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Abstract. The meridional transport of salt is computed in
a global eddy-resolving numerical model (1/12◦ resolution)
in order to improve our understanding of the ocean salinity
budget. A methodology is proposed that allows a global anal-
ysis of the salinity balance in relation to surface water fluxes,
without defining a “freshwater anomaly” based on an arbi-
trary reference salinity. The method consists of a decompo-
sition of the meridional transport into (i) the transport by the
time–longitude–depth mean velocity, (ii) time–mean veloc-
ity recirculations and (iii) transient eddy perturbations. Wa-
ter is added (rainfall and rivers) or removed (evaporation) at
the ocean surface at different latitudes, which creates con-
vergences and divergences of mass transport with maximum
and minimum values close to±1 Sv. The resulting merid-
ional velocity effects a net transport of salt at each latitude
(±30 Sv PSU), which is balanced by the time–mean recircu-
lations and by the net effect of eddy salinity–velocity correla-
tions. This balance ensures that the total meridional transport
of salt is close to zero, a necessary condition for maintain-
ing a quasi-stationary salinity distribution. Our model con-
firms that the eddy salt transport cannot be neglected: it is
comparable to the transport by the time–mean recirculation
(up to 15 Sv PSU) at the poleward and equatorial bound-
aries of the subtropical gyres. Two different mechanisms are
found: eddy contributions are localized in intense currents
such as the Kuroshio at the poleward boundary of the sub-
tropical gyres, while they are distributed across the basins at

the equatorward boundaries. Closer to the Equator, salinity–
velocity correlations are mainly due to the seasonal cycle and
large-scale perturbations such as tropical instability waves.

1 Introduction

The distribution of salinity in the global ocean is controlled
by ocean–atmosphere exchanges as well as by the ocean cir-
culation. The global distribution of surface salinity shows
a clear relation with evaporation minus precipitation mi-
nus coastal runoff patterns (e.g. the atmospheric forcing,
E −P −R), as shown in Fig.1. Upper ocean salinity is high
in the subtropical gyres, where evaporation dominates. It is
lower in the subpolar regions and under the intertropical con-
vergence zones, where precipitations dominate. The correla-
tion between sea surface salinity andE −P −R patterns has
stimulated recent efforts in monitoring the surface salinity as
an indicator of changes in the global hydrological cycle (Yu,
2011; Durack et al., 2012). Indeed, our knowledge of the wa-
ter flux over the ocean is highly uncertain, due to the high
intermittency and small spatial scales of precipitations. The
ocean salinity, as an integrator ofE − P − R patterns, could
give us indications of changes in the hydrological cycle over
the ocean potentially more reliable than direct observations.
This is the concept of “using the ocean as a rain gauge for the
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Fig. 1. Top panel: evaporation–precipitation–runoff flux for the
global ORCA12 model (kgm−2s−1). Positive values correspond
to regions where evaporation is dominant. Bottom panel: salinity
(PSU) averaged over the top 200 m in the ORCA12 model. It is a
time–mean over the last 10 years of an 85 year-long experiment.

global water cycle”, applied recently to the tropical oceans by
Terray et al.(2012).

Applying this concept is far from trivial, because changes
in salinity can reflect either changes in evaporation, precipita-
tion, runoffs or changes in the ocean circulation. Ocean cur-
rents, from the large-scale gyres to mesoscale eddies, trans-
port water masses with distinctive salinities far away from
their region of origin. The relationship between the variabil-
ity of ocean currents,E−P −R and surface salinity has been
evaluated at seasonal timescales byYu (2011) from obser-
vations. She found that the seasonal cycle of mixed layer
salinity is driven by different processes in different regions
of the ocean:E − P − R is the dominant process in the in-
tertropical convergence zones, while advection by Ekman or
geostrophic velocity plays a larger role in subtropical gyres.
However, because of the scarcity of observations, the analy-
sis ofYu (2011) relies on simplified equations, neglecting the
nonlinear eddy contributions. Similarly, studies of the global
transports of salt from in situ observations such asTalley
(2008) or Ganachaud and Wunsch(2003) cannot shed light
on the nonlinear mechanisms contributing to these transports.

In this paper we consider the transport of salt by the
ocean circulation averaged over long timescales (decadal
or longer). It is the integral of the product of velocity and
salinity. Therefore, the time-averaged transport contains an
“eddy” term arising from the correlation between fluctua-
tions of velocity and salinity. Denoting byb a section (or an
ensemble of sections) bounding a closed region of the ocean,

S the salinity,v the velocity perpendicular to the boundary,
the time average by an overbar and the departures from the
time average by primes,∫∫
b

vS =

∫∫
b

vS +

∫∫
b

v′S′. (1)

One expects the effect of velocity–salinity correlations
on the time–mean salt transport,v′S′, to be significant es-
pecially in eddy-rich regions of the world ocean such as
western boundaries or the Antarctic Circumpolar current.
Stammer(1998) provided the first global estimate of eddy
fluxes of salt based on a diffusive hypothesis. He computed
a diffusion coefficient due to mesoscale eddies using satellite
altimetry and combined it with large-scale salinity gradients
from climatology. He found that the eddy salt transport was
likely to be important in the same regions as the eddy heat
transport (for example, the Antarctic Circumpolar current,
the Gulf Stream and Kuroshio). However, his estimate was
indirect and relied on hypotheses difficult to justify. For ex-
ample, he computed the depth-integrated eddy salt transport
as the product of a diffusivity at the ocean surface (derived
from satellite observations) by a gradient of salinity averaged
over the top 1000 m of the ocean. This method is question-
able, because the eddy diffusivity in the ocean is not constant
over the top 1000 m and there is no evidence suggesting that
eddy fluxes vanish below 1000 m.

High-resolution numerical ocean models are the only tools
that allow us to estimate both time–mean and eddy contribu-
tions to Eq. (1) in a consistent manner. At the global scale,
these models have become increasingly realistic in the past
20 years or so, and numerous studies have been devoted to
eddy heat fluxes. Surprisingly, only a few so far have con-
sidered eddy salt fluxes. The role of eddies in the meridional
transport of salt at the global scale has been explored byMc-
Cann et al.(1994), who were the first to estimate eddy salt
transports in a quasi-global ocean model (excluding the Arc-
tic Ocean). Their model had a 0.5◦ grid. With such a low
resolution, only the largest patterns of variability such as Ag-
ulhas rings or tropical instability waves could be simulated,
so this first global estimate clearly needs revisiting. In this
paper, we use a high-resolution global model to compute the
eddy salt fluxv′S′, defined as the correlation of salinity and
velocity fluctuations, and we argue that it plays a significant
role in the time-averaged salinity balance of the global ocean.

Our study follows the regional model analysis ofTreguier
et al. (2012), focussed on the North Atlantic. We take ad-
vantage of a new global simulation at 1/12◦ to extend our
investigation to all ocean basins. We also build on the re-
gional model analysis ofMeijers et al.(2007), focussed on
the Southern Ocean. Instead of salt transport,Meijers et al.
(2007) considered “freshwater transport”, where “freshwa-
ter” was defined as a salinity anomaly relative to a reference
salinity (35 PSU). In the present paper, as inTreguier et al.
(2012), we use salt transport rather than “freshwater” in order
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to avoid the use of an arbitrary reference salinity. We go fur-
ther thanTreguier et al.(2012) by proposing a decomposition
of the salt transport into three components in the manner of
Bryden and Imawaki(2001), rather than just the time–mean
and eddy components defined in Eq. (1). This allows us to
link the salt transport with the atmospheric forcing, just as if
we were using the notion of “freshwater”.

The global simulation used in this study is unique by the
combination of its high spatial resolution (a quasi-isotropic
grid of 1/12◦ resolution at the Equator) and its length
(85 years of simulation, forced by a repeated seasonal cycle);
it is presented in Sect. 2. The rationale for the decomposition
of salt transport into three components is presented in Sect. 3
and applied to the global model in Sect. 4. Spatial and tem-
poral scales of eddy fluxes are analysed further in Sect. 5.
Conclusions and perspectives are presented in Sect. 6.

2 Description of the global simulation

ORCA12 is, so far, the highest resolution global model of the
DRAKKAR hierarchy (Drakkar Group, 2007; Penduff et al.,
2010) using the global ORCA tripolar grid (see for exam-
ple Barnier et al., 2006, for a description of the 1/4◦ ver-
sion). The model is based on the NEMO platform (Madec,
2008, Nucleus for European Modelling of the Ocean) which
includes the LIM ice model (Timmermann et al., 2005).
Model resolutions of 1/10◦ or more have been shown to
drastically improve the representation of western boundary
currents such as the Gulf Stream or the Kuroshio (Mal-
trud and McClean, 2005), and ORCA12 is no exception.
The good performance of the 1/12◦ grid for the represen-
tation of the Gulf Stream eddy dynamics is documented by
Maze et al.(2013). ORCA12 is introduced inHurlburt et al.
(2009) and has been the global operational forecast model
at Mercator-Ocean since 2011. The DRAKKAR group has
used ORCA12 to perform ocean–ice simulations forced by
the atmosphere over periods of 10 to 30 years. These simula-
tions have been used, for example, to document the transport
of salinity anomalies at 30◦ S in the Atlantic and its link with
the stability of the Atlantic meridional overturning circula-
tion (Deshayes et al., 2013).

For our purpose, which is to evaluate the eddy contribu-
tion to the time–mean transport of salt, it is important that the
model salinity should not be drifting too rapidly from the ob-
served climatology, because the meridional transport of salt
is related to the change in salt content (e.g.Treguier et al.,
2012). Models without data assimilation drift inevitably, due
to errors in the numerics, parameterizations, and/or forcings.
When the state of the atmosphere is fixed (in the statistical
sense), the drift in the ocean usually becomes small at the
end of long integrations (with durations of centuries to mil-
lenia). While such long simulations are routinely performed
to equilibrate coupled climate models, they are not yet possi-
ble with costly high-resolution models such as ORCA12.

The longest simulation available (ORCA12-GJM02) is
85 years long. It has been forced by a repeated seasonal cy-
cle of atmospheric forcing, the objective being a study of
the intrinsic variability generated by the ocean at interan-
nual timescales, followingPenduff et al.(2011). The sim-
ulation has been run as a “Grand Challenge” at the IDRIS
computing centre in Orsay (France), and its duration was dic-
tated by the computing power available. The ORCA12 grid
has 4322× 3059 points horizontally and 46 vertical levels.
The global domain was split into 3584 sub-domains on an
IBM x3750 computer. The simulation required about 5 mil-
lion hours of CPU time and generated 53 Tera-octets of out-
put files. Only monthly averages were stored during the first
75 years of the experiment. During the last ten years, 5-day
averages of surface fluxes and 3-D fields of temperature and
velocity were archived, allowing us to evaluate the effects of
transients (at timescales longer than 5 days). In this paper,
time averages will be made over these final ten years of the
experiment.

The grid size of ORCA12 is 9.25 km at the Equator, 4 km
on average in the Arctic, and up to 1.8 km in the Ross and
Weddell seas. In our simulations, the bathymetry is repre-
sented by partial steps (Barnier et al., 2006) and a linearized
free surface formulation is used (Roullet and Madec, 2000).
Free-slip boundary conditions are applied over most of the
domain. The lateral mixing of tracers is parameterized by an
isopycnal Laplacian operator with coefficient 100 m2s−1 at
the Equator, decreasing proportionally to the grid size. For
the lateral mixing of momentum, a horizontal biharmonic op-
erator is used with coefficient 1.25×1010 m4s−1 at the Equa-
tor, decreasing proportionally to the cube of the grid size.
Vertical mixing of tracers and momentum is performed by
a turbulent kinetic energy closure. Vertical mixing of tracers
is enhanced (10 m2s−1) in case of static instability. A diffu-
sive and advective bottom boundary layer parameterization is
added in order to improve the representation of dense over-
flows.

The atmospheric forcing is based on observed (satel-
lite) and reanalysed atmospheric variables, following the
method ofLarge and Yeager(2009) but taking variables from
ECMWF instead of NCEP (Brodeau et al., 2010). The tur-
bulent fluxes are calculated using the CORE bulk formulae
of Large and Yeager(2004) excepted for the wind stress,
which is calculated from the wind velocity only without tak-
ing into account the ocean currents. The construction of the
seasonal cycle forcing is described in detail byPenduff et al.
(2011). Coastal runoffs are prescribed using the climatology
of Dai and Trenberth(2002). Coastal runoff from Antarctica
(0.083 Sv) is distributed along the coast but also offshore to
mimic the effect of iceberg drift, followingSilva et al.(2006).

A restoring to the climatological salinity of Levitus is
added, with a coefficient of 50 m/(300 days), correspond-
ing to the “strong restoring” option of the Coordinated
Ocean Reference Experiments (CORE) described byGriffies
et al. (2009). The restoring is seen as a correction to the
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atmospheric water forcing and is thus converted into a water
flux. Sea surface salinity restoring seems necessary to allow
forced ocean–ice models to equilibrate, because these forced
models do not include important feedbacks that exist in the
coupled ocean–atmosphere system (for example, the precipi-
tations in a forced ocean model do not depend on the model’s
evaporation). To avoid a destructive interaction between the
SSS restoring and the coastal runoffs, the restoring is sup-
pressed within a distance of 150 km from the coast. Also,
the restoring is limited everywhere in the model to a max-
imum absolute value of 4 mm day−1. In most DRAKKAR
global simulations, the formation of Antarctic bottom water
(AABW) is not represented correctly and this induces a spu-
rious downward trend in the Antarctic Circumpolar current
transport (Treguier et al., 2010). To avoid this trend, a relax-
ation of temperature and salinity to climatology is introduced
in the dense layers corresponding to AABW. This procedure
is described in detail in the appendix ofDufour et al.(2012).

Because the evaporation is recalculated at each time step
by the CORE bulk formula using the model’s prognostic sea
surface temperature, the water balance cannot be achieved a
priori. Some modellers apply an “ad hoc” global correction
to the model water balance, annually or at each time step
(see Griffies et al. (2009), for example). We have chosen not
to do so in our simulation, so that the global mean sea level
is allowed to drift. During the first half of the simulation, the
sea level increases steadily by 45 cm, and then increases less
rapidly (about 10 cm) during the second half. The increase
is 2.5 cm over the final 10 years of the simulation which are
analysed here. This corresponds to a net water flux of 0.03 Sv
integrated over the ocean surface.

3 Decomposition of the salt transport

Our global analysis builds on the study of salt transport in the
North Atlantic by Treguier et al.(2012), where the merid-
ional transport was decomposed into a time–mean and an
eddy transport, which compensated each other to a large ex-
tent. This compensation arises if the salinity distribution is
stationary in time: in that case, the transport of salt must
be zero because evaporation, precipitations and runoffs do
not carry any salt. Therefore, the lhs of Eq. (1) is zero and
the eddy/mean decomposition of salt transport does not shed
light on the relation between the transport and the atmo-
spheric forcing, contrary to the case of the heat transport
(Treguier et al., 2012). Here we use a decomposition simi-
lar toBryden and Imawaki(2001) because it clarifies its link
with the freshwater flux at the surface of the ocean.

To motivate our method, let us consider first an idealized
two-box model (Fig.2). We define a subpolar box, where
precipitation dominates evaporation (a negativeE −P is ap-
plied), and a subtropical box, where evaporation dominates
(positiveE − P ). The net water forcing over the domain is
zero, so that total volume is conserved. The box ocean is

Fig. 2. Box model used to introduce the salt transport decomposi-
tion. (a) schematic of the exchanges between the two boxes a short
time into the spin-up (typically days or weeks). A barotropic flux
F0 is set up to carry the excess mass input into the subpolar box by
precipitations, in order to avoid indefinite growth of the difference
in sea level between the two boxes. It induces a barotropic transport
of salt (noted asv0S0, green arrow);(b) schematic of the exchanges
between the boxes at equilibrium. Salinity anomaliesS∗ develop
as a consequence of the barotropic salt flux. Three-dimensional re-
circulations are established over long timescales (years, decades)
which carry salinity anomalies (the transport is notedv∗S∗, red ar-
row). At equilibrium the salt content of each box is constant and
the salt fluxv∗S∗ due to the recirculation cancels the salt fluxv0S0
carried by the barotropic volume fluxF0.

initially at rest, with uniform density and salinityS0. Let
us noteF0 = −(E − P ) the water flux, integrated over the
area of the subpolar box, in units of volume flux (Sverdrup,
1 Sv= 106 m3 s−1). When the forcing is applied it creates
an excess volume and elevates the sea surface in the sub-
polar region relative to the subtropical region. A net flux
of water F0 = −(E − P ) (schematized by a blue arrow in
Fig. 2a) is established between the two boxes, to compen-
sate the excess water input into the subpolar box. This trans-
port, driven by pressure forces, is depth independent. In the
real ocean, the spin-up of this net mass transport is mediated
by fast surface gravity waves that can propagate across the
globe with a typical timescale of a day (like tidal waves).
In response to a complex pattern of surface water forcing,
a geostrophic adjustment takes place and a barotropic circu-
lation is established, the Goldsbrough–Stommel circulation
(Huang and Schmitt, 1993), which is one order of magnitude
smaller than the wind-forced circulation. For the purpose of
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our demonstration here, we are concerned only by the net
transportF0 between the two boxes and we assume that this
transport is established instantly. Thus, at early times, the ve-
locity v0 averaged across the central section transports water
of salinity S0. It brings not only water, but also salt, into the
subtropical box. Evaporation does not carry any salt, so there
is no sink of salt in the subtropical box: the salt transport into
the subtropical box (notedv0S0 in Fig. 2) causes an increase
of the salinity there. In the subpolar box, on the contrary,
salinity decreases. At later times (Fig.2b) salinity anomalies
S∗

= S−S0 develop in the two boxes. For the model to reach
an equilibrium salinity distribution, a recirculation correlated
with the salinity anomalies must be established to cancel the
transport of salt across the central section: the velocity as-
sociated with this recirculation is notedv∗. This circulation
is represented by the red arrow in Fig.2b. At equilibrium,
if the diffusive transport can be neglected, the advective salt
transport is zero:∫∫

vS =

∫∫ (
v0 + v∗ (x,y,z)

)
S (x,y,z) = 0, (2)

wherev0 is the velocity averaged across the section andv∗

the perturbation velocity. The branches of the recirculation
v∗ compensate in mass but because different branches carry
water with different salinity, there is a net export of salt from
the subtropical to the subpolar boxes, compensatingv0S0 ex-
actly in the steady state. In the real ocean, this recirculation is
set up on periods ranging from months to centuries, through
mechanisms such as baroclinic wave propagation, advection
by the global ocean circulation, and eddies.

In the world ocean, the large-scale salinity anomalies
between basins depicted in Fig.1 are consistent with the
present-day global circulation, both being (at first order)
an equilibrium response to the atmospheric forcing. Stud-
ies such asTalley (2008) aim at diagnosing the mass-
compensated recirculationv∗ which is responsible for main-
taining the observed salinity field against the net salt trans-
port forced by the atmospheric water flux. Indeed, the pre-
sentation in terms of a “north” and a “south” box in Talley’s
Eq. (1) is similar to ours, excepted for the fact that Talley’s
discussion is cast in terms of “freshwater anomalies” rather
than salt. Freshwater anomaly, hereafter notedSa, is defined
as a negative salinity anomaly normalized by a referenceSr:

Sa =

(
1−

S

Sr

)
. (3)

In our box model, at equilibrium, the volume transport
across the section is equal to the atmospheric water flux north
of the section:∫∫

v = F0 = −(E − P). (4)

Combining Eq. (4) with the condition of vanishing salt flux
at equilibrium Eq. (2), one obtains an equation for the trans-
port of freshwater anomalySa:

∫∫
vSa =

∫∫
v

(
1−

S

Sr

)
= −(E − P). (5)

This is true for any choice of the reference salinitySr.
The oceanographic literature is quite confusing regarding

“freshwater” budgets and “freshwater” transports. From the
point of view of basic physics and chemistry, “freshwater”
is simply “pure water” (Wijffels et al., 1992; Wijffels, 2001).
The mass of pure water is defined unambiguously as the mass
of ocean water minus the mass of salt, expressed in units of
kg m−3; the mass of salt represents a small perturbation of
about 3 % (the mass of salt contained in 1000 kg of ocean
water (1 m3) is about 35 kg). Thus the ocean mass balance
in response to exchanges of water with the atmosphere de-
pends very weakly on the ocean salinity. Indeed, the Boussi-
nesq approximation where the mass balance is replaced by a
volume balance, and thus variations of density (and therefore
salinity) are neglected in the mass conservation equation, has
proven very robust. The Boussinesq approximation is used
in many conceptual and numerical models of the ocean cir-
culation (including ORCA12). The key to understanding the
salinity distribution of the ocean is not the distinction be-
tween transports of pure water or salty water, but rather the
distinction of the different salinities carried by the branches
of the recirculationv∗.

The choice of a reference salinity in Eq. (3) is not ob-
vious for modellers. When computing a transport from in
situ observations across a hydrographic section,Sr is usu-
ally defined as the salinity averaged over the section area.
When multiple sections are considered, definitions ofSr ap-
pear quite arbitrary in the literature, which hampers the com-
parison of estimates published by different authors. For ex-
ample, in her global analysisTalley (2008) chose a constant
reference salinitySr = 34.9, while Ganachaud and Wunsch
(2003) considered the mean salinity of each section;Meijers
et al. (2007) choseSr = 35 for their model of the Southern
Ocean, andLique et al.(2009) usedSr = 34.8 for the Arctic.
Recently, in a study of the freshwater budget of the Arctic
Ocean,Tsubouchi et al.(2012) explained why the salinity
averaged along the boundary section of their domain of in-
terest had to be used forSr, and they quantified the errors
that could result from a different choice. The complexity of
the oceanographer’s concept of “freshwater” is demonstrated
by the fact thatTalley (2008) had to use two different nota-
tions (MSv and FSv) for the freshwater transport, accord-
ing to the section or the domain where it was calculated.
Moreover, in some of the publications “freshwater” is used
as an abbreviation for the “freshwater anomaly”Sa, which
creates confusion with theWijffels et al. (1992) definition of
“freshwater” as “pure water”. In the present paper, by con-
sidering the transport of salt, we avoid the arbitrariness of a
reference salinity.

www.ocean-sci.net/10/243/2014/ Ocean Sci., 10, 243–255, 2014
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Following the recommendation ofBryden and Imawaki
(2001) for the heat transport we decompose the meridional
salt transport into three contributions, one of which is directly
related to the atmospheric water flux, so that the decomposi-
tion provides the same information as an analysis based on
a freshwater anomaly. Let us consider the meridional trans-
port across a zonal section in the global ocean. Just like in
the box model, the volume transport must balance the atmo-
spheric forcing in the domain situated north or south of the
section. We note〈〉 the spatial average on the section (along
the zonal and vertical directionsx andz). For the meridional
velocityv,

〈v〉(y, t) =
1

A

∫∫
A

v (x,y,z, t) dx dz (6)

with A the section area. Defining a time mean (noted by an
overbar) we decompose the velocity into the net transport
velocity 〈v〉, a time–mean recirculation along the sectionv∗

and transient fluctuations (noted by primes):

v (x,y,z, t) = 〈v〉(y) + v∗ (x,y,z) + v′ (x,y,z, t) . (7)

We assume that the time and spatial averages commute,
and that the time average of transient fluctuations vanishes.
Noting S the salinity, the mean meridional advective salt
transportT across the section is thus decomposed into three
components:

A〈vS〉︸ ︷︷ ︸
T

= A〈v〉〈S〉︸ ︷︷ ︸
Tm

+A〈v∗S∗〉︸ ︷︷ ︸
Tr

+A〈v′S′〉︸ ︷︷ ︸
Te

. (8)

The subscripts for the three components on the rhs (right-
hand side) stand for “time-zonal mean”, “recirculation”,
and “eddy”, respectively. For the first component we pre-
fer “time-zonal mean” rather than “barotropic” as proposed
by Bryden and Imawaki(2001), because most of the time
in the literature “barotropic” refers to a transport integrated
over depth only, not over a section area. Note also that when
the zonal mean is taken for the global ocean, inter-basin ex-
changes such as the flow through the Bering Strait contribute
to the “recirculation”, which differs from the analysis ofWi-
jffels et al. (1992), where the recirculation is estimated in-
dependently in each ocean basin, and the flow through the
Bering Strait is considered as a separate component of the
global balance. By the conservation of volume,Tm is related
to the integral of the net surface water flux, and to the tempo-
ral change of the volume, south of the section (considering
Antarctica aty = ys as the southern boundary of the global
ocean):

Tm = A〈v〉〈S〉(y) = −〈S〉(y)

y∫
ys

∫
x

(
E − P − R

)
dx dy

−〈S〉(y)

y∫
ys

∫
x

(
∂η

∂t

)
dx dy. (9)

In the case of equilibrium over long timescales,∂η/∂t can
be neglected as assumed in Eq. (4). This equation links the
water flux over a given region and the transport across the
boundary of this region, but it is important to note that the
salinity carried by the flow is the salinity averaged over the
bounding section, which is not related to the volume aver-
age of the salinity in the region. In the literature one finds
definitions of freshwater anomalies using a volume-averaged
salinity as reference: this is not consistent, as discussed thor-
oughly byTsubouchi et al.(2012) in their Sect. 4.1 and in
their Appendix A.

When the salinity field is in a steady state (such as in the
example of the box model), and if the diffusive transport can
be neglected, the total meridional advective transport of salt
T in Eq. (8) is zero. In the absence of fluctuations, the time-
zonal mean transportTm due to atmospheric forcing is com-
pensated for by the transport of the time–mean recirculation
v∗ so thatTm = −Tr. In the presence of transient fluctuations,
both〈v∗S∗〉 and〈v′S′〉 can play a role in bringing the salinity
distribution to equilibrium (Tm = −Tr−Te). The decomposi-
tion into three components (Tm, Tr andTe) is more informa-
tive than the decomposition into eddy and time–mean trans-
port (Te on one hand,T = Tm+Tr on the other hand) used by
Treguier et al.(2012), because in the latter case, the link be-
tween the salt transport and the atmospheric flux is not made
explicit. In the next section we examine the relative role of
these components of the salt transport in the ORCA12 simu-
lation.

4 Global salt balance in ORCA12

Let us first consider the model volume balance. As shown in
Fig. 1 the surface water flux forcing varies with latitude, and
its convergences and divergences must be compensated for
by a meridional volume transport in the ocean. Our model
makes the Boussinesq approximation, and thus conserves
volume rather than mass, which is why we speak of volume
transport rather than mass transport (as noted in the previous
section the mass transports of salty water and pure water are
the same within 3 %). Figure3 shows the volume transport
deduced from the model air–sea water fluxE−P −R. It has a
strong similarity to the volume transport estimated byLarge
and Yeager(2009), which itself is in overall agreement with
the early estimate ofWijffels et al. (1992). The meridional
water transport at a global scale is thus quite robust, with its
slope reflecting the regions dominated by precipitations (in-
creasing northward transport near the Equator and north and
south of 40◦), or by evaporation (decreasing northward trans-
port in the subtropical regions of both hemispheres). The
difference between the model forcing andLarge and Yea-
ger(2009) is due to the different evaporation field (computed
from ECMWF data instead of NCEP, and using the model sea
surface temperature) and to the fact that the restoring to cli-
matological sea surface salinity in the model is implemented
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Fig. 3. Meridional transport resulting from the surface water flux
in the ORCA12 model (Sv, thick black line), and comparison with
Large and Yeager(2009). The grey shading is the envelope of all an-
nual transports resulting from the air–sea fluxes ofLarge and Yea-
ger (2009) for years 1984 to 2006 (these fluxes are a combination
of observations and the NCEP reanalysis). The thin black line is the
meridional transport computed directly from the model meridional
velocities.

as a correction to the surface water flux (it is thus taken into
account in the thick black curve in Fig.3).

Also plotted in Fig.3 is the time-zonal mean meridional
transport calculated at each latitude from the model veloc-
ities. The conservation of volume is exact within machine
accuracy in NEMO, so that this transport should match ex-
actly the one implied by the surface fluxes. A small differ-
ence appears in Fig.3: averaged over all latitudes, there is a
bias of 0.02 Sv. According to Eq. (9), it is due to the increase
in volume of the model ocean over the 10 years of integra-
tion (the global exchange of water between the ocean and
the atmosphere and land,E − P − R, is not exactly zero, as
mentioned in Sect. 2). When this effect is taken into account,
the freshwater forcing and the model response match exactly.
Note that the balance between surface water flux and merid-
ional transport demonstrated by Fig.3 is independent of the
salinity of the model, since it arises from the conservation of
volume.

Let us consider the components of the global merid-
ional advective transport of salt defined in Eq. (8). Because
ORCA12 is a Boussinesq model we choose units of SvPSU,
a salinity in PSU multiplied by a transport in Sverdrups
(1 Sv PSU≈ 1 Kton s−1 of salt). Using Eq. (9), the transport
by the time-zonal mean velocity averaged at each latitude
(Tm, thick black line in Fig.4) can be compared with a salt
transport estimated from data using theE − P − R field of
Large and Yeager(2009) for the volume transport, and the
salinity 〈S(y)〉 from Levitus (grey shading). As salinity does
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Fig. 4. Decomposition of the global meridional transport of salt in
the ORCA12 simulation. See text (Eq.8) for the explanation of the
different terms. The grey shading is the observed salt flux carried
by the net volume flux at each latitude: it is computed from the data
of Large and Yeager(2009) (similar to Fig.3) combined with the
Levitus depth-averaged salinity field.

not vary much in the global ocean relative to its mean value,
both theTm curve and the grey shading are similar in shape
to the volume transports of Fig.3.

The total transportT (red curve in Fig.4) is small and al-
most non-divergent (independent of latitude). This confirms
that in ORCA12 the diffusive transport of salt is indeed neg-
ligible and thusTm ≈ −Tr − Te. Figure4 demonstrates that
both the mean recirculation (black curve) and the eddy cor-
relations (blue curve) contribute to equilibrateTm and thus
bring the salinity distribution to equilibrium. In the South-
ern Ocean, our results are similar toMeijers et al.(2007).
In their Fig. 12, they have plotted the transport of freshwater
Sa which is the opposite of the salt transport. They find that
the eddy contribution is large around 40◦ S, where it is al-
most as large as the transport by the mean recirculation, just
as in ORCA12. The maximum eddy transport of Meijers et
al. in the Southern Ocean (0.45 Sv for a reference salinity of
35 PSU) corresponds to 15.7 Sv PSU of salt, slightly larger
than ours (14 Sv PSU). One striking difference between our
Fig. 4 and Meijers’ is the fact that ORCA12 has two distinct
minima of eddy salt transport instead of just one located at
40◦ S: this will be explained in the next section. Overall, the
southward eddy transport of salt in the Southern Ocean ap-
pears very robust, and not strongly dependent on the model
resolution, as we find the same value in the 1/4◦ global sim-
ulation ORCA025 analysed byTreguier et al.(2012). This
transport seems captured with model resolutions of at least
14 km at 60◦ S (ORCA025 or Meijers’ model), but it was
very weak in the 1/2◦ model ofMcCann et al.(1994), about
3 Sv PSU only.
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Fig. 5. Further analysis of the meridional transport of salt in the
ORCA12 simulation. Top panel: transport by the time–mean re-
circulation velocity (thin black curve, same as Fig.4), and its
two components: the “overturning” (transport by the zonally aver-
aged, depth-dependent velocity) and the “gyre” component. Bottom
panel: contributions from the model drift and the ice–ocean flux
which could explain the non-zero total salt transport (the red curve,
same as in Fig.4).

The eddy salt transportTe is divergent in the subtropical
regions of both hemispheres: transient fluctuations transport
salt away from the evaporative regions, both equatorward and
poleward. In the Northern Hemisphere, between about 15◦ N
and 40◦ N, the evaporation forces a net convergence of salt
of about 37 Sv PSU (the difference betweenTm at these two
latitudes) which is compensated for more by the divergence
of the eddy fluxTe (up to 20 Sv PSU) than by the mean cir-
culation.

In many published studies of meridional heat transport,
authors have gone one step further in the decomposition
by computing separately the transport by the zonally aver-
aged flow dependent on depth, termed “baroclinic transport”
by Bryden and Imawaki(2001). This amounts to breaking
up the recirculationv∗(x,y,z, t) into vertical (overturning)
cells and horizontal (gyre) cells. We have performed this de-
composition in ORCA12 for both the time–mean and eddy
velocities. Regarding the eddy salt transport, it is almost
entirely due to the gyres, the eddy overturning component

being negligible (not shown). On the other hand, regarding
the time–mean recirculation, both overturning and gyre con-
tribute to the meridional transport of salt, as was found to
be the case in the Southern Ocean byMeijers et al.(2007)
for freshwater transport and byVolkov et al.(2010) for heat
transport. The decomposition is shown in Fig.5 (top panel).
South of 50◦ S, the salt transport by the mean flow is almost
entirely due to the overturning component (in agreement with
the Meijers et al., 2007 results; their Fig. 12d). This con-
trasts with the heat transport which is mainly due to the gyre
component at these southern latitudes (Meijers et al., 2007;
Volkov et al., 2010).

Although the total advective salt transportT (red curve
in Fig. 4) is small, it is not zero and this requires an expla-
nation. We have not been able to calculate all terms of the
salinity balance in ORCA12 because some terms (such as
the isopycnal Laplacian diffusion) have not been stored and
cannot be computed accurately from the 5-day averages.T

is shown again in Fig.5b. It is significant north and south
of 60◦, where a divergence of salt transport is induced by
the ice–ocean flux, represented in the model by a virtual salt
flux. Where ice forms, there is a flux of salt into the ocean
due to brine rejection; salt is removed equatorward where ice
melts. An estimate of the model ice–ocean flux is plotted for
comparison: the good correspondence withT in shape and in
magnitude shows that ice–ocean fluxes are the main cause of
salt transport divergence poleward of 60◦. South of 60◦ S, the
relaxation of temperature and salinity in the Antarctic bottom
water (AABW) also contributes to the non-zero salt trans-
port. At mid-latitudes, the slight decrease inT in the South-
ern Hemisphere and increase in the Northern Hemisphere are
in agreement with the change in salt content (thick black
line). The difference between the red and the black curves
in ice-free areas is probably due to the salt transport by the
parameterized lateral diffusion.

5 Temporal and spatial scales of eddy salt transport

To go further in the spatial analysis of eddy salt fluxes, we
have calculatedTe for the different ocean basins (Fig.6).
Moreover, as a first step in analysing the timescales, we have
attempted to separate the contribution of the seasonal cycle
to the velocity–salinity correlations. A method was proposed
in Treguier et al.(2012) to calculate it. First, an averaged sea-
sonal cycle is estimated from a long simulation. Here we use
70 years or ORCA12, from year 16 to year 85: it is possible
because the calculation can be performed from monthly aver-
ages, which are available for the whole duration of the exper-
iment (unlike the 5-day averages used for the estimation of
Te, which are available only for the last ten years). The 12-
monthly values of velocity and salinity averaged from year

16 to 85,ṽ andS̃, are used to compute a salt transportṽS̃. The
difference with the transport by the mean flowvS is the con-
tribution of the seasonal cycleTs, represented by a thin line

Ocean Sci., 10, 243–255, 2014 www.ocean-sci.net/10/243/2014/



A. M. Treguier et al.: Meridional transport of salt 251

−60 −30 0 30 60
−15

−10

−5

0

5

10

15

Latitude

S
a
lt
 t
ra

n
s
p
o
rt

, 
S

V
.P

S
U

 Global 

−60 −30 0 30 60
−10

−5

0

5

10

Latitude

S
a
lt
 t
ra

n
s
p
o
rt

, 
S

V
.P

S
U

Atlantic

−60 −30 0 30 60
−10

−5

0

5

10

Latitude

S
a
lt
 t
ra

n
s
p
o
rt

, 
S

V
.P

S
U

 Pacific

 

 

−60 −30 0 30 60
−10

−5

0

5

10

Latitude

S
a
lt
 t
ra

n
s
p
o
rt

, 
S

V
.P

S
U

  Indian

Eddy

Seasonal

Fig. 6.Eddy and seasonal contributions to the meridional transport of salt in the ORCA12 simulation.

in Fig. 6, allowing comparison withTe. At the global scale,
the seasonal contribution is relatively small outside the trop-
ics, suggesting that velocity–salinity correlations arise from
non-linear eddy variability there. On the other hand,Ts is
non-negligible in the tropics, especially for the peak near
2◦ N, which is explained for half its amplitude by the sea-
sonal cycle. This contrast between the tropics and subtropics
is confirmed by a map of the divergence ofTs (Fig. 7, bottom
panel).

In the tropics the seasonal contributionTs in ORCA12 is
much larger than the estimate made byWijffels (2001) us-
ing the correlation between sea surface salinity and Ekman
velocities. Comparing the seasonal transport in the different
basins (Fig.6) with Wijffels, we note that in the Indian Ocean
there are two minima ofTs north and south of the Equator,
and in the Pacific Ocean there is a maximum north of the
Equator, just as inWijffels (2001)’s Fig. 6.2.4, but the ampli-
tude is twice as large in our case. In the Atlantic Wijffels’s
estimate and ours have opposite signs. These differences are
probably due to the fact thatTs in the model includes all the
seasonal variations of salinity and currents, and not the Ek-
man component only.

Let us come back to the total eddy contributionTe inte-
grated in each ocean basin (Fig.6). In the Atlantic Ocean
it is similar to Treguier et al.(2012), who used a regional
model at the same resolution (NATL12). The eddy salt trans-
port is positive (to the north) near the Equator, negative in
the southern part of the subtropical gyre, peaking at a lat-
itude of 15◦ N, and positive again in the northern part of
the subtropical gyre, peaking near 36◦ N. One notable dif-
ference between ORCA12 and NATL12 is the amplitude of

this latter peak, which is lower by 25 % in ORCA12. This
is not surprising because this peak is mainly due to fluctua-
tions at the western boundary related to the dynamics of the
Gulf Stream separation, which is model dependent (Treguier
et al., 2012). The peak in the tropics near 2◦ N is also lower
in ORCA12 compared with NATL12 and the seasonalTs
is larger in comparison with the totalTe. This is probably
due to the fact that NATL12 is forced by interannual atmo-
spheric data, causing large year-to-year variations that also
contribute toTe (Treguier et al.(2012), see their Fig. 6), while
our ORCA12 simulation is forced by a repeated seasonal cy-
cle: only seasonal and turbulent variability are present. In the
Pacific Ocean, the maximum value ofTe is found north of
the Equator at 2.2◦ N, where tropical instability waves are
active. These waves transport heat meridionally (e.g.Menkes
et al., 2006), so one may assume that they also contribute to
the transport of salt. Comparing the two left panels of Fig.6
shows that the global maximum ofTe found at that latitude is
almost completely accounted for by the Pacific Ocean. In the
Indian Ocean, there is a large contrast between the tropical
and northern Indian oceans, where the transient salt transport
is almost entirely seasonal, and the region south of 10◦ S,
where transients are due to eddies.

A global map of the divergence ofTe is plotted in Fig.7.
This field is dominated by small scales, especially at high lat-
itudes, and is similar to Fig. 11 ofMeijers et al.(2007) for the
Southern Ocean. The divergence ofTe is large in the Antarc-
tic Circumpolar current and in boundary currents. The im-
portance of the hotspots of eddy activity such as the Agulhas
retroflexion or the Brazil–Malvinas confluence zone does not
stand out in Fig.7 because the colour scale is saturated, but in
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fact these eddy-rich regions are responsible for the two dis-
tinct minima ofTe at 41◦ S and 36◦ S found in Fig.4. By con-
sidering the zonally cumulated transport values (not shown),
we have found that the meridional eddy salt transport at 41◦ S
is due to the Agulhas retroflexion (south of Africa and in the
Indian sector of the Southern Ocean) and the one at 36◦ S
is due to the Brazil–Malvinas confluence as well as the ed-
dies around Australia. These two minima did not appear in
the Meijers et al.(2007) model because in their model the
Brazil–Malvinas confluence zone was located too far south,
and contributed to the meridional salt transport in the same
latitude band as the Agulhas retroflexion. In the tropics, the
patterns of divergence are qualitatively different (Fig.7) and
organized into zonal bands, which is due to seasonal variabil-
ity as shown by the comparison of the two panels in Fig.7.
The positive divergence of salt which contributes to flush-
ing salt out of the subtropical gyres toward the Equator is
distributed over the whole basin width, as appears from the
large red areas in the Atlantic and Pacific around 15◦, and in
the southern Indian Ocean around 20◦ S. These regions are
characterized by westward propagating eddies and waves. In
the Indian Ocean, the maximum in meridional eddy transport
of salt near 20◦ S is clearly related to the westward propagat-
ing eddies generated by the Leeuwin Current along the west
coast of Australia. The contribution of the Indian Ocean to
the global transport of salt is the dominant one at this latitude,
with eddies in the South Atlantic and South Pacific playing a
lesser role (Fig.6). In contrast to the tropics, at the poleward
limit of the subtropical gyres, the fluctuations at the west-
ern boundaries dominateTe. This is true in the Atlantic (Gulf
Stream) and the Pacific (Kuroshio). This qualitative differ-
ence in mechanisms for salt transport between the northern
and southern boundaries of the subtropical gyres was noted
by Treguier et al.(2012) for the case of the North Atlantic
basin (see their Figs. 7 and 9).

Regarding the Pacific Ocean,Stammer(1998) had sug-
gested that the eddy salt flux was northward over the whole
North Pacific. His estimate relied on the hypothesis of a dif-
fusion coefficient constant in depth and acting on the clima-
tological salinity gradients in the top 1000 m of the ocean.
In contrast, ORCA12 has a southward eddy flux at 15◦ N
(Fig.6). An examination of the meridional gradients of salin-
ity in the Pacific Ocean shows that although the salinity aver-
aged over the top 1000 m decreases from the Equator to the
Bering Strait (which explains Stammer’s results), the salin-
ity averaged over the top 200 m shows a subtropical maxi-
mum (Fig.1). Stammer’s estimate would have been in closer
agreement with our model if based on the gradients of salin-
ity over the top 200 m of the ocean rather than 1000 m, a fea-
ture already noted byTreguier et al.(2012) in the case of the
Atlantic Ocean. Overall, the model agrees with a diffusive
behaviour of the eddies, which act to transfer salt laterally
along isopycnals away from the salinity maxima located in
the centre of the subtropical gyres.

Fig. 7. Divergence of the eddy salt transport in the ORCA12 sim-
ulation, computed for 12× 12 grid point boxes to enhance read-
ability. It is integrated vertically and thus expressed in units of
PSUms−1. The colour scale is saturated in the red and blue at
5×10−6 PSUms−1 (the maxima and minima of the field are about
40 times larger). Top panel: total eddy component; bottom panel:
seasonal contribution only.

It is interesting to compare our results with the study of
Talley (2008), who published global estimates of the trans-
port of freshwater anomaliesSa, summarized in tables and in
her Fig. 5. In the Atlantic Basin between 35◦ S and 45◦ N,
Talley found that the divergence of salt driven by the time–
mean circulationv∗ was 0.59 Sv (in units of “freshwater”, us-
ing a reference salinity of 34.9). This was in agreement with
her estimate of the atmospheric forcing in the same region
(0.57 Sv) based on NCEP. In our model the evaporation in
the Atlantic Basin is stronger (E−P −R = 0.69 Sv) and it is
balanced not only by the time–mean circulation, but also by
the divergence of the eddy fluxTe: converted into freshwa-
ter anomaly withSr = 34.9, the eddy divergence is 0.12 Sv,
a value which cannot be neglected when computing the salt
balance for the global ocean. The contribution of the eddy di-
vergence for the Pacific Basin is non-negligible, 0.05 Sv, as
large as Talley’s estimate of the divergence by the mean recir-
culation (0.06 Sv). Talley’s estimate from hydrology was cer-
tainly too low, because it did not compensate for the NCEP
forcing over Talley’s Pacific region (which was 0.16 Sv in her
Table 4). The forcing of our model is even higher (0.36 Sv
over the same region) and the divergence of the transport by
the time–mean recirculation is also larger, more important in
fact than the eddy divergence.
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6 Conclusions

In this paper we have presented the salt balance of a 1/12◦

resolution global ocean simulation. To our knowledge the salt
budget had never been analysed globally in an eddying ocean
model (McCann et al., 1994’s model did not include the Arc-
tic Ocean, and its resolution was only 1/2◦). We have decom-
posed the meridional salt transport into three components:

T = Tm + Tr + Te.

The first component isTm, the salt transport by the net merid-
ional velocity (the time-mean velocity averaged zonally and
over depth at each latitude). This velocity is directly forced
by the atmospheric water flux at the surface of the ocean
and by coastal runoffs (E − P − R), so thatTm can be com-
pared with estimates ofE − P − R from observations com-
bined with a climatology of in situ salinity (as shown in our
Fig. 4). Its maxima and minima are around 30–35 SvPSU in
the Southern Hemisphere and 15–20 SvPSU in the Northern
Hemisphere. The convergence of this time-zonal mean trans-
port brings extra salt into the evaporation-dominated sub-
tropics and removes salt from the precipitation-dominated
regions, near the intertropical convergence zone and in the
polar regions.

Our model demonstrates how the time–mean ocean recir-
culations and the correlation between salinity and velocity
eddy fluctuations (Tr andTe) jointly contribute to counteract
this time-zonal mean transportTm and bring the total merid-
ional transport of salt close to zero, a necessary condition for
the model salinity distribution to reach an equilibrium. We
note however that north and south of 60◦, there is a net trans-
port of salt in the ocean, compensating for the mechanism of
sea ice formation at high latitudes and transport of sea ice to
lower latitudes where it melts. Between 15◦ S and 15◦ N, the
intertropical convergence zone imports salt mainly through
the time–mean recirculations. The eddy transportTe plays a
lesser role and is caused by seasonal variations rather than
random eddies. Equatorward of the subtropical gyres (20◦ S
and 20◦ N), Te is comparable toTr (5 to 10 SvPSU), and it
is due to westward propagating eddies and waves distributed
across the whole ocean basins. Near the subtropical fronts at
40◦ S and 40◦ N, salt is exported from the subtropics, half by
the eddy transportTe and half by the mean recirculations. At
these latitudes the significant contributions toTe are local-
ized in space in intense boundary currents such as the Gulf
Stream, the Kuroshio, the Brazil–Malvinas confluence zone
and the Agulhas retroflexion. In the centre of the subtropi-
cal gyres, the eddy salt transport is negligible. The same is
true in the subpolar regions in our model, but there it is un-
clear whether this is robust or rather due to as yet insufficient
resolution in these regions, where the Rossby radius of de-
formation becomes smaller than the grid size.

Overall, our analysis has confirmed that eddies are impor-
tant for the meridional transport of salt. An interesting per-
spective will be to quantify their role in the interannual to

decadal variability of the salinity. There are ORCA12 sim-
ulations with interannually varying atmospheric forcing that
are available for this purpose (Deshayes et al., 2013). Multi-
ple numerical simulations are useful in order to assess the ro-
bustness of the eddy transport estimates: we have computed
the time–mean meridional salt transports in DRAKKAR sim-
ulations at 1/4◦ and 1/12◦ resolution, and we have found that
at first order the three componentsTm, Tr andTe of the salt
transport have very similar amplitude and latitudinal depen-
dence. This is confirmed by the good agreement between the
ORCA12 simulation presented here and the Southern Ocean
model ofMeijers et al.(2007).

We hope that the present study can convince numerical
modellers that the mass (or volume) balance should be anal-
ysed separately from the salt balance. The combination of
the two equations into a budget for a “freshwater anomaly”
is not really useful, especially at the global scale. The ex-
pression “freshwater transport” brings to mind a picture of
rain falling onto the ocean and being carried around the
global ocean while remaining “fresh”, which is misleading.
When mass is added somewhere in the ocean, by rain or river
runoff, the ocean mass is rearranged rapidly through surface
gravity waves and barotropic adjustment. This rapid adjust-
ment carries seawater around, not pure water. Ocean water
masses are either relatively fresh (as in the Arctic) or salty
(in the subtropical gyres); while it may seem intuitive to de-
fine “fresh” anomalies (the opposite of salinity anomalies)
when studying the salinity balance of the Arctic, it is not so
when considering the pathways of the maximum salinity wa-
ters (e.g.Blanke et al., 2002). In an analysis of the global
ocean, there is no reason to use in a systematic fashion the
negative of the observed quantity (salinity). Salinity can be
considered as a tracer which obeys a conservation equation
(e.g. Griffies, 2004) and thus the salt budget alone is suf-
ficient to understand how the global ocean maintains its ob-
served quasi-steady salinity distribution in the presence of at-
mospheric water fluxes. The decomposition of the salt trans-
port, as demonstrated here, allows us to link the atmospheric
forcing and the transport of salt by the different components
of the ocean circulation without the need to define anomalies
relative to an arbitrary reference salinity. In fact, the same
method could be used when computing balances from obser-
vations, because inevitably a hypothesis has to be made about
the net transport, and this hypothesis providesTm indirectly
when it cannot be computed directly. As a result, the con-
cept of “freshwater anomaly” seems altogether unnecessary
for the understanding of the global salinity distribution in the
ocean.
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