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ABSTRACT

Oceanic teleconnections between the low and midlatitudes are a key mechanism to understanding the
climate variability. Spiciness anomalies (density-compensated anomalies) have been shown to transport
temperature and salinity signals when propagating along current streamlines in the subtropical gyres of the
Atlantic and Pacific Oceans. The generation mechanism of spiciness anomalies in the North Atlantic sub-
tropical gyre is investigated using an analytical model based on the late-winter subduction of salinity and
temperature anomalies along isopycnal surfaces. The keystone of this approach is the change of the coordinates
frame from isobaric to isopycnic surfaces, suited for subduction problems. The isopycnal nature of spiciness
anomalies and the use of a linear density equation allows for the analytical model to depend only upon
surface temperature and salinity anomalies, the mean thermocline currents, and the surface density ratio.
This model clarifies and above all quantifies the mechanism by which surface temperature and salinity
anomalies are modulated by density ratios to produce fully different isopycnal temperature and salinity
anomalies.

A global run from the ocean GCM (OGCM) Océan Parallélisé (OPA) over the period 1948-2002 provides
the reference data in which the North Atlantic subtropical thermocline spiciness variability is analyzed. Two
EOF modes are sufficient to explain half of the low-frequency variability in the OGCM: one is maximum
over the northeastern subtropics, and the other is in the central basin. The analytical model reproduces well
the spatial pattern, amplitude, and sign of these two main modes. It confirms that the two centers of action of
the anomalies are conditioned by the surface density ratio, the first corresponding to null salinity gradients
and the second to near-density-compensated temperature gradients. Considering that the analytical model
has good skills at reproducing the decadal variability of the OGCM spiciness anomalies in the permanent
thermocline, it is believed that this is an interesting tool to understand and forecast the ventilation of the
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North Atlantic subtropical gyre at this time scale.

1. Introduction

A variable called spiciness was introduced three de-
cades ago in order to characterize water masses and
intrusions (Munk 1981; Jackett and McDougall 1985).
Water masses can either be characterized by their tem-
perature and salinity or by their spiciness and density.
To a first-order approximation a spiciness anomaly
(noted dmr) along a given time-varying surface of con-
stant potential density referenced to the surface pres-
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sure (called isopycnal surface and noted as o) is a linear
combination of temperature and salinity anomalies mod-
ulated by the thermal contraction coefficient and the
haline expansion coefficient, respectively (dm, = BdS, +
adT,). Assuming that the spatial and temporal variations
of the two coefficients are small (Tailleux et al. 2005), the
temperature and salinity anomalies are proportional on a
given isopycnal surface, where do = BdS, — adT, = 0. It
is therefore equivalent to address the generation mech-
anism of a spiciness anomaly, either that of an isopycnal
salinity anomaly [ISA; ISA = dS,, = (28) 'dm,] or that of
an isopycnal temperature anomaly [ITA; ITA = dT, =
() 'dm,).

To a first-order approximation, spiciness anomalies
behave as dynamically passive tracers that are advected
by the currents in the thermocline (Nonaka and Xie
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2000; Lazar et al. 2001; Yeager and Large 2004; Luo
et al. 2005; Johnson 2006; Laurian et al. 2006, hereafter
LLR). In the North Atlantic Ocean, spiciness anomalies
that are generated in the salinity maximum water (SMW)
region propagate at the current speed and emerge close
to 30°N in the Gulf Stream (LLR). There, they can in-
teract with the atmosphere and not be density com-
pensated anymore, therefore impacting the sea surface
density. Late-winter subduction was suggested to be the
mechanism responsible for setting the characteristics of
the spiciness anomalies in the thermocline, although the
details of the generation process of these signals were
not the focus of the study.

Several hypotheses have been made about the gen-
eration of spiciness anomalies. According to Schneider
(2000), the positive spiciness anomalies are generated by
anomalous advection across the mean isopycnal tem-
perature-salinity front. Yeager and Large (2004, 2007)
suggested that positive spiciness anomalies were gener-
ated by a late-winter subsurface injection process ex-
pected wherever large, unstable salinity gradients are
present in conjunction with weak stratification and strong
mixing in winter. This injection process was also iden-
tified by Luo et al. (2005), and they showed that in ad-
dition the spiciness anomalies can also be created by
subduction along outcropping isopycnal surfaces, even
though this process alone is not enough to explain the
equatorial decadal variability. Kessler (1999), however,
could not link the observed trends in isopycnal salinity
to upstream changes at winter density outcrops in the
Pacific Ocean. As was first suggested by Church et al.
(1991) and by Bindoff and McDougall (1994), results
from an analytical model developed by Nonaka and
Sasaki (2007) show that cool sea surface temperature
anomalies in the eastern subtropical South Pacific can
generate the displacement of a density outcrop line in-
ducing a warm and salty subducted anomaly on the
isopycnal surface. The goal of this paper is to better
understand the ventilation of the thermocline by spici-
ness anomalies in the North Atlantic subtropical gyre,
showing that these anomalies are generated by a late-
winter subduction mechanism.

We describe the ocean GCM (OGCM) used here in
section 2. It is validated and the surface salinity and
temperature anomalies are briefly analyzed in the gen-
eration region of the spiciness anomalies. We describe
the methodology to define spiciness anomalies in sec-
tion 3. An analytical model is developed to understand
and forecast the surface generation of these spiciness
anomalies. The analytical anomalies are compared to
the OGCM ones and they are discussed with respect
to the late-winter surface anomalies in section 4. Fi-
nally, the main results are summarized in section 5.
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2. Model and decadal variability of the SSS and
SST anomalies in the formation region of the
spiciness anomalies

The global OGCM used here is the version 8.1 release
of Océan Parallélis¢é (OPA; Madec et al. 1998). The
eddy parameterization scheme of Gent and McWilliams
(1990) is applied poleward of 20° and vertical mixing
is achieved using the turbulent kinetic energy (TKE)
scheme of Blanke and Delecluse (1993). As in LLR,
the model configuration has a zonal resolution of 2°,
and a meridional resolution that ranges from 0.5° at the
equator to 2° X cos(latitude) poleward of 20°. There are
31 fixed vertical levels with 10-m spacing at the surface
and increasing to 500 m in the deepest ocean. The
model is implemented without double diffusion, which
does not allow the quantification of the decrease of the
spiciness anomalies resulting from salt fingering and
associated vertical mixing evidenced in the Argo float
data analyzed by Johnson (2006). Surface heat fluxes
are calculated using bulk formulas based on daily Na-
tional Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR)
reanalyses (Kalnay et al. 1996) over the period of
1948-2002, which allows for the investigation of in-
terannual to decadal time scales. During the spinup,
the surface boundary condition for freshwater fluxes is
a relaxation of salinity to annual mean values from the
Boyer et al. (1998) climatology with a restoration time
of 12 days. This flux is applied as a flux correction in
the model experiment we use so that the sea surface
salinity (SSS) can freely evolve in response to the
ocean’s variability and the freshwater fluxes from
NCEP. Monthly averaged fields from 5-day output of
this simulation are used because we are interested in
the first-order seasonal and interannual mechanisms
that are responsible for the generation of the spiciness
anomalies.

We pay a particular attention to the spiciness anom-
alies generated in the SMW region in the North Atlantic
Ocean. As shown by Church et al. (1991), the gen-
eration of these anomalies is closely linked to the sur-
face conditions that characterize the generation region.
This area has been previously defined by LLR in the
same OGCM using lagged correlations between the SSS
anomalies and the subsurface salinity anomalies along
the isopycnal surface characterized by potential den-
sity 1026 kg m > averaged at the entrance of the Gulf
of Mexico. Lagged correlation was the highest in the
region of 22°-28°N, 20°-30°W, which was shown to
be close to the upstream surface origin of this subduc-
ted water. This region is referred to as the formation
region.
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FIG. 1. (a) Winter [January-March (JFEM)] sea surface salinity anomalies averaged in 22°-28°N,
20°-30°W, in the OGCM (full, black) and in the observations of Reverdin et al. (2007) (full, gray).
The OGCM isopycnal salinity anomalies during the month following that of maximum mixed
layer depth, at the closest depth from the mixed layer depth where they are defined, are dashed.
(b) Winter (JEM) sea surface temperature anomalies in the OGCM (full, thick). The OGCM
isopycnal temperature anomalies during the month following that of maximum mixed layer
depth, at the closest depth from the mixed layer depth where they are defined, are shown (full,

thin) and the dashed line is the same as in (a).

The atmospheric forcings are relatively good for the
period 1948-2002 and allow for realistic sea surface tem-
perature (SST) anomalies (not shown). The errors and
uncertainties in the precipitation (P) require more ex-
amination. The late-winter SSS anomalies in the OGCM
are compared to the observed SSS anomalies starting in
1970 and analyzed by Reverdin et al. (2007) in the for-
mation region (Fig. la). Although the simulated SSS
anomalies are about 0.03 psu higher on average than the
observed ones, their interannual variability is well re-
produced between 1983 and 1998. Earlier, forcing errors
or sparser data are likely explaining the apparent lack of
realism of the SSS anomalies. Regarding lower-frequency
variability, the SSS anomalies underwent an increase of
approximately 0.15 psu between 1970 and 1998, mainly
resulting from intensified trade winds (an increase of
approximately 0.5 m s~ ! during this period, not shown).
Such intensification induces both an enhanced evapora-
tion rate (E) and an enhanced Ekman transport. The
effects of each of these forcings on the long-term varia-
bility of the SSS anomalies in the formation region are
comparable to those controlling the seasonal cycle (ap-
pendix A). The enhanced E-P rate (increase of ap-
proximately 4 cm yr~ ' over the 28-yr period, not shown)
is in agreement with the observations of Curry et al.
(2003) and with the model study of Latif et al. (2000). Its
amplitude dominates that of the Ekman current advec-
tion (increase of 0.2 cm yr~ ! over the 28-yr period, not
shown), indicating that the increase in E—P is responsible
for the decadal variability of the SSS anomalies in the
formation region. The multidecadal trend of the sub-
ducted ISAs for the month following that of maximum
mixed layer depth (MLD) and at the closest depth from

The scales are in (left) psu and (right) °C.

the MLD where they are defined (dashed black line on
Figs. 1a,b) resembles that of the late-winter simulated
SSS anomalies (thick black line on Fig. 1la), as was
shown by LLR. To understand this relationship, sup-
pose that a freshening of the surface waters occurs in
the formation region with no sea surface temperature
variation. This freshening lightens the surface waters
leading to a poleward displacement of the outcropping
isopycnal surfaces. The resulting salinity along the iso-
pycnal surfaces outcropping in the formation region is
fresher than the initial SSS because the isopycnal sur-
faces came from an area closer to the intertropical
convergence zone (ITCZ) region, which is mainly con-
trolled by precipitation. The resulting subducted ISA is
thus negative. Similarly, the subducted ISAs appear to
vary most of the time in opposition of phase with the
late-winter SST anomalies (Fig. 1b), except for the early
and the late 1990s. Note that the variability of the ISAs
and that of the ITAs are very similar over the period of
1970-98 (dashed and thin full lines on Fig. 1b), meaning
that the effects of the nonlinearities of the density can
be neglected and the coefficient a8~ " can be considered
as constant over this period. In the next section this
relationship between SSS anomalies, SST anomalies, and
subducted spiciness anomalies is analyzed.

3. The analytical model

a. Effect of sea surface temperature and salinity
perturbations on the location of outcropping
isopycnals

A perturbation of the sea surface density (noted
SSDA) can be approximated by a linear combination
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FIG. 2. Schematic temperature-salinity diagrams of surface
waters in a region where salinity and temperature gradients have
the (a) same and (b) opposite signs. The thick black line represents
the linearized density of the surface waters. The thin full line
represents the linear fit of the water mass characteristics. Its slope
is given by the value of the density ratio in the region. When a
surface cooling occurs the water mass characteristics are modified
and the linear fit of the new characteristics is dashed. When a
surface salinification occurs simultaneously the water mass char-
acteristics are again modified (dotted). The associated isopycnal
surface characteristics are indicated by the numbers. The tem-
perature and salinity anomalies along the outcropping isopycnal
surface resulting from the cooling and the salinification (ITA and
ISA) are highlighted by the black arrows (adapted from Bindoff
and McDougall 1994).

of a SSS anomaly (SSSA) and a SST anomaly (SSTA)
according to the linearized equation of state of the
density

SSDA = BSSSA — aSSTA. (1)

A local perturbation of the sea surface density induces
the displacement of the outcropping isopycnal in a re-
gion of varying horizontal gradients of SST and SSS.
Figure 2 illustrates the modulations of the characteris-
tics of the surface isopycnal anomalies in a region where
horizontal gradients of SST and SSS have the same sign
(Fig. 2a) and in a region where they have opposite signs
(Fig. 2b). In the first situation, a simultaneous cooling
and salinification, for example, of the surface waters
induce a warming and an even stronger salinification on
the outcropping isopycnal (Fig. 2a). In the second situ-
ation, the same cooling and salinification of the surface
waters induce a weaker cooling and a freshening on the
outcropping isopycnal (Fig. 2b). The key ingredient in
establishing the relationships between the Eulerian and
the isopycnal surface anomalies is the relative impor-
tance of the temperature and salinity variations in set-
ting the density perturbation.

The displacement of the outcropping isopycnals
(noted dl) induced by density perturbations is defined
with respect to the monthly mean location of the iso-
pycnals over the period of 1948-2002. The amplitude of
this displacement is computed as the sea surface density
anomaly scaled by the Euclidean norm of the horizontal
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b) Situation 2

a) Situation 1

-

FIG. 3. Schematic representation of the salinity and the mean
salinity at the surface (respectively, SSS, and SSSz) and in the
thermocline (respectively, S, and S;) when the mean isopycnal
surface outcrops poleward of the interannual isopycnal surface for
(a) that month (referred to as situation 1 in the text) and (b)
conversely (referred to as situation 2). The corresponding surface
salinity anomaly (SSSA,) is defined by the difference between the
two surface signals and the subsurface salinity anomaly (ISA,,) is
defined by the difference of the two subsurface signals, as defined
in section 3b. The displacements (dl; and dl,) of the isopycnal
surface o with respect to the mean position of the outcropping
isopycnal surface o are denoted by the full black arrows. The thick
dashed gray curves and associated arrows denote the path of the
particles on the deepest isopycnal surface within the thermocline.
ML stands for mixed layer. The same schematic holds for tem-
perature signals.

gradients of sea surface density in the vicinity of the sur-
face perturbation,

SSDA(r) _  SSD(1) — SSD(1)
[VSSD()| [VSSD()|

i) = — )

where the overbar denotes the monthly mean value
over the period 1948-2002 and ¢ is expressed in months
and corresponds to sampling frequency of the OGCM
outputs. The displacement of an isopycnal from its
mean location can either be equatorward (Fig. 3a, re-
ferred to as situation 1) or poleward (Fig. 3b, referred to
as situation 2). The direction of this displacement is
given by its projection on the isopycnal currents located
on the deeper of the isopycnals & and o, thus following
the path of the isopycnal particles within the thermo-
cline. In situation 1,

_ ug(1)
and in situation 2,
_ u, (1)
AO=IAOT

where uz and u, are the current speeds along the iso-
pycnals & and o, respectively (Figs. 3a,b). Note that the
isopycnal projection of the displacement dl induces
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FIG. 4. (a) Amplitude and direction of the mean late-winter (JFM) displacement of the
outcropping isopycnals from their mean JFM position over the period of 1948-2002 in
the OGCM (respectively, size and orientation of the white segments). The Euclidean norm of
the mean JFM sea surface density gradients is shown by the grayscale (kg m~ ). The mean JFM
position of the outcropping isopycnal surfaces (full) is also shown (kg m~?). (b) Significant
correlations between the spatial variabilities of the JFM seasonal averaged amplitude of the
displacement dl and the sea surface temperature anomalies averaged over the period of 1948—
2002 (full contours), significant correlations between the spatial variabilities of the JFM sea-
sonal averaged amplitude of the displacement dl and the sea surface salinity anomalies over the
period of 1948-2002 (dotted contours), and amplitude and direction of the JFM seasonal av-
eraged displacement dl as in (a). The mean JFM maximum sea surface salinity (dashed, psu)
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is shown in both panels.

errors in regions where the flow is curved that are ne-
glected. This definition of the displacement is more
general than that of Nonaka and Sasaki (2007) who
considered only a meridional displacement [see appendix
B for a comparison between results from Nonaka and
Sasaki (2007) and ours].

To understand the generation of spiciness anomalies
we develop a model based on a late-winter subduction
mechanism (Stommel 1979). During this season and
over the period of 1948-2002, the mean amplitude and
the direction of the displacement of outcropping iso-
pycnal surfaces from their mean position is shown in
Fig. 4a. Simulated averaged displacements of the out-
crop lines of isopycnal surfaces reach 400 km in the
SMW region. In the south and the southwestern parts of
the region considered here (10°-40°N, 80°~10°W), the
displacement dl is mainly controlled by winter SSS
anomalies, as shown by the significant winter mean
correlation coefficient greater than —0.8 between these
two fields (Fig. 4b, dashed contours). A freshening of
surface waters, for instance, induces a lightening of
these waters and a poleward displacement of outcrop-
ping isopycnal surfaces (dl > 0), hence the negative
correlation. This region is mainly controlled by the
ITCZ variability, which induces strong salinity varia-
tions as opposed to the SMW region, which is mostly
sensitive to temperature variations. In the rest of the
domain, the displacement of outcropping isopycnal sur-
faces is mainly controlled by winter SST anomalies

generated in this area, as shown by the significant winter
mean correlation coefficient of 0.8 between these two
fields (Fig. 4b, full contours). For instance, a warming of
surface waters induces a lightening of these waters and a
poleward displacement of outcropping isopycnal sur-
faces (dl > 0), and hence the positive correlation.

b. Definition of spiciness anomalies, SSS anomalies,
and SST anomalies in the OGCM

To relate the displacement dl of the outcropping
isopycnal and the surface anomalies to the spiciness
anomalies in the permanent thermocline, we first need
to define the different anomalies. The spiciness anom-
alies, the SSS anomalies, and the SST anomalies are
defined with respect to a given isopycnal surface o. An
ISA and an ITA in the thermocline are computed as

{ ISA ;5 () = S () — Sz (1)

. 3)
ITAo(z)([) = Ta'(t)(t) - TE(:)([)

Similarly, an SSS anomaly and an SST anomaly are
defined by

NG

{ SSSAO.(t)(l‘) = SSSO-([)(I) - SSSE(,)(I)
SSTAU-(,;)(t) = SST,,.(t)(t) — SST;(t)(t)

These definitions are valid in both situations 1 and 2 and
are illustrated in Fig. 3.
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FIG. 5. Month (1-12 for January-December) of maximum monthly mean mixed layer depth
(grayscale) over the period of 1948-2002 in the OGCM. The annual mean net ventilation rate is
contoured (thin and dashed, contour interval: 20 m yr '). The mean winter maximum sea
surface salinity is highlighted by the isohaline 37 and 37.4 psu (bold).

c. Transfer of the spiciness anomalies from the
surface to the permanent thermocline

We suggest that the transfer of the spiciness anoma-
lies [defined by expressions (3)] from the surface to the
permanent thermocline is to first order a quasi-adiabatic
detrainment of the signals occurring at the end of win-
ter. The surface spiciness anomalies enter the perma-
nent thermocline and circulate at the current speed by a
classical subduction mechanism (Stommel 1979; Luyten
et al. 1983). As was pointed out by Marshall et al.
(1993), the most efficient subduction region in the North
Atlantic subtropical gyre corresponds to the southern
SMW region, as shown in Fig. 5, in agreement with
Blanke et al. (2002). Subduction on the order of 30
m yr~ ' in the southern SMW region occurs in this sim-
ulation during the mixed layer restratification from
January to March (Fig. 5), consistent with Marshall
et al. (1993) and Lazar et al. (2002). The quasi-adiabatic
detrainment of the signals during the subduction season
is illustrated by the continuity of the salinity from the
surface to the subsurface along the isopycnal surface
o = 26 kg m ™ %in the SMW region (Fig. 6). In the southern
SMW region the mean SSS in March and the mean
isopycnal salinity on o = 26 kg m ™ * in April when the
mixed layer is becoming shallower have similar ampli-
tudes and the difference is no higher than 0.6% of the
amplitude of the interannual salinity signals. The am-
plitude of the subducted spiciness anomalies varies
during their journey in the thermocline. The persistence

of the anomalies depends on the volume of subducted
waters and on the range of outcropping isopycnal sur-
faces in the subduction region. If the volume of waters
subducted is large and the range of outcropping iso-
pycnal surfaces is small, then the spiciness anomalies
might be persistent when they circulate in the thermo-
cline. The volume of subducted waters depends on the
late-winter anomalous MLD in the subduction region.
We assume that the OGCM is able to reproduce the
anomalous MLD, and thus the volume of subducted
spiciness anomalies. The modulation of the character-
istics of the subducted salinity signals resulting from the
vertical fluctuations of the MLD during the detrainment
season is thus neglected to a first-order approximation.

d. Analytical expressions of the spiciness anomalies
in the thermocline

To understand how an SSSA,, (respectively, an SSTA,;)
is transferred to the permanent thermocline into an
ISA, (respectively, an ITA,), we must first relate the
surface signals (SSS, and SST,) to the signals in the
permanent thermocline (S, and T,). Then, we must
relate the mean surface signals (SSSz and SSTz) to the
mean signals in the permanent thermocline (S and 7).
Because the properties of surface waters are not af-
fected during their transfer into the thermocline, either
the subsurface salinity or temperature along a given
isopycnal surface o (S, and T,) can be estimated by
considering the SSS and the SST along the outcrop line
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FIG. 6. Mean SSS north of the outcropping isopycnal o = 26
kg m~ in March and mean salinity (psu) on the isopycnal o = 26
kg m ™ south of the outcrop line in April over the period of 1948-2002
in the OGCM. The regions of obduction have been filtered out
using the annual net ventilation rate shown in Fig. 5.

of o (SSS,, and SST,,) and the amplitude and direction
of the displacement of this outcrop line (dl; or dl,) in a
varying field of horizontal gradients of SSS and SST. In
the subtropical North Atlantic Ocean, the vertical pro-
file of the simulated spiciness anomalies exhibit no in-
crease over very short time periods on isopycnal sur-
faces that have not outcropped during the winter season
(not shown). In this region, we suggest that classical
subduction dominates and we can therefore assume that
the isopycnal salinity and temperature are not altered by
subsurface processes. The analytical prognostic expres-
sions for the subsurface isopycnal salinity and tempera-
ture are very similar in situations 1 and 2, and we only
give them for the situation 2 (and rename dl, into dl),

So()(t) = SS8S(t — 1) + dI(r — 1) - VSSS(¢ — 1)
Ty (t) = SSTH((t — 1) +dI(t — 1) - VSST(t — 1)°

)

where the 1-month delay is the best estimated time
needed for the surface signal along the monthly out-
cropping isopycnal surface to reach the position, which
is right under the outcrop line of the monthly mean
isopycnal surface (not shown, see Fig. 3b). This delay
varies from 1 to 3 months from year to year, and we
therefore expect the analytical expressions (5) to lack
realism on interannual time scales. The analytical pro-
gnostic expressions for the mean subsurface isopycnal
salinity and temperature (Fig. 3) are given by

{%a) 0 ©

TE(:)(I) = SSTE(t) (t) .

These expressions give a forecasting of the mean sub-
surface salinity and temperature signals based on only
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the mean surface salinity and temperature, which are
known quantities.

The resulting analytical prognostic expressions of the
ISA, and ITA, are obtained by computing the differ-
ence between (5) and (6) so that

ISA (1) = SSSAg((t — 1) +dI(t — 1) - VSSS(t — 1)
ITA,()(t) = SSTAz(r — 1) +dl(t — 1) - VSST(t — 1)’

™)

The definitions of either a subducted ISA or ITA
according to expressions (7) only depend on parameters
that can be obtained from in situ and satellite data and
from climatologies of SSS, SST, and currents if the
spatial and temporal samplings are dense enough in the
formation region of the spiciness anomalies.

4. Comparison between the analytical and the
OGCM spiciness anomalies

a. Spatial distribution and temporal variability of
the analytical spiciness anomalies

The analytical spiciness anomalies given by the ex-
pressions (7) are compared against the OGCM ones
defined by Eq. (3). The terms on the right-hand side of
Eq. (7) are computed using the OGCM instead of ob-
servations in the thermocline, which are scarce on de-
cadal time scales. Only spiciness anomalies under the
base of the deepest winter mixed layer are considered
during the month following the month of maximum
MLD because they might ventilate the subtropical gyre.
Only subduction regions are considered and obduction
regions (the equatorial region south of 14°N and the
Gulf Stream region) are filtered out using the simulated
annual mean ventilation rate (Fig. 5).

To illustrate the surface generation of the spiciness
anomalies defined by Eq. (7), the different terms in the
first equation are shown in 1976 when a strong positive
anomaly close to 0.3 psu is subducted in the thermocline
in the western SMW region (Fig. 7). The subduction
period in 1976 is characterized by a feature that occurs in
particular between 22°-26°N and 42°-35°W (highlighted
by the box on each panel of Fig. 7). During this period the
SSS anomalies and the associated subducted ISAs are of
opposite signs. In March 1976, the surface waters in this
area are freshened by about 0.4 psu and cooled by about
2.5°C (Fig. 7a). This SST anomaly controls the southward
displacement of the outcropping isopycnal surfaces,
which is on the order of 1000 km (Fig. 7b). The scalar
product of this displacement by the gradient of SSS
[second term on the right-hand side of the first Eq. (7)]
is on the order of 0.7 psu (Fig. 7c) and the associated
analytical ISAs are on the order of 0.3 psu (Fig. 7d).
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a) SSSA and SSTA in March 1976 b) Migration (d/) in March 1976

_ " | 1 L1 1 1 ' 1 |
38°N - FHBE e | INT—, 2 - °

] =Ly A 1 L] -2
34°N - 05 34°N = _4

- - B 04 | -6
30°N LB 03 30°N -

: B [H -
26°N B o'o 1 26°N — -10
22°N+ - 292 22on [ L 12
18°N- LB 05 qaen -

i - B -0% B -16
14°N B N TSR PLN - -18

A=00 3 B -0.9 — B -20
100N_ o N2 | -1 10°N ) |

80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W 80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W
C) dl - VSSS inMarch 1976

] L2

3o ] o=lE
. - 12

34°N -5 12

30°N - 558
] L o4

26°N [ H92

2 62 [ 583
] L NS " B-06

18°N oo SEND — N RE
s —— — Y BF

14°N > O 7 :\\'\- \§\ o

10°oN 1= N RN =\ :12'8
80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W

d) Analytical ISA in April 1976 €) Simulated ISA in April 1976
4 L —05 4 05
S 0.45 0.45
38°N g - 38°N -

] \Ez_s/ NN L 0% . [ 5103

34°N + - 0.3 34°N L 0.3
025

. v, P \ - E57 . - 552
30°N } - Bois  30°N - o5

- 5 w10 . - | 0.1
26°N - ) 3 | 0605 26°N - | %05

AL - N - a0
2N CB-Sl 22°N ] [0
UG N 1 Bl 1 E5
14°N 05/’* X L0355 q4en o

R ﬂ’;r 4 i - - | -0.45
10°N _Ml T - =-05  10°N - =-05

80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W 80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W

FIG. 7. Decomposition of the terms in Eq. (7) in March and April 1976 as indicated on top of each panel in the OGCM. (a) Sea surface
salinity anomalies (psu) and sea surface temperature anomalies (°C, red contours). (b) Amplitude of the displacement dl in degrees of
latitude. (c) Scalar product of the displacement dl and the sea surface salinity gradients. (d) Subducted isopycnal salinity anomalies given
by the analytical expression (7) at the base of the mixed layer (psu). (¢) Same as in (d), but for the simulated anomalies using the OGCM.
In all panels, the outcropping isopycnal surfaces are contoured in black, the salinity maximum water region is highlighted by the isohaline
37 psu contoured in green, the rectangle highlights the region of 22°-26°N, 42°-35°W, discussed in the text, and the obduction regions are
filtered out using the annual mean ventilation rate shown on Fig. 5.
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This amplitude of the analytical ISAs is consistent
with that of the corresponding simulated ISAs (on the
order of 0.3 psu; Fig. 7e). In the subtropical gyre, the
amplitude of the subducted ISAs given by Eq. (7) is
overestimated by about 0.15 psu in absolute value
compared to that of the OGCM ones given by (3) (cf.
Figs. 7d,e). The discrepancy in amplitude between the
analytical and the OGCM ISAs northeast of 30°N, 30°W
is most likely explained by the displacement of the
outcropping isopycnal, which is too large for the linear
expression (7) to be valid (Fig. 4a). Southwest of 22°N,
45°W, the strong horizontal gradients of SSS resulting
from the ITCZ variability lead to errors in the second
term on the right-hand side of expression (7), which are
responsible for the discrepancy in amplitude between
the analytical and the simulated ISAs. Despite these
biases in amplitude the analytical model captures the
spatial distribution of the subducted ISAs in 1976. Nega-
tive analytical ISAs south of 22°N are forecasted (Fig. 7d),
which agrees with the negative ISAs south of 20°N sim-
ulated using the OGCM (Fig. 7e). Similarly, positive
analytical ISAs are forecasted between 22° and 28°N and
northeast of 28°N, 35°W (Fig. 7d), in agreement with the
positive OGCM ISAs located between 20° and 28°N and
northeast of 28°N, 35°W (Fig. 7e). The negative ISAs
forecasted by expression (7) northwest of 28°N, 35°W are
also simulated by the OGCM in the same region.

In 1976, the late-winter SSS anomalies act to damp
the amplitude of the subducted ISAs in this region, and
the relationship between surface and subsurface iso-
pycnal salinity anomalies are controlled by the second
term on the right-hand side of the first Eq. (7) related to
the displacement of outcropping isopycnal surfaces. In
1976, this relationship does not occur everywhere in the
North Atlantic subtropical gyre. South of 18°N and east
of 55°W, for example, the two terms on the right-hand
side of expression (7) are negative (SSS anomaly on the
order of —0.2 psu and scalar product on the order of
—1.5 psu) and the resulting subducted ISA is negative as
well with a stronger amplitude than that of the SSS
anomaly in this region. Hence, the amplitude of the
subducted ISAs is either amplified or damped compared
to the one of the surface anomalies and their sign is
either the same as or opposite to the one of the surface
anomalies, as discussed in Fig. 2.

To compare the analytical ISAs and the OGCM ones
over the period of 1948-2002, their respective first and
second empirical orthogonal functions (EOFs) and as-
sociated principal components (PCs) are shown in Fig.
8. Given the uncertainties associated with the analytical
expressions of the spiciness anomalies on interannual
time scales, the interannual variability of the SSS anom-
alies, the SST anomalies, and the analytical and OGCM
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spiciness anomalies is filtered out using a 3-yr binomial
smoother. The first EOFs of the analytical and the
OGCM ISAs represent, respectively, 34 % and 21.3% of
the variance of the subtropical gyre (Figs. 8a,b). They
both highlight a dipole structure between the north-
eastern and the southwestern subtropical gyre. In the
northeastern subtropical gyre the strongest amplitude
of the analytical and the OGCM ISAs occurs near the
Canary Islands (on the order of 0.07 and 0.13 psu, re-
spectively). In the southwestern subtropical gyre the
strongest amplitude of the OGCM ISAs occurs east and
southeast of the Caribbean Islands (between 10°-22°N
and 65°-40°W, on the order of 0.03 psu), and it occurs
northeast of the Dominican Republic in the first EOF of
the analytical ISAs (between 18°-26°N and 60°—-40°W,
on the order of 0.05 psu). The analytical model repro-
duces the spatial distribution and the amplitude of the
first EOF of the simulated ISAs. It also captures their
temporal variability as shown by the PCs associated to
the first EOFs of the analytical and simulated ISAs.
They are significantly correlated with a coefficient of
0.83 and highlight a strong decadal variability, which is
in agreement with the results from LLR.

The second EOFs of the analytical and the OGCM
ISAs represent, respectively, 16.5% and 15.1% of the
variance of the subtropical gyre. They both highlight a
dipole structure between the central subtropical gyre
(between 18°-30°N and 55°-25°W) and the southwest-
ern subtropical gyre (between 20°-30°N and 55°-25°W).
The amplitude of the maxima in the analytical model is
overestimated by about 0.04 psu. The analytical model
is able to reproduce the spatial distribution of the sec-
ond EOF of the simulated ISAs. It also captures their
temporal variability because the PCs associated to the
second EOFs of the analytical and the simulated ISAs
are significantly correlated with a coefficient of 0.73.
The first two EOF modes are sufficient to explain half of
the low-frequency variability in the OGCM: the first
mode is maximum in the northeastern subtropics and
the second is over the central basin.

b. Discussion

How are the main patterns of spiciness anomalies in
the permanent thermocline related to the SSS anoma-
lies and the SST anomalies over the period of 1948-
2002? To relate the first and the second EOFs of the
spiciness anomalies in the thermocline with patterns of
SSS anomalies and SST anomalies, we rewrite the dis-
placement dl defined by expression (2) using Eq. (1).
The expression for dl becomes

 BSSS A (1) — aSSTAg((1)
ﬁa]ﬁ — aalm .

[dI(@)]| =
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a) Simulated isopycnal salinity anomalies
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FIG. 9. (a) Annual mean density ratio R* (unitless). (b) Annual mean coefficient Rg s (unitless). (c) Annual mean coefficient R 7
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We introduce the density ratio R* defined by
R* = (B0,SSS)/(«d,SST), where the gradients are con-
sidered in the same direction as dl. The inverse of R* is
usually considered in thermohaline variability studies in
the mixed layer (e.g., Rudnick and Ferrari 1999; Rudnick
and Martin 2002, among others), but it is undefined
in the SMW region where the horizontal gradients of
SSS vanish. When replacing the expression of the dl in
Egs. (7), the ISAs and ITAs become

ISAU(,) (t) = RS,S . SSSAE([) (t) + RS, T SSTAE(t) (t)
ITAO.(,)(I) = RT,S . SSSAE(I)(t) + RT’ T SSTAE(,)(I) ?

®)

where RS,S = 1/(1 —R*), RS,T = OZR*/[B(R* — 1)], RT,S =
Blla(l —R*)], and Rr.r = R*/(R*—1).

Note that ITA,, (f) = (B.ail)ISA,,([)(t) as expected.
The expressions (8) allow a complete discussion of the
characteristics of the spiciness anomalies in the per-
manent thermocline as a function of SSS and SST
anomalies, and R*, away from density-compensated
regions where R* = 1. The annual mean patterns of R*,

Rss, and Rg 7 are shown in Fig. 9. Surface waters be-
come warmer and fresher as they approach the ITCZ
region, hence the strong negative value of R* in this
region (on the order of —4; Fig. 9a). Similarly, waters
become colder and fresher poleward as indicated by the
positive value of R*. Density-compensated regions are
located in the northeast of the subtropical gyre, between
26°-30°N and 35°-20°W.

Using expression (8), different regimes of transfor-
mation from surface anomalies into spiciness anomalies
in the thermocline are highlighted by Figs. 9b,c. Be-
tween 14° and 22°N, the ISAs in the permanent ther-
mocline are a combination of reduced SSS anomalies
and reduced SST anomalies as indicated by the weakly
positive coefficients Rgs and Rg 7 in this region (Figs.
9b,c). In the northwestern part of the subtropical gyre,
north of 28°N between 80° and 60°W, the ISAs in
the permanent thermocline are a combination of am-
plified SSS anomalies (as shown by the positive value of
Rs s greater than 1) and reduced and opposite SST
anomalies (as shown by the weakly negative value of
Rs 7). In the SMW region, the ISAs in the permanent
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thermocline are a combination of amplified SSS anom-
alies and amplified and opposite SST anomalies. A
similar discussion can be done for the coefficients Rg
and Ry 7 associated to the analytical ITAs in the ther-
mocline.

To discuss the late-winter surface conditions that
have generated the pattern of the OGCM ISAs given by
their first EOF (Fig. 8a), composites of the SSS anom-
alies, the SST anomalies, and the OGCM ISAs are
constructed using 3 years (1951, 1962, and 1994, as in-
dicated by the arrows on Fig. 8a) when the pattern of the
OGCM ISAs most resembles that of their first EOF
over the period of 1948-2002. The pattern computed by
applying the first equation in (8) to the composites of
the SSS anomalies (Fig. 10a) and SST anomalies (Fig.
10b) is compared against the pattern of the composite
of the OGCM ISAs (Fig. 10e). The associated re-
constructed ISAs shown on Fig. 10e are thus the sum
of the first term on the right-hand side of (8) (Fig. 10c)
and the second term on the right-hand side of (8)
(Fig. 10d).

The spatial distribution of the resulting reconstructed
ISAs (Fig. 10f) is very similar to that of the composite
OGCM ISAs featuring positive anomalies in the north-
eastern part of the subtropical gyre and negative anom-
alies in the southwestern part of the gyre. The maximum
amplitude of the OGCM ISAs located along the Afri-
can coast (on the order of 0.2 psu) is shifted northward
in the analytical reconstruction. The amplitude of the
reconstructed ISAs is very similar to the one of the
composite OGCM ISAs, except in the region where R*
is close to 1 and where the reconstruction is not valid,
causing the maximum amplitude to have an anomalous
position and an anomalous amplitude (on the order of
0.3 psu). The discrepancies in amplitude and in the lo-
cation of the maxima are also likely related to the
nonlinearities of the density, which are neglected in this
analytical model. The pattern of the reconstructed an-
alytical ISAs is mainly controlled by that of the term
associated to the SSS anomalies (Fig. 10c). However,
the term associated with the SST anomalies (Fig. 10d)
decreases the amplitude of the reconstructed ISAs
northwest of 26°N, 65°W and southeast of 20°N, 50°W.
Therefore, SSS and SST anomalies have competing ef-
fects on the characteristics of the ISAs in the North
Atlantic subtropical gyre, depending on the density
ratio R*.

Composites of the SSS anomalies, the SST anomalies,
and the OGCM ISAs are then constructed using 3 years
(1954, 1979, and 1999 as indicated by the arrows on Fig.
8a) when the pattern of the OGCM ISAs most resem-
bles that of their second EOF (Fig. 11). The re-
constructed analytical ISAs (Fig. 11f) have a similar
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spatial distribution to that of the OGCM ISAs (Fig.
11e), with strong positive anomalies in the center of the
subtropical gyre and negative anomalies elsewhere.
However, the maximum amplitude of the reconstructed
ISAs (on the order of 0.3 psu) is located at 26°N, be-
tween 40° and 30°W, northeastward of the maximum
amplitude of the OGCM ISAs (24°N, 40°W, on the or-
der of 0.2 psu). This upstream shift in the location of the
maximum suggests a misrepresentation of the timing of
subduction, likely related to the definition of the direc-
tion of the outcropping isopycnal displacement. Al-
though the term associated with the SSS anomalies (Fig.
11c) is mainly controlling the characteristics of the
reconstructed ISAs, the term associated with the SST
anomalies (Fig. 11d) contributes to the negative sign of
the reconstructed analytical ISAs south of 20°N, be-
tween 50° and 40°W, and contributes to the weakly
positive reconstructed ISAs north of 32°N, between 40°
and 25°W.

In both reconstructions of the ISAs in the permanent
thermocline (Figs. 10e and 11e), the pattern of the re-
sulting analytical ISAs is very similar to that of the late-
winter SSS anomalies (cf. Figs. 10a,e and Figs. 11a,e).
Their variabilities are also similar as shown by signifi-
cant correlation coefficient of 0.84 between the PC as-
sociated with the first EOF of the interannual OGCM
ISAs (Fig. 8a) and the PC of the first EOF of the later-
winter SSS anomalies (not shown). However, it is note-
worthy that warm and salty spiciness anomalies (Fig.
10e) arising between 22° and 30°N during 3 typical years
of the first EOF of the OGCM ISAs are set by cool SST
anomalies (Fig. 10b) during the subduction season.
Similarly, warm and salty spiciness anomalies located in
the central subtropical gyre between 18° and 28°N (Fig.
11e) during 3 typical years of the second EOF of the
OGCM ISAs are set by cool SST anomalies (Fig. 11b)
during the subduction season.

5. Conclusions

The generation mechanism of spiciness anomalies has
been investigated using an analytical model based on
the late-winter subduction of surface salinity and tem-
perature anomalies along isopycnal surfaces. Our ana-
Iytical model depends on the surface temperature and
salinity anomalies, the surface density ratio, and the
mean thermocline currents. The analytical outputs have
been compared to those of a global run of the OGCM
OPA over the period from 1948 to 2002. In the analytical
model, the first two EOF modes of the spiciness anom-
alies are sufficient to explain half of the low-frequency
variability in the OGCM. The analytical model repro-
duces the spatial pattern, amplitude, and sign of these
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FIG. 10. (a) Composite of the SSS anomalies constructed with the 3 yr highlighted by the arrows on the first PC of the OGCM spiciness
anomalies shown in Fig. 8 (psu). (b) Composite of the SST anomalies constructed as in (a) (°C). (c) First term on the right-hand side of
expression (8) applied to the composite of the SSS anomalies in (a). (d) Second term on the right-hand side of expression (8) applied to
the composite of the SST anomalies in (b). (e¢) Composite of the isopycnal salinity anomalies in the OGCM; it most resembles the first
EOF of the OGCM isopycnal salinity anomalies (psu). (d) Isopycnal salinity anomalies reconstructed from (c) and (d) (psu). Regions
where R*is between 0.8 and 1.2 are masked. The regions of obduction have been filtered out using the annual net ventilation rate shown
on Fig. 5.

two modes well. The analytical model clarifies and
quantifies the mechanism by which surface temperature
and salinity anomalies are modulated by density ratios
to produce different isopycnal temperature and salinity
anomalies. The analytical model has good skills at repro-

ducing the decadal variability of the OGCM spiciness
anomalies in the permanent thermocline. It is therefore
an interesting tool to understand and forecast the ven-
tilation of the North Atlantic subtropical gyre at this
time scale.
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b) SSTA (composite)
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FIG. 11. Same as in Fig. 10, but for the second PC of OGCM spiciness anomalies.

Further analyses using higher-resolution simulations
are underway to address the robustness of this decadal
variability, which may well be an artificial feature re-
lated to the coarse resolution and the forcing errors of
the simulation. Moreover, to determine if this formation
mechanism is indeed observed in the global ocean, long
time series of temperature and salinity in the upper
oceans are required and they are beginning to be col-
lected as part of the Argo project. Another issue related
to these subducted spiciness anomalies is whether the
spiciness anomalies generated in the SMW region of the

North Atlantic subtropical gyre have an impact on cli-
mate when they obduct or not.
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APPENDIX A

Seasonal Cycle of the SSS in the Formation Region
of the Spiciness Anomalies

At the seasonal time scale, the SSS in the formation
region is mainly controlled by the seasonal evaporation
minus precipitation (£ — P) rate and the horizontal
advection of SSS (not shown). The seasonal E — P term
is positive all year long and reaches its maximum in
summer. Indeed, the region is too far north to be directly
influenced by the precipitation associated with the lat-
itudinal displacements of the ITCZ, and thus evaporation
is the dominant term (on the order of 127.5 cm yr ', cf. 23
cm yr ! for the precipitation rate, not shown). The sea-
sonal horizontal advection of SSS is negative all year long
because fresh waters from the ITCZ region is brought in
the formation region by Ekman transport. This fresh-
water transport is most efficient from August through
September when the ITCZ is at its northernmost posi-
tion. These results are consistent with the seasonal salt
budget at 15°N, 38°W based on in situ observations an-
alyzed by Foltz et al. (2004). At 15°N, however, the E — P
term is more influenced by precipitation associated with
the ITCZ than in the formation region. This climato-
logical SSS budget is also consistent with numerical
results based on the ECHAM4/OPAS8 coupled model
(Mignot and Frankignoul 2003).

APPENDIX B

Comparison between the Analytical Model of
Nonaka and Sasaki (2007) and Ours

The analytical model given by expressions (7) is more
general than that of Nonaka and Sasaki (2007) because
it includes a more general direction of the displacement
of the outcropping isopycnal surfaces. The realism of
the analytical prognostic ISAs given by Eq. (7) is en-
hanced when considering a general displacement of the
outcropping isopycnals (dl) instead of a meridional
displacement, as shown in Fig. B1. The rms error in-
duced by using a meridional displacement instead of a
general displacement dl for the month following the
month of maximum MLD over the period of 1948-2002
is about 5%, especially in regions where the surface
displacement dl is not meridional; that is, mainly in the
SMW area and northeast of it. The analytical model
discussed in this paper allows a more complete under-
standing of the generation mechanism of spiciness anom-
alies and it thus further characterizes the ventilation of
the North Atlantic subtropical gyre.
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F1G. B1. Root-mean-square error (%) between the analytical
isopycnal salinity anomalies computed using expression (7) and
the corresponding analytical isopycnal salinity anomalies using a
meridional displacement. The computation is done for anomalies
located under the base of the mixed layer during the month fol-
lowing the month of maximum mixed layer depth. The white
segments indicate the direction and amplitude of the mean winter
displacement of outcropping isopycnal surfaces shown in Fig. 3.
The obduction regions are masked using the annual mean venti-
lation rate shown in Fig. 5, and the mean winter maximum sea
surface salinity is highlighted by the isohalines 37 and 37.4 psu
(dotted contours).
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