[2002], or to errors in the model circulation or vertical mix-
ing near the river mouths. The vertical and longitudinal
structure of the eddy salt flux is similar in the 1/4° model and
the 1/12° model, although large differences can exist at a
given latitude as demonstrated by Figures 7 and 8. At 36.5°N
the eddy salt flux is small in NATL025 because the Gulf
Stream separation occurs too far north. The larger eddy
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Figure 7. (a) Map of mean sea surface salinity in NATL12 (contour interval 0.5 PSU, more saline waters
are indicated by a darker grey, maximum contour is 37 PSU). (b—¢) Meridional eddy salt transport for the
NATLI12 and NATLO025 experiments over the 1993-2004 period, cumulated from the west at the four lat-

itude lines indicated in the top map.

variability in NATL025 compared with NATL12 at 42°N
results from this shift in the Gulf Stream path.

[34] The contrasting longitudinal structure of eddy fluxes
at 36.5°N and 15°N in Figure 7 deserves attention, but first it

is important to establish its significance. The equation for the
conservation of salt (4) shows that it is only the divergence
of the advective fluxes that impacts the mean salinity locally,
but eddy fluxes often have a large rotational component
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bins, as a function of depth.

which makes their effect on the mean flows difficult to
diagnose. Different methods have been proposed to remove
the rotational component [e.g., Eden et al., 2007]. However,
these methods are subject to arbitrary choices regarding
lateral boundary conditions [Fox-Kemper et al., 2003].
These authors point out that the local effect of eddy fluxes
over a region of interest can be evaluated by computing the
integral of the eddy flux divergence over the area, a quantity
that is independent of the rotational component of the eddy

0.5 T T T T

flux. Following Fox-Kemper et al. [2003] we have plotted in
Figure 9 the sum of the divergence of the eddy salt flux
between two latitudes, cumulated from the west, for the high
resolution NATL12 model. We have verified that the total
integral across the basin is equal to the difference between
the eddy salt transports at these two latitudes (the numerical
model conserves salt to machine accuracy); this can also be
verified by comparison of the cumulated values in Figure 9
with Figure 6. The latitude 36.5°N corresponds to the
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Figure 9. Divergence of the eddy salt flux normalized by Sy in NATL12, integrated meridionally
between two latitudes and cumulated zonally from the west boundary. The total cumulated values across
the basin (Sv) is the difference between the total eddy salt flux at the two latitudes.
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Figure 10. Variance of velocity in NATL12, normalized salinity S/S, and eddy flux averaged over the
1993-2004 period, along the section at 36.5°N (the zero contour is indicated in white).

maximum northward eddy salt transport, and 15°N to the
minimum. Figure 9 confirms the striking difference between
latitude band 15°N-26.5°N, where eddy salt flux divergence
is important at all longitudes, and latitude band 33°N-
36.5°N, where most of the eddy salt flux divergence occurs
next to the western boundary.

[35] Having established that the large local eddy salt flux
near 36.5°N in NATL12 is mainly divergent, we compare its
structure in Figure 10 with the variance of velocity and the
variance of salinity (divided by Sp). The maximum velocity

and salinity variances are concentrated in the western
boundary current, where the Gulf Stream separates from the
coast near Cape Hatteras, and so is the eddy salt flux. This is
confirmed by a map of depth-integrated eddy salt flux
(Figure 11). From the map and the section, it appears clearly
that the basin-wide meridional eddy salt flux results from the
large positive flux on the western flank of the Gulf Stream in
the upper layers. After its separation from the coast at Cape
Hatteras, the Gulf Stream axis shifts with time and meanders
develop downstream. The variability of the axis position
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Figure 11. Map of normalized meridional eddy salt transport v'S'/Sy in NATL12, integrated over depth
and averaged over the 1993-2004 period in the Gulf Stream separation region. Contour interval is
0.002 Sv, the zero contour is outlined in white, positive values are indicated by a darker grey. The mean
position of the Gulf Stream axis (maximum velocity at 200 m) is indicated by the thick black dashed line.
The 36.5°N section is indicated, as well as the box where the flux divergence is integrated (see text).

leads to a characteristic “double blade” pattern of maximum
eddy velocities around 72°W, 37°N with two maxima, one
on each side of the mean jet axis, which are well observed by
satellite altimetry [Ducet and Le Traon, 2001]. The NATL12
model reproduces this pattern (not shown). However, con-
trary to the symmetry of the eddy velocities, the positive
eddy salt flux on the west side of the jet is much larger than
the negative flux on the other side (Figure 11) which leads to
the large positive basin-averaged meridional eddy flux at
36.5°N. Let us stress again that this local eddy flux is
divergent: indeed the divergence of the eddy salt flux inte-
grated in the box shown in Figure 11, 0.32 Sv, represents
90% of the eddy salt flux divergence integrated in that lati-
tude band over the whole basin, and Figure 9 confirms that
there are no other significant contributions to the divergence
east of this box. The eddy heat transport behaves similarly to
the eddy salt transport (not shown).

[36] Compared with other models, the strength of the eddy
effect at these latitudes is especially large in NATL12 (we
already noted in section 2.2 that the eddy heat transport in
NATLI12 is larger than in the POP model of Hecht and Smith
[2008]). This eddy effect for both heat and salt is subject to a
large interannual variability (as shown in Figure 6a), and
furthermore, it is dependent on the model simulation (in a
companion NATL12 experiment, not shown, the eddy heat
transport at 36.5°N can be lower by about 50% depending
on the period considered). For these reasons, it is necessary
to investigate the robustness of this effect in new numerical
experiments and to perform a more detailed validation of the
modeled Gulf Stream separation: these studies are now
under way. Here we just confirm by Figures 10 and 11 the

importance of the western boundary current separation for
transient eddy transports, a feature that was pointed out
earlier by Drijfhout [1994] in an idealized basin model.

[37] Let us now consider the 15°N section (Figure 12).
The velocity variance is larger in the Caribbean Sea (west of
60°W), and above 1000 m. The salinity variance is large
everywhere along the section in the upper layers (in the top
500 m). The eddy salt flux is negative over a large fraction of
the section, excepted for large positive values near the sur-
face in the Caribbean Sea; these are compensated by nega-
tive values below so that the net contribution of the
Caribbean Sea to the zonal integral is small (Figure 7).
In agreement with Figure 8, 88% of the total integrated v'S’
flux is found in the top 500 m, where velocity and salinity
fluctuations are anticorrelated (correlation coefficients of
—0.2 to —0.4). The fluctuations are characterized by west-
ward propagating anomalies (not shown), with typical zonal
wavelengths of 200 km and timescales of one or two
months. This is consistent with the baroclinic instabilities
developing on the westward return branch of the subtropical
gyre as found by Cox [1985] in his idealized model of a
rectangular basin. Indeed, in our model salt fluxes and
temperature fluxes have similar longitudinal structure, when
averaged over the depth. Like the salt fluxes, the temperature
fluxes are spread zonally over the section, concentrated in
the upper 500 m (72% of the total), and the velocity-tem-
perature anticorrelation has a magnitude similar to the
velocity-salinity anticorrelation. Baroclinic instability is thus
likely responsible for both the eddy heat and the eddy salt
transport at this latitude. It certainly plays an important part
at the northern boundary of the gyre (42°N) as well, as
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Figure 12. Variance of velocity in NATL12, normalized salinity S/S, and eddy flux averaged over the
1993-2004 period, along the section at 15°N (the zero contour is indicated in white).

shown by the repartition of eddy salt fluxes all along the
section as is the case at 15°N (Figure 7).

[38] Following the theory of Gent et al. [1995], the fluxes
generated by baroclinic instability are both advective
(advection by the eddy-induced velocity) and diffusive
(diffusion of temperature and salinity anomalies along iso-
pycnals). In order to understand better the implications for
parameterizing these fluxes in climate models, it is useful to
separate these effects as done by Lee et al. [2007] in a model
of the Southern Ocean. The method starts from the

conservation equations for a tracer (here salinity, S) in an
isopycnal framework [see also Gent et al., 1995]

0

3 (Sh) + V(uhS) = H, 9)
with 4 the isopycnal layer thickness and H designating
the source and sink terms as well as sub-grid scale diffusion.
We note the time-average by an overbar, and the thickness-
weighted average of a variable v by a caret, such as v = vk /h.
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Figure 13. Total eddy flux in NATL12 calculated in z-coordinates (thick black curve, same as Figure 6)
as well as in isopcynal coordinates (thin black curve, see text for definition). The separate contributions of
eddy advection (blue) and diffusion (red) in isopycnal coordinates are also indicated, for (top) heat and

(bottom) normalized salt transport.

The double prime is a deviation from the thickness-weighted
average: V' =v—v. Using these notations, the time-
averaged advective flux of tracer can be decomposed into
an advective and a diffusive part

uhS = aSh + u'S"h. (10)
A velocity component v can be further decomposed into a

Eulerian mean and an eddy-induced velocity [Gent et al.,
1995]

f/z?—i—i:\_z—kve, (11)
h
where v, is the eddy-induced velocity. Thus, the first term of
the rhs in (10) contains an eddy advective tracer flux due to
velocity-thickness correlations (advection of S by u.) and
the second term is diffusion of tracer along isopycnals result-
ing from the triple correlation of velocity, thickness and tracer.
These terms can be estimated in a z-coordinate model (as done
by Lee et al. [2007]) by binning the instantaneous model
output into isopycnal layers and calculating the time-averages.
We have performed the same analysis for our best-resolved
model, NATLI12, using 93 bins of potential density o
referenced to 1000 m. The method ensures that a sum of the
total tracer transport uAS over the isopycnal bins gives exactly
the same transport as a vertical integral over the model z-
levels. The advective, diffusive and total fluxes of heat and salt
are represented as a function of latitude in Figure 13. The eddy
transports calculated in z-coordinates shown previously in
Figures 3 and 6 are superimposed for comparison. There is a
difference between the z-coordinate eddy flux and the iso-
pycnal definition of the eddy flux. As pointed out by Lee et al.
[2007] it is due to the difference between the eulerian mean

tracer S used to define v'S" and the thickness-weighted aver-

aged tracer Sused to define v''S”. The difference is rather small
because these two averages are not fundamentally different for
temperature and salinity.

[39] This advective-diffusive decomposition has never
been performed in the North Atlantic, therefore we docu-
ment not only the salt transport but also the the heat transport
(Figure 13, top). For heat, the diffusive part is much smaller
than the advective part, excepted in the 35—40°N latitude band.
Indeed the advective component (blue curve on Figure 13, top)
is undistinguishable from the total (thin black curve) in some
latitude bands. In the subtropical gyre, temperature is an
active tracer, whose fluctuations are linked with fluctuations
of the density field, so that the eddy transport is almost
completely explained by the velocity-thickness correlations.
Note that this is not in contradiction with Stammer’s [1998]
analysis based on a diffusive hypothesis and large scale
horizontal gradients of temperature, because at first order,
within the quasi-geostrophic approximation, advection by
eddy-induced velocities is not distinguishable from horizon-
tal diffusion [Treguier et al., 1997]. In the “quasi-geostrophic
diffusion” view, eddies mix the temperature downgradient,
exporting heat out of the subtropical gyre. In the “eddy-
advection” view, eddy-induced velocities tend to flatten the
bowl-shaped isopycnals of the subtropical gyre, flushing
light (and warm) water out of it. Both views are consistent
with the sign of the eddy heat flux. Our model confirms the
key role of velocity-thickness correlations and supports the
use of the parameterization of Gent et al. [1995] in low res-
olution primitive-equation models of the North Atlantic.

[40] Regarding the salt transport (Figure 13, bottom), the
diffusive component is more important. This is consistent with
the fact that density is primarily determined by temperature in
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the subtropical gyre, and that large salinity gradients and
salinity fluctuations can develop along isopycnals. The iso-
pycnal diffusion of salt is much larger than the advective
component in the Gulf Stream and north Atlantic system (35 to
45°N). This is consistent with the existence of large salinity
gradients along isopycnals in the upper ocean at these lati-
tudes. As pointed out by Lee et al. [2007] the advective and
diffusive eddy contributions to salt transport are not always of
the same sign; they can reinforce or oppose each other,
depending on the horizontal and vertical gradients of salinity.
Opposing effects occur at 26°N where the eddy advective salt
flux is to the south and the eddy diffusive flux to the north,
leading to a small total eddy salt flux. This behavior demon-
strates that the effect of eddies is more complex than a simple
downgradient mixing.

[41] We do not estimate eddy mixing coefficients here as
Lee et al. [2007] did, because a zonally averaged view is less
relevant in the North Atlantic than in the Antarctic Circum-
polar current, and performing a three-dimensional calculation
would require eliminating the rotational components of the
fluxes. This has been attempted by C. Eden in a high reso-
lution model of the North Atlantic, with success in the case of
the thickness fluxes [Eden et al., 2007] but not in the case of
the isopycnal diffusion of tracers [Eden and Greatbatch,
2009]. Eden and Greatbatch [2009] found that the eddy
mixing coefficients are highly non-isotropic, the meridional
mixing coefficient being smaller than the zonal one.

5. Discussion and Conclusion

[42] The purpose of our study was to document, for the first
time, the eddy contribution to the meridional transport of salt
in the North Atlantic in an eddy resolving model at 1/12°
resolution (NATL12). A preliminary step was to diagnose the
total transports of heat, salt and volume, and validate them
using observations. The comparison of NATL12 with lower
resolution models showed that both volume transport and salt
transport depend on model resolution, just like heat transport
whose dependency on model resolution has been known for
more than 10 years.

[43] The eddy velocity-salinity correlations contribute to a
significant salt transport in the subtropical gyre. Between
15°N and the center of the gyre where the eddy transport
of salt vanishes, the divergence of eddy salt transport of
—0.15 Sv in the NATL12 model is very significant com-
pared with the net evaporation of 0.31 Sv over this latitude
band. Considering the whole subtropical region from 10°N
to 40°N, the eddy salt flux divergence of 0.2 Sv is of
the same order of magnitude as the net upward water flux
(0.6 Sv). We emphasize that eddy salt transports cannot be
ignored at midlatitudes in eddying models. However, the
model eddy salt fluxes, like eddy heat fluxes, are small in the
subpolar gyre. This may be due to the smaller meridional
gradients (rather, the subpolar gyre is characterized by
strong zonal gradients of temperature and salt) or to the fact
that our spatial resolution of 1/12° is still too coarse to
resolve eddies in the subpolar oceans, where the Rossby
deformation radius is small.

[44] Near 15°N, the southward eddy salt flux reaches
—5.2 Sv.PSU, or —0.15 Sv when normalized by a reference
salinity. This eddy salt flux is consistent with the calculation
by Stammer [1998] based on an eddy mixing coefficient and
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a diffusive hypothesis. Stammer’s maximum southward
eddy transport in the Atlantic (his Figure 8b) was located
closer to the equator (near 10°N) and smaller than ours
(—1.10® kg/s, corresponding to —0.1 Sv) but the agreement
for the order of magnitude between the two independent
estimates is encouraging. However, a separate calculation of
the advective and diffusive contributions to the total eddy
transport in an isopycnal framework confirms that the effect
of eddies should not be viewed as a simple horizontal dif-
fusion. Rather, it is consistent with the advective-diffusive
parameterization of Gent et al. [1995] used by most climate
models. At the northern boundary of the subtropical gyre,
around 36—42°N, the eddy flux has a magnitude similar to
the flux at 15°N but an opposite sign (to the north). When
eddy fluxes are spread over a large area of the meridional
section, as happens at 15°N and 42°N, they are consistent
with the mechanism that has been invoked in all previous
studies of eddy heat flux, namely, baroclinic instability of
the mean flow.

[45] The meridional structure of salt transports shows a
large compensation between the eddy and mean compo-
nents. Both have anti-correlated variations as a function of
latitude. In ice-free regions, this compensation happens
necessarily if the eddy fluxes are an order of magnitude
larger than the temporal changes in salt content and the
parameterized lateral diffusion of salt. The compensation
was much less clear in some previously published model
results, such as McCann et al. [1994] or Meijers et al. [2007]
because these models had been integrated for a short period
of time so that the drift was probably very strong. Here we
have demonstrated a quasi-perfect compensation between
the eddy and the mean transports of salt in the subtropical
gyre in a global model experiment at lower resolution (1/4°)
that has been run for 327 years with a climatological forcing,
thus allowing the model to equilibrate better and the drift to
become much smaller.

[46] The consistency of our results with Stammer [1998]
suggests that the divergence of the eddy salt transport in
the real ocean may indeed represent a few tens of Sv in the
subtropical Atlantic. However, if this is the case, this large
eddy transport must be compensated by the transport of salt
by the mean currents, in order to be compatible with the
observed variability of salt content (which is typically
smaller than the drift found in the NATL12 model). If the
amplitude of our model eddy salt transport is realistic, and
the good compensation between eddy and mean is realistic
as well, this raises two questions. First, are the salt transports
measurable in the ocean? Besides the main source of
uncertainty for salt transports which is the difficulty to
measure the net mass transports, the presence of an eddy
contribution compensating the transport by the mean flow is
another difficulty which has been ignored until now, but will
have to be taken into account when in-situ measurements are
used to provide information on salt transports. The second
question is the mechanisms by which the compensation
operates and the timescales involved, because this could
have important consequences for the evolution of climate.
Regarding the baroclinic instability mechanisms at play for
example at 15°N, we have not explored their variability over
long (decadal) timescales due to the relatively short duration
of the high resolution NATL12 experiment (25 years).
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[47] A specific feature of the NATL12 model is the pres-
ence of a large peak of eddy transport at 36.5°N, near the
latitude at which the Gulf Stream separates from the coast at
Cape Hatteras. This large eddy contribution is found for the
heat transport as well as the salt transport. It is model-
dependent, and much weaker at lower resolution in the 1/4°
models. We have shown that this eddy contribution occurs in
a very limited region on the western flank of the Gulf
Stream. NATL12 may be an extreme example of this eddy
effect, but it is likely occurring in other models as well:
indeed an early study of Drijfhout [1994] pointed out the
importance of the western boundary current for the meridi-
onal heat flux in an idealized model. If the same variability
happens in the ocean it has implications for observation of
eddy fluxes. Wunsch [1999] used current meter data to
assess the importance of eddies for the meridional heat
transport and found significant fluxes in the western
boundary currents. However, the significance of these eddy
fluxes cannot be understood unless the extent of eddy/mean
compensation in western boundary currents is quantified;
large eddy transports can occur locally with no consequence
for the basin wide meridional transport if they are compen-
sated by opposing mean transports.

[48] In coupled climate models the transport of heat and salt
by eddies has been usually parameterized, because the ocean
components of earth system models did not have enough res-
olution to represent eddies. One could be tempted to conclude
from our analysis that the present parameterizations of eddy
transports in climate models are adequate to represent the
effects of eddies, but it is not the case. The comparison of
models at different resolution (1/4° to 1/12°) shows that the
total heat and volume transports vary with resolution, and only
NATLI12 has a heat transport at 26°N compatible with the
recent observations of the RAPID array [Johns et al., 2011].
The changes occur mainly through modifications of the mean
currents as the spatial resolution of the model is increased,
leading to changes in the air-sea fluxes (changes in heat loss by
evaporation, for example). The modifications of the circula-
tion at higher resolution are due to a better representation of the
bathymetry, a decreased viscosity, but also to indirect effects
of the eddies themselves, for example the tendency for eddy
momentum fluxes to amplify eastward jets in the ocean [Levy
et al., 2010]. The current effort to increase the resolution of
ocean models for climate simulations and climate change
scenarios is thus necessary.
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