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SUMMARY: We use three transatlantic cruises (1957, 1993 and 2010) along 7.5°N to analyse inter-decadal variations of
the neutral buoyancy frequency (with neutral density replacing potential density) and Turner angle. We also use Argo data
from the 2003-2011 period to show that, within central and intermediate waters, the changes between the three sections are
slightly greater than the seasonal and inter-annual variations, so they may be interpreted as actual inter-decadal variations.
The results point to a generalized sinking of isoneutrals between 1957 and 2010, with maximum zonally-averaged values of
about 100 m in the central and upper deep layers. They also reveal the occurrence of substantial changes in the intermediate
and neighbouring water strata, with differential vertical sinking of isoneutrals and the transformation of their thermohaline
characteristics. The neutral buoyancy frequency increased in the lower central and upper intermediate layers and decreased
in the lower intermediate and upper deep layers. The distributions of Turner angle highlight a predominance of salt-fingering
in the North Atlantic, except for a gravitationally doubly-stable layer located immediately below the intermediate water core;
this stable layer thinned substantially between 1957 and 2010 because of the sinking of the lower intermediate isoneutrals
acting together with actual water transformations from Antarctic Intermediate Waters into North Atlantic Deep Waters. We
conclude that a significant portion of the water column underwent both increased vertical stratification and enhanced salt-
fingering, two mechanisms with opposite effects on the effective vertical diffusion.

Keywords: transatlantic section, stratification, neutral buoyancy frequency, Turner angle, inter-decadal changes, vertical
diffusion.

RESUMEN: CAMBIOS INTERDECADALES EN ESTRATIFICACION Y DOBLE DIFUSION EN LA SECCION TRANSATLANTICA 7.5°N. — Usamos
tres campafias transatlanticas (1957, 1993 y 2010) a lo largo de 7.5°N para analizar las variaciones interdecadales de la
frecuencia de flotabilidad neutra (con la densidad neutra reemplazando a la densidad potencial) y el angulo de Turner.
También utilizamos datos Argo del periodo 2003-2011 para mostrar que, en las aguas centrales e intermedias, los cambios
entre las tres secciones son algo superiores a las variaciones estacionales o interanuales, de modo que pueden interpretarse
como cambios interdecadales. Los resultados indican un hundimiento generalizado de las isoneutras entre 1957 y 2010, con
valores méaximos promediados zonalmente de unos 100 m en las aguas centrales y profundas superiores. También revelan
la existencia de cambios substanciales en las aguas intermedias y los estratos vecinos, con desplazamientos verticales dife-
renciales de las distintas isoneutras, y la transformacion de sus caracteristicas termohalinas. La frecuencia de flotabilidad
neutra aumentd en las capas centrales inferiores e intermedias superiores y disminuy6 en las capas intermedias inferiores y
profundas superiores. Las distribuciones del dngulo de Turner enfatizan la predominancia de dedos de sal en el Atldntico
Norte, excepto en una capa gravitacionalmente estable ubicada inmediatamente por debajo del nicleo de aguas intermedias;
esta capa estable se estrechd entre 1957 y 2010 debido al efecto conjunto del hundimiento de las isoneutras intermedias mas
profundas y la transformacion de las Aguas Antarticas Intermedias en Aguas Noratlanticas Profundas. Concluimos que una
porcidn significativa de la columna de agua experimentd tanto un aumento en la estratificacion vertical como un incremento
en el régimen de dedos de sal, dos mecanismos con efectos opuestos en la difusion vertical efectiva.

Palabras clave: seccién trasatlantica, estratificacion, frecuencia de flotabilidad neutra, angulo de Turner, variaciones
interdecadales, difusion vertical.
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INTRODUCTION

A North Atlantic tropical transect was carried out in
May 1957 along 8.25°N by the R/V Crawford, as part
of the International Geophysical Year (Fuglister 1960),
and along 7.5°N in February-March 1993 by the R/V
I’Atalante, within the World Ocean Circulation Experi-
ment (Arhan ef al. 1998). A transatlantic cruise in the
equatorial North Atlantic took place in July 2000 but
along a substantially different track (Lappo et al. 2001),
so it is not considered in this analysis. In April-May 2010
the R/V Hespérides carried out the MOC2-Ecuatorial
cruise to perform the third transatlantic section along
7.5°N, obtaining a novel data set that has not yet been
reported and/or discussed in peer-reviewed publications.
The key importance of the 7.5°N section lies in the fact
that it is a point of encounter of water masses of different
origins, occupying different strata of the water column,
with a substantial non-zero northward heat transport.

The meridional heat transport at 7.5°N in the Atlan-
tic is about 0.7 PW (1 PW=10!5 Watts) and it is main-
tained at similarly high levels as far as the northern
North Atlantic Ocean (Ganachaud and Wunsch 2000).
This heat transport depends on the vertical location of
the water masses which, in turn, depends on the inten-
sity of the Atlantic Meridional Overturning Circulation
(AMOCQ). It is the AMOC that determines the amount
of deep water formed at the northern (North Atlantic
Deep Waters, NADW) and southern (Antarctic Bot-
tom Waters, AABW) Atlantic boundaries as well as
the intensity of the waters returning to the Northern
Hemisphere to feed the NADW formation regions.
These returning waters are Antarctic Intermediate Wa-
ters (AAIW) at intermediate depths and South Atlan-
tic Central Waters (SACW) in the relatively shallow
equatorial upper thermocline layers. The relatively
warm SACW, with their origin as Antarctic mode wa-
ters which are highly transformed in the tropical and
subtropical regions of the South Atlantic Ocean, are
the main factor responsible for the large meridional net
heat transport at 7.5°N.

To a large extent the location of the water strata
controls the processes responsible for vertical mixing;
mixing, in turn, affects the extent of the strata. Some
numerical results suggest that the intensity of the
AMOC depends on the degree of vertical stratification
which, in turn, affects the intensity of vertical mixing
(Nilsson and Brostrom 2003, Marzeion and Leverman
2009). One key factor in this two-way interaction is
double diffusion, as it effectively enhances vertical
fluxes of properties in apparently stable waters (You et
al. 2002, Ruddick 2003). In large regions of the global
ocean, away from turbulent regions such as intense
currents and near-boundary mixed layers, vertical mix-
ing may indeed be controlled by the presence of double
diffusion. Therefore, it is important to improve our
knowledge on the way ocean vertical stratification and
double diffusion may be evolving, especially in key
locations such as the tropical Atlantic Ocean.

In this study we present the 2010 novel data set and
focus on investigating how vertical stability and dou-
ble diffusion have varied between all three cruises. The
choice of adequate suitable common spatial grid is the
first step to study potential changes in the variables and
processes. Therefore, we begin by introducing the data
set and explaining the interpolation and filtering tech-
niques used when analysing the data in both depth and
density reference systems. We turn next to the descrip-
tion of the two variables, Brunt-Viiséléd (or buoyancy)
frequency and Turner angle, used to analyse static
stability and double diffusion processes; in particular,
we propose and examine the behaviour of definitions
that are slightly different to the classical ones, as they
take into account water compressibility effects. This
is followed by the presentation and discussion of the
spatial distributions of buoyancy frequency and Turner
angle. In particular, we use Argo data to show that the
2010 section is a good representative of the 2003-2011
conditions. This is followed by the central part of this
study, in which the inter-decadal changes in the two
variables are calculated and related to each other. The
paper ends up with a summary of the observed trends
and their implications.

DATA SET

The hydrographic data for the transatlantic nominal
7.5°N section were obtained during the cruises carried
outin 1957, 1993 and 2010. The location of the stations
for all three cruises is shown in Figure 1. Because each
cruise followed a different path near South America,
the inter-comparison region in this study extends only
between 48.5°W and 15°W, and the intense western
boundary current system is therefore excluded.

The longitudinal resolution of the data was three
times better in 1993 (0.5°) than in 1957 (1.5°). The
vertical resolution was much lower in 1957 than in
1993, as the former data set was obtained with bottle
water samples. Typically the 1957 data consisted of
some 20 water bottles in the top 1000 m of the water
column while the 1993 data was of one temperature
and salinity value every metre. A detailed analysis of
the 1957 and 1993 cruises has been reported elsewhere
(Fuglister 1957, Arhan et al. 1998, Oudot et al. 1998,
Marin and Gouriou 2000, Lux et al. 2001).

During the 2010 cruise the hydrographic stations
had a spatial resolution of 0.5° in the western Atlantic,
as far as the Mid-Atlantic Ridge, and about 1° on the
eastern margin. The hydrographic stations included a
conductivity-temperature-depth (CTD) probe that sam-
pled the water column down to the sea bottom with
vertical resolution of a few centimetres; the final files
were constructed with a 1-m vertical resolution, as in
the 1993 data set.

For the 1957 cruise the accuracy of salinity and
temperature measurements was reported to be 0.01
and 0.1°C, respectively (Fuglister 1960). For the
1993 and 2010 cruises the salinity and temperature
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Fic. 1. — Stations for the IGFY 1957 (black triangles), WOCE A06 1993 (grey diamonds) and 2010 (black dots) transects. The intercomparison
region, between 48.5°W and 15°W, is shown. Isobaths are shown every 1000 m.
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FiG. 2. — Distribution of (upper panel) potential temperature 0, (middle panel) salinity S, and (lower panel) neutral density y* for the 2010
transect. In the lower panel isoneutrals separating the distinct water masses (y'=26.65, 27.3, 27.8 and 28.12) and the upper, middle and lower
deep waters (y'=27.95, 28.1) are shown as thicker black lines.

accuracy improved to 0.002 and 0.002°C, respec-
tively. Pressure accuracy also changed, as in 1957
it depended on the cable tilt (about 0.4% of the full
range for a tilt of 5°, or 4 m in 1000 m water depth),
while in the 1993 and 2010 studies it was of the order
of 0.01% to 0.1% of the full pressure range (0.1 to 1
m in 1000 m water depth).

WATER REGIONS AND WATER MASSES

The distributions of potential temperature (6), sa-
linity (S), and neutral density (y") for the 2010 cruise
are depicted in Figure 2 as a function of depth and
longitude. The gross patterns do not change substan-
tially from those in the 1957 (Fuglister 1960) and 1993
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Fic. 3. — Potential temperature-salinity diagram, colour-coded for depth, as produced with data from the 2010 transect; a reference profile

(dotted curve) is calculated as a zonal average for the different depth levels. The black dotted lines show several selected isopycnals (0;=26.6,

27.2,27.65,27.88) and the black curves correspond to isoneutrals separating the water masses (y'=26.65, 27.3, 27.8 and 28.12). Waters lighter
than y"=26.65 are excluded from this representation. A colour version of this figure may be found in the online electronic manuscript.

(Arhan et al. 1998) cruises, and may be used to divide
the water column into depth-strata occupied by differ-
ent water masses (Arhan er al. 1998): surface waters
(down to 200 m), central waters (200-500 m), inter-
mediate waters (500-1100 m), deep waters (1100-4000
m) and bottom waters (>4000 m). The deep waters are
subdivided in three regions: upper deep waters (1100-
1700 m), middle deep waters (1700-3400 m) and lower
deep waters (3400-4000 m).

Figure 2 zooms to the top 1000 m of the water col-
umn in order to provide a better view of the surface,
central and intermediate waters. Two major features in
the depth structure are the eastward deepening of the
isotherms and isohalines within central waters, char-
acteristic of the tropical cyclonic circulation (Stramma
and Schott 1999, Schott et al. 2004), and the presence
of relatively fresh and cold AAIW on the western mar-
gin, on its path from Antarctica to Equator along South
America. Near the bottom we may also appreciate the
presence of dense AABW on the western margin.

A depth-coded potential temperature-salinity dia-
gram illustrates the correspondence of these proper-
ties with potential density and neutral density (Fig.
3). In this figure constant potential density anomaly
o, refers to sea surface pressure. In analogy to the
notation for potential density anomaly, hereafter
we use the notation y'=value for a neutral density
of (1000+value) kg m=3, and surfaces of constant y"
values are named isoneutrals. Neutral density was
selected in this study (together with pressure) as the
natural independent vertical variable to examine the
changes in stratification and double diffusion, as it
avoids the potential complications of having different
reference pressures; for a thorough description of the

concept of neutral density, see McDougall (1987) and
Jackett and McDougall (1997). In Figure 3 several
selected isoneutrals have been plotted on top of the
data points; we may appreciate that isopycnals and
isoneutrals are very similar at shallow depths but
progressively differ from each other as the compress-
ibility effects become important.

In Figure 3 we have also labelled the main par-
ticipant water masses: surface waters (SW), SACW,
AAIW, NADW and AABW. With the aid of this dia-
gram, we may appreciate the approximate correspond-
ence between the depth and neutral density domains
occupied by the different water masses. Surface waters
correspond to y"<26.65, central waters are within the
26.65<y"<27.3 range, intermediate waters are within
the 27.3<y'<27.8 range, deep waters are within the
27.8<y"'<28.12 range, and bottom waters correspond to
y>28.12. The isoneutrals separating upper from mid-
dle deep waters and middle from lower deep waters are
respectively found at y'=27.95 and 28.1. Recall that
isoneutrals, as they depend not only on potential tem-
perature and salinity but also on pressure, may only be
drawn over the cloud of data points; therefore, for the
sake of clarity in Figure 3 we have also drawn several
isopycnals that appear to closely match these selected
isoneutrals.

METHODS
Interpolation in pressure and neutral density
The three data sets (1957, 1993 and 2010) have

quite different spatial resolutions. Therefore, in order
to enable the comparison and hence the study of the in-
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ter-decadal variability for the variables of interest, we
have to construct a data mesh with equivalent vertical
and horizontal resolution. In the vertical direction we
do this in two different domains: depth and neutral den-
sity. The representation in these two domains provides,
first, a complementary view of central intermediate and
deep waters and, second, a more comprehensive un-
derstanding of the underlying physical processes. The
first one is a practical advantage, as the neutral density
domain expands the view of central and intermediate
waters while the depth domain provides very high
resolution of deep waters. The second, conceptual, ad-
vantage relies on the fact that changes of any variable
¢ at a given pressure level p (or depth level z) may be
decomposed as due to both heaving (sinking or rais-
ing of isoneutrals) and actual changes along isoneutral
surfaces y* (Bindoff and McDougall 1994), i.e.

ae) _d9
drl, dr

9 . (D
r" ap

_b
dt

y"

The last term (heaving) is positive or negative
depending on the sign of d¢/dp, e.g. if d¢/ap<O0 this
contribution is negative if the isoneutrals raise in time
(0p/91| ,<0). Alternatively, we may think of the neutral-
density representation as excluding heaving effects, so
only changes arising from advection along isoneutral
surfaces are included.

The first step is to carry out a vertical interpolation
for every original station of the temperature and salin-
ity data in both pressure and neutral density domains.
To produce the mesh in the pressure domain the tem-
perature and salinity fields are linearly interpolated to
either 10 or 50 dbar, an interval suitable for investi-
gating large-scale variability (these pressure intervals
correspond, very closely, to 10- or 50-m depth inter-
vals; therefore, in the remaining of this paper we will
talk indistinctly about the pressure or depth domains).
The 50-dbar interpolated fields do not require any
additional smoothing; the same is true of the fields
interpolated at 10 dbar for 1957 which, because of
the sparse original vertical resolution, do not require
any additional smoothing. In contrast, the 10-dbar in-
terpolated 1993 and 2010 fields are further smoothed
using a low-pass Butterworth filter of third order and
0.4 normalized frequency threshold. This process is
carried out to minimize the number of small-scale
overturns, of the order of 10 m, preserving the infor-
mation of the signal for longer vertical wavelengths.
In this study the 10 dbar output is used to describe the
distributions of the variables and their inter-decadal
variations, while the 50 dbar output is used to exam-
ine the correlated changes between Turner angle and
neutral buoyancy frequency.

To produce the mesh in the neutral density domain,
the temperature and salinity fields are linearly interpo-
lated to neutral density values with variable resolution.
To describe the distributions of the variables the mesh
employed changes from 0.02 at y"=26.65 to 0.005 in

deep waters. Alternatively, to examine the correlated
changes between the three cruises a coarser grid, in-
creasing from 0.05 at y'=26.65 to 0.01 in deep waters,
is used. No additional smoothing is necessary as the
linear interpolation process ignores all data points
where inversions are present, therefore producing
salinity and temperature values that change monotoni-
cally with increasing density.

After the vertical interpolation, we carry out an
interpolation in longitude. This process is equivalent
for every cruise and domain, generating 58 interpo-
lated stations between 48.5°W and 15°W. Therefore,
the longitudinal resolution of this interpolated grid is
slightly better than 0.6°, or about 65 km, which is suit-
able for investigating the large-scale ocean structure.
Finally, the derived variables (density, neutral density,
buoyancy frequency and Turner angle) are calculated
directly and therefore have the same vertical and hori-
zontal resolution as the interpolated temperature and
salinity fields at each station. Throughout this work we
will ignore the near-surface waters which are subject to
seasonal variations, specifically waters shallower than
200 m or approximately lighter than y"=26.65.

Buoyancy frequency

Static stability may be examined with the aid of the
buoyancy frequency, defined as
172
N (890 )
Py 02

where g is the gravity acceleration at every point of
the water column, p, is the potential density calculated
using a potential temperature 6 referenced to the sea
surface, and z is depth. Positive values of the squared
frequency involve stable stratification whereas nega-
tive ones correspond to unstable stratification.

A neutral buoyancy frequency, which uses neutral
density instead of potential density, may be defined as
follows:

172

N =[-8 3)
yn aZ

This new variable is expected to avoid the non-lin-
ear pressure-dependent effects in the potential density
definition, which may cause artificial overturns and
negative frequencies in regions far from the reference
pressure level. A relative buoyancy-frequency differ-
ence is defined as follows:

2 2
Aszu, 4)
N

2

n

Despite the filtering in temperature and salin-
ity in the depth domain (see previous subsection), a
negative squared buoyancy frequency may occasion-
ally appear for the 10-dbar interpolation with either
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Fic. 4. — Comparison of the classical (Eq. 2) and modified (Eq. 3)
buoyancy frequency distributions as obtained using the 2010 data
set. The upper panels show the results in the depth domain and the
lower panels show them in the neutral density domain. Left panels:
mean profiles of log(N?) (grey solid line) and log(N,?) (black solid
line). Right panels: anomaly of relative squared buoyancy frequency
as in Equation (4); the mean anomaly is plotted with a solid black
line whereas the one-standard deviation intervals are dashed in grey.

Definition (2) or (3). These negative values are ap-
parently caused by actual density overturns involving
gravitational instabilities. In order to make possible
the logarithmic representation of the squared buoy-
ancy frequency distributions, we remove the density
overturns following Thorpe (1977), i.e. the height of
each overturn is determined and the density profile
is smoothed before recalculating the buoyancy fre-
quency.The vertical distributions of the buoyancy and
neutral buoyancy frequencies are analysed in Figure
4 using the data from the 2010 cruise. In the depth do-
main, the zonally-averaged profiles are very similar
in the top thousand metres of the water column but
the differences increase with depth thereafter (upper
left panel). In general, the buoyancy frequency is sig-
nificantly higher than its neutral counterpart (notice
the logarithmic scale for the x-axis). This behaviour
is also observed in the neutral density domain (lower
left panel). However, in this case the differences be-
tween the two definitions remain significant down to
intermediate waters (27.8 or 1100 m). The standard
deviations are quite similar for the two variables, al-
though somewhat larger for the original N? definition;
at deep levels the variability is significantly smaller
for N?, than for N2, probably because using neutral

density removes some of the non-linear effects in
Equation (3).

The relative buoyancy-frequency difference helps
to visualize the differences between the two definitions
(Fig. 4). In the depth domain (upper right panel), both
the zonally-averaged values and the standard deviations
remain small for the top 1000 m and increase slowly
with depth until about 4300 m; below this level, i.e.
within bottom waters, the zonally-averaged difference is
reduced but the variability increases. When plotted in the
neutral density domain (lower right panel), the zonally-
averaged values remain low at all density levels and the
one-standard deviation intervals are substantially larger
than in the depth domain, except for the lower deep and
bottom waters (y*>28.1 or about 3400 m).

On the basis of these results, though the two buoy-
ancy frequency definitions display only few differences
in most of the water column, we adopt the definition of
neutral buoyancy frequency (Eq. 3) for the remaining
calculations throughout this paper.

Turner angle

The Turner angle is used to assess the static stabil-
ity of a water parcel as a result of potential buoyancy
changes associated with double-diffusive mixing proc-
esses. It is defined as (Ruddick 1983):

Tu=tan” (M) , 5)
alf + PAS

where a=—(1/p)0p/00 is the thermal expansion coef-
ficient and p=(1/p)dp/dS is the haline contraction
coefficient of seawater, with p being in situ density.
The Turner angle characterizes several regimes with
different stability conditions. For |Tu|<45° the water
column is stable in terms of d6/dz (positive gradient)
and 0S5/dz (negative gradient); double diffusion occurs
for 45°<|Tu|<90°, specifically the salt-finger regime
prevails for 45°<7Tu<90° while the diffusive regime
occurs for —90°<Tu<-45°; finally, |Tu|>90° involves
gravitational instabilities.

We may define a variable analogous to the Turner
angle, but using a moving reference level for the po-
tential temperature instead of referring it to a zero pres-
sure level. Since the Turner angle is calculated using
temperature differences between two points separated
in the vertical, the natural reference pressure is the in-
termediate position between these two points. As for
the neutral buoyancy frequency, the objective here is
to remove any possible artefacts caused by having a
distant reference level. We denote this potential tem-
perature by 6,, and the corresponding thermal expan-
sion and haline contraction coefficients as o, and f,.
The corresponding Turner angle definition is:

a,A0, + B,AS
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Fic. 5. — Comparison of the classical (Eq. 5) and modified (Eq. 6) Turner angle distributions as obtained using the 2010 data set. The upper

panels show the results in the depth domain and the lower panels show them in the neutral density domain. Left panels: mean profiles of Tu

(black solid line) and Tup (grey solid line). Middle panels: Turner angle difference according to Equation (7); the mean difference is plotted

with a solid black line whereas the one-standard deviation intervals are dashed in grey. Right panels: as in the middle panels but zooming at
the intermediate levels.

The absolute difference between Definitions (5)
and (6) is given by:

ATu = Tu - Tup. (7)

The results from Definitions (5) and (6), calculated
using the data from the 2010 cruise, are plotted as a
function of both depth and neutral density (Fig. 5). The
left panels show the zonally-averaged Turner values
while the middle and right panels plot the absolute
difference values. In the middle and right panels the
one-standard deviation intervals are also shown. In the
depth domain (upper panels) the difference between the
zonally-averaged values remains negligible until about
2000 m but becomes substantial below about 3000 m.
The original definition displays much less variability
for deep and bottom waters. The differences are much
smaller when calculated in the neutral density domain
(lower panels). The two definitions practically overlap
(lower left panel), with much smaller differences than
for the depth domain (lower middle and right panels).
In this domain the differences remain within a few de-
grees, the sign changing from positive at intermediate
and upper deep waters (27.3<y"'<27.95) to negative at
middle and lower deep waters (y">27.95). Hereafter,
we will use the original Definition (5) to map the Turn-
er angle distributions, as it substantially reduces the
variability of the signal when calculated in the depth
domain for waters below 3000 m.

BUOYANCY FREQUENCY AND TURNER
ANGLE DISTRIBUTIONS

We now present the distributions of the neutral
buoyancy frequency (Fig. 6) and the Turner angle (Fig.
7) for all three cruises, as a function of both depth and
neutral density, and briefly discuss the most important
features. Figure 6 illustrates that, below the surface
mixed layer and seasonal thermocline, the fundamental
characteristic is a generalized increase in static stability
with depth. However, the plots in the density domain
(see also Fig. 4) indicate the presence of several local
maxima, particularly in the intermediate water range.
All three sections share the same gross characteristics,
although the stratification of intermediate waters on
the western margin appears to have increased slightly
with time. We will come back later to this issue when
calculating the actual temporal changes in the neutral
buoyancy frequency.

An important feature present in all sections is the
zonal asymmetry of central waters. Immediately below
the seasonal thermocline the western margin appears
more stratified than the eastern margin but the situation
reverses in the central and intermediate waters, with
more stratified waters in the eastern half of the basin
(see also Fig. 2). This asymmetry reflects the presence
of different water masses and the existence of differ-
ent dynamic processes. On the western margin the
relatively fresh AAIW is most abundant (e.g. Lozier
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FiG. 6. — Distribution of neutral buoyancy frequency, log(N,?), for the 1957 (upper panels), 1993 (middle panels), and 2010 (lower panels)

data sets. Left panels are depicted in the depth domain whereas right panels use the neutral density domain. The horizontal dotted lines in

the density domain represent the main boundaries between central, intermediate, deep and bottom waters (y'=27.3, 27.8 and 28.12). A colour
version of this figure may be found in the online electronic manuscript.

et al. 1995), leading to a decrease in stratification at
the SACW-AAIW boundary. In the eastern basin the
central water isopycnals become more tightly packed
in response to the cyclonic circulation within the sub-
tropical cells (Schott et al. 2004). Finally, the appear-
ance of AABW at the deepest western corner is detect-
able through slightly higher frequency values (Arhan
et al. 1998). We observe that the characteristic values
for N,? range between 10~ and 10-° s, which means
N, values between 102 and 103 s~!. Therefore, water
parcels have natural vertical oscillations with periods
that range from one minute to an hour.

In order to examine the presence of double-diffu-
sive mixing processes in the water column, we look
at the distributions of the Turner angle for all three
cruises as a function of both depth and neutral density
(Fig. 7). You (2002) presented a Turner angle atlas
for the Atlantic Ocean, including the vertical distribu-

tion in a meridional section along 30°W. You (2002)
emphasized the existence of a complex structure with
predominance of salt-fingering conditions. Our results
indeed confirm the predominance of salt-fingering
conditions, although there is only a relatively small
region in the western margin that displays strong-fin-
gering (Tu>75°) conditions. Schmitt et al. (1987, 2005)
found strong staircases in an extensive area northwest
of (7.5°N, 48.5°W), off the western end of our 7.5°N
section. However, from Figure 7 we find that strong
salt-fingering appears only as small-scale patches in
central waters, indicating that the 7.5°N transatlantic
equatorial region is not generally prone to intense dou-
ble diffusion processes.

The dominance of salt-fingering may be understood
from the typical shapes of the potential temperature and
salinity profiles (Fig. 3). Temperature increases monot-
onically from the surface mixed layer to the sea bottom,
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FiG. 7. — Distribution of Turner angle, Tu, for the 1957 (upper panels), 1993 (middle panels), and 2010 (lower panels) data sets. Left panels

are depicted in the depth domain whereas right panels use the neutral density domain. The three colour tones for diffusive convection and

salt-fingering refer to weak, medium and strong double diffusion; the darker the tone, the more intense the process. The horizontal dotted lines

in the density domain represent the main boundaries between central, intermediate, deep and bottom waters (y"=27.3, 27.8 and 28.12); the limit
between upper and middle deep waters (y'=27.95) is also shown.

providing stability to the water column (generalized
positive gradient). On the other hand, salinity exhibits
a non-monotonic behaviour, decreasing from the sur-
face mixed layer down to approximately 800 m depth,
then increasing to depths of between 1500 and 2000 m,
and decreasing again at greater depths. Those regions
where positive vertical salinity gradients are able to
overcome the stabilization effect of the positive vertical
temperature gradients have the potential to give rise to
salt-fingering. The existence of the different regimes is
therefore determined by the encountering of salty central
and deep waters of northern origin with relatively fresh
intermediate and bottom waters of southern origin.
Another noteworthy feature along 7.5°N is the
presence of a band of doubly-stable water (where both
temperature and salinity gradients are stable) associ-
ated with the intrusion of the relatively fresh and cold

AAIW. This band is located between the core of AAIW
and the upper portion of NADW, typically between
about 800 and 1600-2000 m in the depth domain (wid-
ening eastwards) or between about 27.5 and 27.9 in the
neutral density domain. The extent of the gravitational-
ly stable Tu layer is related to the location of the inter-
mediate and upper deep waters in the y* domain (right
panels of Fig. 7). The lower limit of the gravitation-
ally stable layer rose with time: in 1957 this boundary
roughly coincided with the 27.95 isoneutral while in
1993 and 2010 it was well above it, ascending slightly
from 1993 to 2010. The conclusion is that waters with
neutral density between 27.9 and 27.95 experienced a
transition from AAIW towards NADW conditions. On
the other hand, the evolution of the upper limit is less
well defined, also suggesting a small increase in the
extent of the salt-fingering region but with a patchier
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Fic. 8. — Relative temporal variation of the squared neutral buoyancy frequency, AN,? (Eq. 8), for the depth (left) and neutral density (right)
domains; the upper, middle and lower panels respectively indicate changes for the periods 1957-1993, 1993-2010 and 1957-2010. Increases
in stratification appear in warm colours, decreases in cold colours.

signal. Finally, it is worth mentioning that diffusive
convection was absent in 1957 but appeared in 1993
and 2010 as isolated small-scale patches in the western
part at the intermediate deep waters interface, when
the temperature gradients locally revert in otherwise
doubly-stable waters.

In the following section we will look at the tem-
poral changes in our two principal variables, N, and
Tu, and examine the way in which they are related.
We may anticipate, for example, that an increased
presence of upper NADW could lead to basin-wide
salinity changes and, therefore, to associated changes
in double-diffusive processes. To this end, we first
examine the size of the changes in neutral buoyancy
frequency and Turner angle between all three sec-
tions, then make a succinct analysis on whether these
differences are really representative of inter-decadal
changes, and end up looking at how the changes in N,
and Tu are connected.

INTER-DECADAL CHANGES
Distributions of temporal changes

In order to examine the temporal changes in neutral
buoyancy frequency we use a relative quantity, analo-
gous to Equation (4). The relative temporal variability
of the squared neutral buoyancy frequency is defined as:

N -N;
A Nf = # s

n57

®)

where the subindexes f and i respectively denote the
final and initial state and N %; corresponds to the value
of this variable for the 1957 section, which is taken as
a reference.

Figure 8 shows the maps for AN,? as calculated be-
tween the different repetitions (1957-1993, 1993-2010
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TaBLE 1. — Integrated values of the relative temporal variation of the squared neutral buoyancy frequency, AN,? (Eq. 8), for different regions

of the water column in both the depth and density domains. The water masses in the depth domain are specified as follows: CW, central waters

(200-500 m); IW, intermediate waters (500-1100 m); UDW, upper deep waters (1100-1700 m); MDW, middle deep waters (1700-3400 m);

LDW, lower deep waters (3400-4000 m); BW, bottom waters (below 4000 m). The water masses in the density domain are specified as fol-
lows: CW, (26.7-27.3); IW, (27.3-27.8); UDW, (27.8-27.95); MDW, (27.95-28.1); LDW, (28.1-28.12); BW, (>28.12).

CwW w UDW MDW LDW BW
p domain 1957-1993 0.03+0.05 0.03+0.03 0.02+0.09 0.13+0.08 0.12+0.08 0.07+0.37
1993-2010 0.12+0.05 0.04+0.02 0.00+0.02 0.00+0.04 -0.05+0.09 0.10+0.23
1957-2010 0.15+0.05 0.07+0.03 0.02+0.08 0.14+0.08 0.09+0.10 0.21+0.64
y* domain 1957-1993 0.05+0.13 0.10+0.06 -0.06+0.02 0.04+0.05 0.05+0.18 0.07+0.12
1993-2010 0.02+0.10 0.03+0.03 0.00+0.02 0.00+0.02 -0.08+0.02 0.13+0.23
1957-2010 0.07+0.23 0.13+0.07 -0.06+0.04 0.04+0.06 0.01+0.19 0.21+0.31

and 1957-2010), plotted as a function of depth and
neutral density. Intense patchiness is the most obvious
feature in these maps, possibly caused by processes not
resolved in the sampling. One such process is internal
waves that may cause the water parcels to become dis-
placed by vertical distances of the order of 100 m; these
displacements do not change the water mass properties
but do locally affect the buoyancy frequency. Another
predominant feature is a marked asymmetry between
the western and eastern basins, most noticeable in cen-
tral waters when plotted in the neutral density domain
(right panels of Fig. 8).

In order to better understand how the buoyancy
frequency distribution has changed in the last 53 years,
we also calculated the integrated mean values for
every region of the water column in both the depth and
neutral-density domains (Table 1). We may expect,
for example, that internal waves shall not affect this
integrated frequency. In the density domain, N, only
increases significantly (mean value greater than the
standard deviation) in intermediate waters while there
is a noticeable decrease in upper deep waters (1957-
1993 and 1957-2010 periods) and lower deep waters
(1993-2010 period). Central waters also exhibit an in-
crease during all three periods, but with standard devia-
tions larger than the mean values. In the depth domain,
the only significant changes in N,? are an increase for
central and intermediate waters during the 1993-2010
and 1957-2010 periods, and an increase for the middle
deep waters during the 1957-2010 period.

These results suggest that temporal changes of
N,? at intermediate levels have a positive contribu-
tion due to actual changes in the water characteristics
and a negative contribution due to the heaving term;

recall Equation (1) and notice that dN?/dp is generally
negative in the ocean except in central intermediate
waters (Fig. 4) so the heaving term also implies sink-
ing isoneutrals. The negative heaving contribution is
smaller than the positive contribution in the neutral-
density domain, so the resulting change in the depth
domain is positive and still significant. The results
also indicate that both deep and central waters have
experienced a substantial increase in stratification,
mainly related to a positive heaving contribution,
therefore pointing at a generalized sinking of isoneu-
trals within these water strata.

In order to examine whether the stratification
changes were different in the western and eastern ba-
sins, we divided the transatlantic section at 34°W, near
the centre of the Mid-Atlantic Ridge (Fig. 1); the west-
ern and eastern basins thus cover 25 and 33 interpolated
stations, respectively. The temporal variations in AN,?
exhibit relevant differences between the western and
eastern basins in both domains (Table 2). The largest
differences are observed for central waters, particularly
in the neutral-density domain, reflecting an increase in
stratification in the eastern basin because of changes in
water mass composition and a positive heaving contri-
bution (sinking of isoneutrals) in both basins.

The changes in water mass characteristics and the
sinking/rising of isoneutrals may cause temporal tran-
sitions in the double-diffusive character of the water
column. We may examine the presence of such changes
through temporal variations in the Turner angle, a rela-
tion equivalent to Equation (7) but now with temporal
changes,

ATu =Tuy — Tu,, )

TaBLE 2. — Integrated values of the relative temporal variation of the squared neutral buoyancy frequency, AN,* (Eq. 8), for both the eastern
and western Atlantic basins (east and west 34°W). Values for central, intermediate and upper deep waters are shown for both the depth and
neutral density domains.

Western basin (48.5-34°W) Eastern basin (34-15°W)

CwW w UDW Ccw w UDW
p domain 1957-1993 -0.04+0.13 0.02+0.08 0.00+0.14 0.09+0.08 0.04+0.04 0.04+0.07
1993-2010 0.15+0.05 0.07+0.03 -0.02+0.09 0.09+0.06 0.01x0.03 0.00+0.05
1957-2010 0.12+0.16 0.10+0.07 -0.02+0.07 0.17+0.08 0.05+0.05 0.04+0.09
y* domain 1957-1993 0.05+0.15 0.09+0.12 -0.11x0.07 0.05+0.14 0.11+0.03 -0.02+0.05
1993-2010 -0.04+0.20 0.06+0.06 0.01+0.02 0.06+0.07 0.01+0.05 -0.01+0.04
1957-2010 0.01+0.34 0.16+0.11 -0.10+0.06 0.12+0.19 0.11x0.06 -0.04+0.05
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Fic. 9. — Inter-decadal variations of the Turner angle, ATu (Eq. 9),
in the depth domain; the upper, middle and lower panels indicate
changes for the periods 1957-1993, 1993-2010 and 1957-2010,
respectively. The colour code reads as follows: blue indicates a
transition from gravitational stability to salt-fingering; green, gravi-
tational stability to diffusive convection; orange, diffusive convec-
tion to gravitational stability; yellow, salt-fingering to gravitational
stability; the remaining possible transitions are left in white.

where the subindexes f and i respectively denote the
final and initial states (Fig. 9). Some large values oc-
cur within deep waters, but these values are generally
of opposite sign in the 1957-1993 and 1993-2010 pe-
riods, so the net 1957-2010 corresponding values are
small; in fact, these changes appear to be linked to the
relatively high patchiness that was present in the 1993
cruise (Fig. 7).

The largest absolute ATu values are linked to
changes in the vertical extent of the AAIW and upper
NADW strata: these are transitions from salt-fingering
to gravitationally stable regimes and vice versa at
depths ranges of about 500-1000 m and 1500-2000 m,
respectively. The transition from gravitationally stable
to salt-fingering regimes is clearly dominant, in par-
ticular between 1993 and 2010, effectively reducing
the thickness of the gravitationally stable intermedi-
ate layers (Fig. 7). This transition is observed in both
the upper and lower boundaries of the stable layer,
though it is more evident for the lower boundary. The
upper boundary exhibits some zonal differences, with
a moderate reduction in the thickness of this stable
layer in most of the section except on its westernmost
margin (west of about 36°W to 40°W, depending on
the cruise). The major change, however, occurs in the
lower boundary of the stable intermediate layer, be-

tween the core of AAIW and the uppermost NADW.
The observed variations in buoyancy frequency, with a
substantial decrease in the density domain, are coher-
ent with the changes in Turner angle, from stable to
salt-fingering conditions.

Is the 2010 distribution representative of
neighbouring years?

When using individual cruises to infer inter-decadal
changes, we may reasonably wonder how representa-
tive one single measurement is for a certain period of
time. In our case, with three single sections in a time
span of 53 years, this question is of particular rel-
evance. For an individual section to characterize a
decadal period, the inter-decadal changes would have
to be substantially greater than variations at shorter
time scales. For a transatlantic section the potentially
conflicting short time scales run from a few months,
or seasonal, to inter-annual (much shorter time periods
are not expected to significantly affect a transoceanic
section). The causes for seasonal and inter-annual vari-
ations range from seasonal forcing, and the consequent
horizontal and vertical propagation of the signal in
the form of westward propagating Rossby waves (e.g.
Brandt and Eden 2005), to inter-annual processes such
as the North Atlantic Oscillation (e.g. Curry and Mc-
Cartney 2001).

In order to address the above question we would re-
quire measurements in our region of interest at the sea-
sonal and inter-annual scales. These are, certainly, not
available for the 1957 and 1993 sections but the situation
is much better for the 2010 cruise. The Argo global-
array of free drifting vertical profilers began in 2000 and
in November 2007 reached its goal of simultaneously
having over 3000 profilers in the global ocean, a number
that has been maintained thereafter. Therefore, we may
examine the consistency of the 2010 transatlantic data
along 7.5°N with the available Argo measurements. The
comparison can only cover the central, intermediate and
upper deep waters, as most of the profilers in the Atlan-
tic Ocean only sampled down to either 1500 or 2000 m;
the original vertical resolution of the Argo profilers is
10 dbar but for this comparison, in order to remove the
small-scale vertical variability, we will use the 50-dbar
interpolated hydrographic and Argo data.

We here choose a very simple method to compare
the Argo data set with the 2010 study across the tropi-
cal Atlantic. This consists in selecting two single sta-
tions from the 2010 cruise, one for the western margin
(station 68, located at 7.5°N, 43°W) and one for the
eastern margin (station 98, located at 7.5°N, 25°W),
and to search for all Argo data available within some
spatial and temporal search-window around these sta-
tions (only data flagged as good and not in the grey list
were used). We recognize that it is a very simplified
approach to a difficult problem, but it may provide a
preliminary answer to the question of how representa-
tive the 2010 cruise is.
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After several tests with different spatial and tem-
poral windows, we finally selected all Argo data from
January 2003 to July 2011 and within a distance of 1°
from stations 68 and 98. In this manner a total of 55
and 111 profiles are respectively available for stations
68 and 98. In the two stations the temporal data distri-
bution is quite homogeneous, although slightly biased
towards summer months. The annual distribution is
less uniform: in station 68 there were 42 profiles (out
of 55) gathered between 2004 and 2006 while for sta-
tion 98 there were 85 profiles (out of 111) gathered
between 2008 and 2010.

The potential temperature-salinity diagrams illus-
trate that both hydrographic stations fall well within
the corresponding cloud of Argo data points (top pan-
els in Fig. 10). The vertical distribution of the neutral
buoyancy frequency and Turner angle also show that
the hydrographic stations conform to the variability
displayed by the Argo data (middle and bottom panels
in Fig. 10). In the case of the station 68 (left panels),
these variables are depicted down to about 1400 m, due
to the sparse number of profiles below this depth.

The most important question, however, is how the
differences between the 2010 data and the correspond-
ing Argo data compare with the changes between the
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Fic. 10. — Hydrographic properties at stations 68 (7.5°N, 43°W;
left panels) and 98 (7.5°N, 25°W; right panels) of the 2010 transect
(black lines and points) and as obtained using all Argo floats data
within 1° of these same locations (grey lines and points). Theta-S
diagram (upper panels), (middle panels) depth profiles of neutral
buoyancy frequency, log(N,?), and (lower panels) depth profiles of
Turner angle, Tu.

Station 68

Station 98

60

20 40 20 40
1A Tul €) 1A Tul €)

Fic. 11. — Variability in the absolute values of (upper panels) the
neutral buoyancy frequency, log(N,?2), and (lower panels) the Turner
angle, Tu, as a function of depth for stations 68 (left panels) and 98
(right panels). Intra-decadal variations, indicated by shaded areas,
are estimated as the one-standard deviation from the Argo data. The
black curves represent the inter-decadal variations inferred from the
mean (dashed) and maximum (solid) absolute difference between
the hydrographic sections.

1957, 1993 and 2010 transatlantic sections. Figure 11
shows the one-standard deviation (for each depth level)
of both log(N,?) (upper panels) and Tu (lower panels)
as calculated using the Argo data. This one-standard
deviation is expected to involve intra-decadal varia-
tions, i.e. only seasonal or inter-annual changes. These
values may be compared with the mean and maximum
absolute changes as inferred from the three sections
(1957-1993, 1993-2010 and 1957-2010), which are as-
sumed to characterize the inter-decadal variations. We
observe that intra-decadal changes are slightly smaller
than inter-decadal changes over most of the water
column. A more thorough study would be required
to separate seasonal from inter-annual changes and
to assess how the latter are influenced by the fact that
our Argo data set spans a total of 7.5 years (although
at both stations most of the data pertains to a period
of only three years), but this goes beyond our objec-
tives. For our purposes it suffices to determine that the
changes between cruises are, at least over most of the
central and intermediate waters, significantly higher
than the characteristic intra-decadal variations.

Correlated N, and Tu changes

In this section we turn to explore how the relation-
ships between N,?> and Tu may have changed during
the three transatlantic sections. In order to reduce the
noise of the signal and improve the visualization of
the predominant patterns, the variables represented in
this subsection (Figs. 12 and 13) correspond to data
interpolated every 50 dbar (pressure domain) or with
density resolution increasing from 0.05 at y'=26.65 to
0.01 in deep waters (neutral-density domain).
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FiG. 12. — Neutral buoyancy frequency log(N,?) as a function of the Turner angle Tu represented in the depth and neutral density domains (left
and right panels, respectively). The upper, middle and lower panels show the distributions for 1957, 1993 and 2010 cruises, respectively. The
gravitationally stable region is located between the vertical dotted lines. The isoneutrals separating central, intermediate, deep and bottom
waters (y'=27.3, 27.8 and 28.1) are dashed in blue while the isoneutral separating upper and middle deep waters (y"=27.95) is dotted in blue.

In the depth domain (left panels of Fig. 12), we may
appreciate how the gravitationally double-stable region
approximately corresponds to N,? values between 107
and 107° s72; this range is equivalent to oscillation pe-
riods of the water parcels from 5 to 15 minutes. The
representation in the neutral density domain (right
panels of Fig. 12) shows that this doubly-stable region
corresponds to intermediate and upper deep levels but
also extends to some locations with y'<27.3, especially
during the 1993 and 2010 studies. Stable points in cen-
tral waters generally display N,> values substantially
smaller than in nearby densities prone to salt-fingering.
Another important feature observed in the neutral den-
sity domain is the rising of the deepest stable points.
We find that many stable points reached below "
=27.95 in 1957, whereas they rarely reached this level

in 1993 and were almost absent in 2010 (see also right
panels of Figure 8).

A plausible conclusion is that NADW has increased
its presence with time and, as a consequence, the in-
termediate layer shrank. The increase of NADW may
result from an intensification of the AMOC, at least
in its upper deep waters; this has been suggested from
observations throughout the North Atlantic (Marsh
et al., 2005) and predicted by numerical models un-
der the current scenario of global warming (Wunsch
and Heimbach 2006), although it is still a source of
controversy (e.g. Nilsson et al. 2003, Bryden et al.
2005). Cunningham et al. (2007) found substantial sea-
sonal changes in the transport of upper NADW across
26.5°N, with the southward transport getting intensi-
fied in fall, from some 10 to 15 Sv. Therefore, since
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all three 7.5°N cruises were carried out in late winter
or early springand because of the relatively moderate
seasonal and inter-annual changes discussed in the pre-
vious section, it is plausible that the observed changes
in NADW content are indeed related to inter-decadal
variations.

In Figure 13 we show the zonally-averaged neutral-
density profiles as a function of depth for all three
cruises. The upper left panel shows the whole profile,
where the three data set appear to be very tight together.
A closer inspection, however, confirms that there are
significant variations. The upper-middle panel of Fig-
ure 13 zooms to the 300 to 1000 m depth range, which
corresponds to the central and intermediate waters and
contains the upper limit of the gravitationally stable
layer seen in Figure 8. This zoom illustrates that, for a
given y" value, the three data set split away in the upper
waters but tend to converge in the lower layers, with
the 1957 and 2010 cruises respectively corresponding
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to the upper and lower limit. Therefore, the vertical
density gradients were minimum and maximum in
the 1957 and 2010 transects, respectively. The upper
right panel of Figure 13 zooms to the 1800 to 2500
m depth range, which corresponds to the upper part of
the middle deep waters. The gradients are much lower
than within the thermocline water but again we observe
the same trend of temporal changes as in intermediate
waters, now with most of the increase in stratification
occurring between 1957 and 1993.

The middle and bottom panels of Figure 13 also
depict the absolute variations of N,?, in both the depth
and neutral density, between 1993 and 2010 (middle
panels) and between 1957 and 2010 (lower panels),
colour-coded to illustrate the transitions between dou-
ble diffusion and stability according to the changes in
Turner angles. The zonally-averaged profile is shown
on top of the whole range of variation for all data points.
Let us first consider the neutral-density domain (right
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FiG. 13. — The upper panels show the zonally-averaged neutral density for the 1957 (blue), 1993 (black) and 2010 (green) transects. The middle

and lower panels show the mean absolute variation of the squared neutral buoyancy frequency, N,?2, calculated between 1993 and 2010 and

between 1957 and 2010 (solid black lines), respectively, plotted on top of all values again coloured according to their Turner angle transitions

in these periods (points are depicted in grey and the transitions are colour-coded as in Figure 9). The two left panels show the results in the

depth domain, whereas the two right panels show the results in the neutral density domain. In the neutral density domain the levels y"'=27.3,
27.8, 28.1 appear dashed in black.
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panels), i.e. changes associated with transitions in the
water mass characteristics. Between 1957 and 1993
these changes were very small except for the upper
central waters (densities less than 27.1) and the bottom
waters (densities greater than 28.12). The stratification
of the upper central waters decreased further between
1957 and 2010 but the change in bottom waters is less
noticeable; additionally, during this same period the
lower central waters (densities near 27.2) and central
intermediate waters (densities near 27.6) had become
more stratified and the lower intermediate and upper
deep waters (densities just under 27.8) had turned into
less stratified.

Let us now consider the depth domain, so that the
changes also incorporate heaving effects (recall that
in most of the water column, positive/negative con-
tributions indicate sinking/raising of the isoneutrals).
Between 1957 and 1993 the changes are very small
everywhere except very close to the bottom. Between
1957 and 2010 the largest changes again correspond
to near-bottom waters, with a decrease between about
4000 and 4500 m and an increase at greater depth; for
the remainder of the water column the changes are
much smaller but still substantially larger than for the
1993-2010 period. There are small increases near cen-
tral waters (500 m), upper intermediate waters (800 m)
and upper deep waters (2000 m) and the only notice-
able decrease occurs in the central region of the inter-
mediate waters (at about 1100 m; recall the presence of
a local stratification maximum at these depths, as seen
in Figure 4, so the vertical gradient of the stratification
changes sign). Therefore, the observed differences in
the depth and density domains mainly serve to indicate
the generalized sinking of all strata located between
central and upper deep waters, in agreement with the
changes visible in the top panels of Figure 13.

The subtle changes in the intermediate and sur-
rounding waters from 1957 to 2010 may be appreciated
with the help of a standard 6-S diagram (Fig. 14). All
isoneutrals sank during this period but some of them did
so by almost 100 m while others only were displaced
a few metres. The maximum vertical displacements
occurred within central and upper deep waters, while
the minimum ones took place in the central intermedi-
ate waters (Fig. 14a). As a result of these differential
motions, the lower central and upper intermediate lay-
ers became vertically compressed while the opposite
happened within the lower intermediate and upper
deep waters. The increased stratification observed near
800 m or about 27.4 (Fig. 14b), i.e. in upper interme-
diate waters, displays a mixture of changes between
gravitational stability and salt-fingering, with no pre-
dominant trend (Fig. 14c). Within the lower intermedi-
ate and upper deep waters (y'<27.8), in contrast, the
stratification decreased (Fig. 14b) in association with
major switches from gravitational stable towards salt-
fingering regimes (Fig. 14c). This change towards salt-
fingering strongly supports the idea that the less strati-
fied NADW have reached shallower layers, formerly

c
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Fic. 14. — Potential temperature-salinity diagrams for intermediate
and nearby waters, as produced with data from the 2010 transect
(grey shaded). The black (1957) and grey (2010) dots correspond
to the zonally-averaged temperature and salinity values on each
isoneutral and the black solid lines correspond to y'=27.2, 27.4,
27.6, 27.8. All values are calculated and represented in the neu-
tral density domain. (a) Changes in the zonally-averaged depth
of isoneutrals, positive/negative values denote sinking/rising
of isoneutrals. (b) Relative changes in zonally-averaged neutral
buoyancy frequency AN,? (Eq. 8). (¢) Changes between gravita-
tional and double-diffusive regimes, colour-coded as in Figure 9,
plotted on top of the 2010 data.

found within intermediate waters. These variations are
schematically illustrated in Figure 15.

CONCLUSIONS

Our objective was to investigate the long-term evolu-
tion of static stability along the 7.5°N transatlantic section
through the analysis of the distributions of two quantities:
buoyancy frequency and Turner angle. For this purpose
we first explored whether the standard buoyancy fre-
quency and Turner angle definitions may depend on the
utilization of a distant reference pressure. Differences
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Sea surface

bottom

FiG. 15. — Schematics illustrating the stratification and heaving changes experienced between 1957 and 2010 within intermediate and upper
deep layers. The left panel shows how the 1957 condition evolved towards the 2010 situation. The dark grey lines show the lower intermediate
layers that evolved from stable into salt-fingering regimes; a similar situation would apply to the upper intermediate and lower central waters.
The light grey lines illustrate the central intermediate layers which became more stratified in 2010 than in 1957 (the line covers a larger
neutral-density interval). The right panel depicts the temporal transition of several selected isoneutrals within intermediate and upper deep
waters: all isoneutrals sank in time but the stratification increased within the upper and central intermediate layers (not shown) and decreased
within the lower intermediate and upper deep waters. Simultaneously some previously stable layers (above y'=27.95 in 1957) turned into
layers prone to salt-fingering (below y'=27.9 in 2010, as denoted by the arrows) because of an enhanced presence of NADW.

TaBLE 3. — Major temporal changes taking place from 1957 to 2010, between the lower central and upper deep waters (S-F, salt-fingering; EB,
eastern basin; WB, western basin; CW, central waters; IW, intermediate waters; DW, deep waters).

AN? ATu
water strata (y"range) heaving changes in water properties added result result
(y* domain) (p domain) (p domain)
lower CW increase moderate increase increase large S-F increase in EB;
(<27.3) (y*sink) moderate S-F decrease in WB
upper and central IW decrease increase increase small changes

small changes large S-F increase

(27.3-27.7) (y*sink as dIN*/9p<0)
lower IW and upper DW increase decrease
(27.7-27.95) (y" sink) (NADW reaches shallower levels)

between the standard buoyancy frequency definition (ref-
erenced to the sea surface) and an alternative definition
(neutral buoyancy frequency, which uses neutral density
rather than potential density) are practically negligible for
the thermocline waters (approximately the top 1000 m
depth) but become appreciable for deep waters, with the
neutral buoyancy frequency having less variability and
values slightly smaller than the buoyancy frequency. We
repeated this exercise for the Turner angle, exploring a
modified definition with potential temperature referred to
a varying pressure level. In this case the differences are
very small and it is the conventional Tu definition which
displays least variability within deep waters. On the basis
of these results we chose the conventional Turner angle
definition and the modified neutral buoyancy frequency
for all subsequent analyses.

The distributions of neutral buoyancy frequency
and Turner angle were examined in both depth and
neutral density spaces for all three 7.5°N transatlantic

sections, i.e. the historical 1957 and 1993 and the re-
cent 2010 transect. The utilization of both depth and
neutral-density domains gives best resolution in the
deep and upper waters, respectively, and primarily
allows us to identify the changes that are associated
with modified water characteristics and those that are
related to heaving of isoneutrals. The analysis ignored
the near-surface waters, which are subject to seasonal
variations, specifically waters shallower than 200 m or
approximately lighter than neutral density y'=26.65.
The distributions of the two properties highlight the
vertical and zonal variations of the equatorial Atlantic.
The vertical distributions reflect the successive strata of
SACW, AAIW, NADW and AABW. The major zonal
changes take place within central and intermediate wa-
ters, with greater stratification and more presence of
AAIW in the western basin. The Turner angle reveals
the predominance of salt-fingering processes, resulting
from the unstable salt distribution in the North Atlan-

SCI. MAR., 7651, September 2012, 189-207. ISSN 0214-8358 doi: 10.3989/scimar.03616.19G



206 « M.A. SAN ANTOLIN PLAZA et al.

tic. A gravitationally doubly-stable layer, related to the
presence of the relatively fresh intermediate waters,
is observed between about 800 m and 1500-2000 m,
thickening eastwards.

One very important issue of our analysis is whether
we can consider the changes between the three different
cruises as representative of long-term or inter-decadal
variations. For this to be true the variations have to be
substantially larger than the seasonal or inter-annual
changes, which we assess using Argo data from 2003
to 2011. Our analysis shows that the measurements
during the 2010 transect conform to the Argo vari-
ability in central and intermediate waters, and that the
changes observed between cruises are generally greater
than the intra-decadal changes derived from the one-
standard deviation of the Argo data set. This grants us
good confidence that the calculated variations between
the three sections are likely to be representative of the
inter-decadal changes, although a more exhaustive in-
vestigation is still necessary to confirm this idea.

The comparison of all three distributions allows
us to identify the existence of major variations in
the buoyancy frequency in both neutral-density and
depth representations. In the density representation,
only intermediate (13% increase) and upper deep
(6% decrease) waters display changes significantly
different from zero; central and bottom waters also
experience large increases but smaller than the one-
standard deviation values. In the depth representation
the significant changes (always an increase) occur for
central (15%), intermediate (7%) and middle deep
(14%) waters, while the upper deep waters are not
significantly different from zero. Therefore, central,
upper deep and middle deep waters make quite a large
positive contribution due to sinking of the isoneutrals,
while intermediate waters make a moderate nega-
tive contribution, also associated with the sinking of
isoneutrals (recall that dN?/dp changes sign within
intermediate waters).

These results suggest that the position of the (in-
creasingly stratified) stratum between central and
intermediate waters has not changed much and also
support the view that the (increasingly unstratified)
stratum between the intermediate and upper deep
waters has moved up, with a net thinning of the in-
termediate stratum. Indeed, the temporal variation of
the Turner angle highlights an enhancement of the
region prone to salt-fingering processes, related to the
narrowing of the doubly-stable gravitational layer.
The top of this stable layer shallows on the western
margin and sinks on the eastern margin, while the bot-
tom of the stable layer clearly shallows throughout
the whole section. The net result is a decrease in the
contribution of AAIW and an increased presence of
NADW. In summary, the main features of the near-
intermediate waters are (1) a differential sinking of
isoneutrals with minimum drop values in the central
intermediate waters, (2) an enhancement of salt-
fingering in the lower central and upper intermediate

waters, associated with an increase in stratification,
and (3) an increased presence of upper deep waters
reaching shallower isoneutrals. Table 3 summarizes
some of these ideas and Figure 15 illustrates the on-
going major transitions in the lower intermediate and
upper deep water strata.

Although increased stratification implies a more
stable ocean and less nutrient supply to the surface
layers (Steinacher et al. 2010), our results suggest that
in some instances it is accompanied by an increase in
double diffusion, with an opposing effect on the inten-
sity of vertical diffusion. The origin of such changes
may be related to the existence of inter-decadal varia-
tions in the different components of the water column,
in our case possibly with an intensified NADW flow
and a weakened AAIW presence; the existence of anal-
ogous compensating changes in the different AMOC
components, at seasonal time scales, has recently been
reported by Kanzow et al. (2011). Further data and
additional studies are required to determine whether
some of the observations are related to seasonal or
inter-annual oscillations in the central and intermediate
waters, and to properly quantify the mixing scenario in
a highly stratified salt-fingering upper ocean.
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