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[1] Based on hydrographic sections carried out during the
last decade in the Canary region at 29� 100N, we show that
there has been a statistically significant rise in temperature
and salinity on isobars between 1500 and 2300 db. The
maximum increase, found at 1600 db, is occurring at a rate
of 0.29�C and 0.047 per decade. Isobaric change
decomposition into changes on neutral surfaces and
changes due to the vertical displacement of the isoneutrals
was performed. Results reveal that the lower part of North
Atlantic Central Water (NACW) cooled and freshened on
neutral surfaces, suggesting changes in the freshwater fluxes
at the outcropping region. However, the signal in deep
waters (1500–2300 db) was principally due to a downward
displacement of the isoneutrals, although water mass
modification is observed in the range of Mediterranean
Water (MW) influence. Citation: Benı́tez-Barrios, V. M.,

A. Hernández-Guerra, P. Vélez-Belchı́, F. Machı́n, and E. Fraile-

Nuez (2008), Recent changes in subsurface temperature and

salinity in the Canary region, Geophys. Res. Lett., 35, L07603,

doi:10.1029/2008GL033329.

1. Introduction

[2] A suite of observations over different scales and
regions supports an unequivocal conclusion: the climate
system is changing. Temperature increase in the oceans, sea
level rise and melting glaciers are some of the known
responses to natural and/or anthropogenic forcing which
highlight the important role of the ocean in climate change
[Bindoff et al., 2007]. The evaluation of long-term variations
in the ocean is one of the keys for understanding how climate
is changing and to identify the controlling mechanisms.
[3] Examination of repeated hydrographic sections over

the subtropical North Atlantic have revealed a temperature
increase at depths from 800 to 2500 m since the late 1950s
[Roemmich and Wunsch, 1984; Parrilla et al., 1994;
Vargas-Yáñez et al., 2004; Cunningham and Alderson,
2007]. Decomposition of the isobaric changes into water
mass changes and changes due to the displacements of the
isopycnals have shown that this warming trend is the result
of both contributions [Bryden et al., 1996; Arbic and
Owens, 2001].

[4] In this paper we report that the Canary region has also
undergone temperature and salinity changes in recent years.
We analyze them in order to decompose these changes and
interpret them in terms of variations in the surface forcing at
the outcropping region.

2. Data Set and Method

[5] During the project Canary Islands Azores Gibraltar
Observations (CANIGO) carried out in the 1990s, a section
north of Canary Islands was accomplished on a seasonal
basis [Machı́n et al., 2006]. In February 2006, the Canary
Deep Hydrographic Section (RAPROCAN) repeated the
January 1997 CANIGO section with casts in both surveys
coincident (Figure 1a). A total of 16 full-depth CTD
stations were occupied, where spatial separation for the
deep-water stations was 35 km, reduced to 15 km for the
inner stations. Temperature and salinity profiles averaged
over a 2-db interval were obtained using a CTD/rosette
(Neil Brown in 1997 and SeaBird 911+ with dual sensors in
2006). Water samples were analyzed on a Guideline sali-
nometer to calibrate the conductivity sensor, and showed an
accuracy better than 0.002 for single samples (hereafter
salinity is expressed in the Practical Salinity Scale). Tem-
perature and pressure sensors were calibrated using WOCE
standards.
[6] To evaluate the temperature and salinity variations in

the water column, we have applied the model proposed by
Bindoff and McDougall [1994]. They relate the variations in
both pressure and density surfaces through the following
equation:
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which represents the observed changes in a scalar quantity
y along isobaric surfaces as the sum of two independent
contributions: changes along neutral surfaces [Jackett and
McDougall, 1997] and changes due to vertical displacement
of the isoneutrals, referred to as heaving. dp/dtjgn

denotes
the isoneutral displacement and @y/@p the vertical gradient
of the quantity which is assumed to be constant over time.
This allows the decomposition test by comparing the sum of
the two components to the isobaric change.
[7] In order to apply the above methodology, temperature

and salinity are interpolated onto a grid with a pressure
interval of 50 db and 0.01 kg m�3 for neutral density, from
the surface to 3000 db. Thus, differences and means along
the transect are computed in both the geopotential and
neutral coordinate frames. The 95% confidence intervals
of the mean differences are based on a Student’s t-test and
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take into account the loss of degrees of freedom at each
pressure/neutral density surface due to eddy field autocor-
relation.

3. Results

3.1. The q/S Isobaric Changes

[8] Figures 1b and 1c display temperature and salinity
differences and their zonal average to emphasize the

principal changes. At first sight, both hydrographic vari-
ables follow a similar pattern characterized by a decrease
of the property in the shallowest layer (0–100 db) with a
remarkable homogeneity over the whole transect, this
being statistically significant on the basis of 95% confi-
dence intervals. This conspicuous decrease could be
attributed to the influence of the atmosphere immediately
above, which deepened the winter mixed layer 30 m more
in 2006 than in 1997, cooling the surface to approximately

Figure 1. (a) Hydrographic stations carried out during CANIGO (1997, crosses) and RAPROCAN (2006, dots) cruises.
(b) Potential temperature differences on isobaric levels. Differences contoured at 0.2�C intervals. The side partition is the
zonally averaged difference of the potential temperature. The dashed lines stand for the 95% confidence intervals. (c) As
for Figure 1b but for salinity. Difference contours at 0.05 intervals. Shaded areas indicate rising temperature and salinity
over time.
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18�C. Below the mixed layer, North Atlantic Central Water
(NACW) extends down to 600 db, defining the main
thermocline. Within this water mass the principal changes
are: (i) a pronounced increase in temperature and salinity
(only significant for the latter) between 100 and 350 db,
where values as large as 1.92�C and 0.46 are found in three
patches along the section, and (ii) a decrease in salinity
from 350 to 600 db while temperature remained unaffected.
These differences imply that there have been changes which
do not involve conservation of the q/S properties.
[9] From 600 down to 1500 db, corresponding to

intermediate layers, two well-differentiated water masses
are evident: Antarctic Intermediate Water (AAIW) identi-
fied by a relative salinity minimum, and Mediterranean
Water (MW) clearly distinguished by its salinity maximum
[Machı́n et al., 2006]. At these levels positive and nega-
tive differences alternate yielding a non-significant zonal
average.
[10] In deep layers (>1500 db) consisting of North

Atlantic Deep Water (NADW), a basin-wide band of
warmer and saltier water is observed. This increment is
statistically significant from 1500 to 2300 db, reaching the
maximum of both difference-fields at about 1600 db where
temperature and salinity rose at rates of 0.29�C and 0.047
per decade, respectively.

3.2. Isobaric Change Decomposition

[11] The temperature and salinity isobaric changes, their
decomposition and the sum of the two components are
plotted in Figures 2a and 2b. Except for the near surface,
the sum of the components compares reasonably well with
the isobaric change indicating that the decomposition has
been successfully performed. In the thermocline waters, a
subsurface layer of increased temperature and salinity on
neutral surfaces led to significant salinification in the
isobaric field. Conversely, the lower part of NACW cools
and freshens on isoneutrals at a maximum rate of �0.26�C
and �0.07 per decade, respectively. Hence, the mean q/S
diagram (Figure 3a), obtained from the zonally averaged
temperature and salinity profiles at fixed pressure, reveals
a cooler and fresher NACW curve in 2006. The lines
linking points of equal pressure do not lie parallel to the
isopycnals, indicating that displacement of neutral surfaces
has occurred as observed in Figure 2c. Thus, the deepen-
ing of the neutral surfaces offsets the changes along
neutral surfaces, resulting in non-significant changes on
isobars at these levels.
[12] In intermediate waters, neither isobaric changes nor

water mass changes are statistically significant (Figures 2a
and 2b). Nevertheless, differences in temperature and
salinity on neutral surfaces show negative values for
AAIW and positive values for the MW as well as changes
in their q/S relationship (Figure 3b). Although these
changes are not large enough to be significant, it can be
seen from the lines linking points of equal pressure that
they are influenced by the displacement of the isoneutrals.
Thus, Figures 2a and 2b show isoneutral displacements
from 1200 to 2300 db (27.78 < gn < 28.01 kg m�3), with
an averaged deepening of 30 db (Figure 2c), as the only
significative contribution to the isobaric change in this
pressure range. This is the principal reason for the

increment in temperature and salinity along isobars in
deep layers.

3.3. Warming, Freshening, and Heaving Mechanisms

[13] Bindoff and McDougall [1994] proposed three pro-
cesses for interpreting the observed changes: pure warming,
pure freshening and pure heave, involving their respective
change in atmospheric forcing in the water mass source
region. The first two are related to heat and freshwater
fluxes, changing the water mass characteristics, and the
third one is related to wind stress curl, renewal rates of
water masses or internal waves. The relative strength of
each process, in terms of percentage variance explained (Aw,
Af and Ah, where w, f and h stand for warming, freshening
and heave, respectively), can be estimated solving the
following equations [Bindoff and McDougall, 1994]:
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where r�1 r0jz is the density anomaly at fixed pressure, N0 is
the change in pressure of a neutral density surface, jz
denotes changes on isobars, jn denotes changes along
isoneutrals, and Rr (Rr = aqz/bSz) is the stability ratio
defined from the thermal expansion and the haline
contraction coefficients, a and b, respectively, and the
vertical gradients of temperature and salinity, qz and Sz.
Although Equation (2) is an ill-posed system, the proportion
of the variance explained by each process can be assessed
by making the assumption that only a single process is
acting and applying an inverse method. We have distin-
guished four pressure regimes where a single process tends
to dominate (Figure 4). In Regime I (350–600 db),
corresponding to the lower levels of NACW, pure
freshening explains more than 95% of the variance,
suggesting water mass modification at the outcropping
region. This result is expected based on the shift of the q/S
relationship shown in Figure 3a. Between 600 and 900 db
(Regime II), the observed changes can be explained by pure
heave and by pure freshening in Regime III (900–1200 db),
both statistically significant at the 90% level. At deeper
layers (Regime IV) the percentage of the overall variance
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resolved drops. However, pure heave explains 60–90% of
the signal over the deepest levels of intermediate waters and
NADW.

4. Discussion and Conclusion

[14] We analyze the temperature and salinity changes that
occurred in the Canary region from two hydrographic
sections carried out in 1997 and 2006 by decomposing
the isobaric changes into changes along isoneutrals and
changes due the vertical movement of the neutral surfaces.
In order to interpret them we compute the percentage of the
variance explained by pure warming, pure freshening and
pure heaving mechanisms. The results found here concur
with the variations for the subtropical North Atlantic Ocean
and its large scale circulation.
[15] The NACW presents a subsurface layer (100–

350 db) of temperature and salinity increases on isoneutrals,
whereas its lower part (350–600 db) is cooled and fresh-
ened at a maximum rate of �0.26�C and �0.07 per decade
leading to a shift in the q/S relationship. The latter is in
agreement with findings by Vargas-Yáñez et al. [2004] and
Cunningham and Alderson [2007] of temperature and
salinity decrease along the isoneutrals of the 24�N
eastern thermocline between the 1990s and early 2000.
Moreover, the salinity diminution in NACW has been
documented previously; for example Pérez et al. [1995]
noted that the salinity on sq = 27.1 dropped 0.2 between
1974 and 1982, remaining fresh until 1990. Since pure
freshening explains more than 95% of the data variance,
we suggest that this might be caused by changes in the
balance of precipitation and evaporation taking place in
the formation region of NACW, which was subsequently
transported into the Canary region by circulation.
[16] The rise in temperature and salinity on isobars found

in the range 1500–2300 db has been reported in previous
studies. Roemmich and Wunsch [1984] were the first to
estimate long-term changes along 24�N and 36�N, making a
direct comparison of temperature on isobars between 1981
and the International Geophysical Year (IGY) surveys in the
late 1950s. They found that the temperature had increased
between 700 and 3000 m, with a maximum difference of
0.2�C at 1000–1500 m. The study of the 24�N changes was
extended by Parrilla et al. [1994], adding a survey carried

Figure 3. Mean q/S curves for 2006 (red) and 1997 (blue) for (a) North Atlantic Central Water (NACW) and (b) Antarctic
Intermediate Water (AAIW) and Mediterranean Water (MW). The dashed lines correspond to potential density anomaly
isolines, and the solid lines link points of equal pressure.

Figure 2. (a) Isobaric change from 1997 to 2006 (q0jz and
S0jz, black) decomposed into changes along neutral surfaces
(q0jn and S0jn, blue) and changes due to the vertical
displacements of isoneutrals (�Nqz and �NSz, red) as a
function of the average pressure of the neutral surfaces. The
grey line denotes the sum of both components. (b) As for
Figure 2a but for salinity. (c) Change in pressure of neutral
surfaces from 1997 to 2006. Positive displacements indicate
downward movement over time. Dots represent zonally-
averaged isoneutral pressures.
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out in 1992. They found that the warming had continued
with a maximum increment of 0.32�C at 1100 m over the
period 1957–1992, equivalent to an increase rate of 0.1�C/
decade. Our results show an increase in temperature three
times higher than that estimated from Parrilla et al. [1994].
However, when splitting the North Atlantic sections into
western and eastern basins, our isobaric trend of tempera-
ture and salinity match remarkably well those reported by
Arbic and Owens [2001] for the eastern part of 24�N
between 1981 and 1992. These authors found that both
downward movement of the isopycnals and water mass
changes (higher temperature and salinity on isopycnal
surfaces) contributed to the changes along isobars. This
result is consistent with the pure heave regime observed
from 1200 to 3000 db in this study, the downward displace-
ment of the isoneutrals being the main reason for the
isobaric change. We also found increments in temperature
and salinity on neutral surfaces which could be associated
with the warming and salinification of the waters from the
Mediterranean, revealed in recent studies [Millot et al.,
2006; Potter and Lozier, 2004]. Therefore, the MW mod-
ification and mixing with the upper levels of NADW during
its southward flow, could be a plausible explanation for the
percentage of variance explained by pure warming at these
levels.
[17] All these studies underline the fact that changes do

not occur uniformly over time and space. Hence, similar
repeated observations on regional and larger scales should
continue in order to assess climate change. This will enable
us to gain a better understanding about the relationship of
regional to global changes.
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Figure 4. The variance explained for the case of pure warming (continuous), pure freshening (dashed), and pure heave
(dashed-dotted) against the average pressure of the neutral surfaces. Four different pressure regimes are shown at the top of
the figure.
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