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A B S T R A C T

The RADMED project is devoted to the implementation and maintenance of a multidisciplinary monitoring
system around the Spanish Mediterranean waters. This observing system is based on periodic multidisciplinary
cruises covering the coastal waters, continental shelf and slope waters and some deep stations (> 2000 m) from
the Westernmost Alboran Sea to Barcelona in the Catalan Sea, including the Balearic Islands. This project was
launched in 2007 unifying and extending some previous monitoring projects which had a more reduced geo-
graphical coverage. Some of the time series currently available extend from 1992, while the more recent ones
were initiated in 2007. The present work updates the available time series up to 2015 (included) and shows the
capability of these time series for two main purposes: the calculation of mean values for the properties of main
water masses around the Spanish Mediterranean, and the study of the interannual and decadal variability of such
properties. The data set provided by the RADMED project has been merged with historical data from the
MEDAR/MEDATLAS data base for the calculation of temperature and salinity trends from 1900 to 2015. The
analysis of these time series shows that the intermediate and deep layers of the Western Mediterranean have
increased their temperature and salinity with an acceleration of the warming and salting trends from 1943.
Trends for the heat absorbed by the water column for the 1943–2015 period, range between 0.2 and 0.6 W/m2

depending on the used methodology. The temperature and salinity trends for the same period and for the in-
termediate layer are 0.002 °C/yr and 0.001 yr−1 respectively. Deep layers warmed and increased their salinity at
a rate of 0.004 °C/yr and 0.001 yr−1.

1. Introduction

The oceans play a key role in the climate change process as it is very
likely that their upper 700 m have warmed from 1971 to 2010 and it is
probable that this warming process extends from 1871 to 2010 (Rhein
et al., 2013). This warming corresponds to a heat absorption of 0.55 W/
m2 through the ocean surface and represents the 93% of the net heat
absorbed by the Earth due to the present radiative imbalance (Levitus
et al., 2012). In this context, the Mediterranean Sea has received an
increasing attention since the early 1990s. Due to the reduced dimen-
sions of the Mediterranean (if compared with the world oceans) the
effects of climate change on the temperature and salinity of its water
masses could be more easily detected. Furthermore, the Mediterranean
has its own thermohaline circulation. Changes in deep water formation

and the thermohaline circulation can be studied in the Mediterranean
Sea more easily than in the world oceans as deep water formation areas
in the Mediterranean are more accessible than other regions of the
world. Finally, water masses and circulation in the Mediterranean are
affected by other anthropogenic factors different from climate change
such as the damming of the main rivers draining into the Mediterranean
Sea (Rohling and Bryden, 1992; Krahmann and Schott, 1998). All these
factors have led to consider the Mediterranean Sea as a natural la-
boratory for climate change studies (Bethoux et al., 1999).

Lacombe et al. (1985) reported a temperature and salinity increase
of the deep waters in the Western Mediterranean. These results were
based on the comparison of temperature and salinity data provided in
previous works (Nielsen, 1912; Sverdrup et al., 1942) with those data
collected along several cruises carried out from the early 1950s to the
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1970s. Later works analyzed the long term evolution of the upper, in-
termediate and deep layers both in the Western and Eastern Medi-
terranean. The upper layer corresponds to the AW and is usually con-
sidered as that extending from the surface to 150 or 200 m depth. The
intermediate layer is mainly occupied by LIW and is usually considered
as extending from 150 or 200 m to 600 m. Finally, the deep layer is
below the intermediate layer and extends to the sea bottom. These
works revealed the warming and salting of the deep waters (Béthoux
et al., 1998; Leaman and Schott, 1991; Rohling and Bryden, 1992;
Krahmann and Schott, 1998; Rixen et al., 2005; Vargas-Yáñez et al.,
2010a, 2010b). The existence of long term trends in the thermohaline
properties of the intermediate and upper layers was not so clear. Some
of these works reported changes in the salinity and temperature of the
Levantine Intermediate Waters (LIW, Leaman and Schott, 1991;
Rohling and Bryden, 1992; Béthoux et al., 1998; Rixen et al., 2005). On
the contrary, other works found no significant trends for this water
mass (Krahmann and Schott, 1998; Painter and Tsimplis, 2003). Con-
cerning the upper layer, occupied by Atlantic Waters (AW), several
studies have used Sea Surface Temperature data from radiometers op-
erated from satellite from the mid 1980s to show a clear warming of the
Mediterranean surface waters. These results are confirmed by Skliris
et al. (2012) who used in situ measurements from NOCs (National
Oceanographic Center Southampton) to extend the analyses to the
period 1973–2008. Nevertheless, when in situ data are used to study
the upper part of the water column, some discrepancies appear. Once
again, some works show no warming trends (Krahmann and Schott,
1998; Sparnocchia et al., 1994), while others present positive trends for
the AW temperature (Pascual et al., 1995; Salat and Pascual, 2006).

Other changes detected in the Mediterranean Sea are related to the
abrupt shift of the deep water formation sites and rates in the Eastern
Mediterranean. This event, commonly known as the Eastern
Mediterranean Transient (EMT), occurred at some moment between
1987 and 1995 and led to a dramatic increase of the temperature and
salinity of the new Eastern Mediterranean Deep Waters (EMDW) which
replaced and uplifted the old EMDW (Roether et al., 1996, 2007). The
changes observed in the Eastern Mediterranean have been transmitted
to the Western Mediterranean as saltier and warmer intermediate wa-
ters would flow through the Sicily channel after the EMT (Gasparini
et al., 2005). The arrival of these saltier intermediate waters and some
exceptional atmospheric conditions during winters 2005 and 2006 in
the Western Mediterranean would have been responsible for the ap-
pearance of a new and anomalous Western Mediterranean Deep Water
(WMDW). This water mass is warmer, saltier and denser than the pre-
vious or old WMDW and has occupied the bottom layer of this basin.
These events are known as the Western Mediterranean Transition
(WMT, Schroeder et al., 2010, 2016; Zunino et al., 2012; López-Jurado
et al., 2005).

Most of the results outlined above have been derived from the
comparison of data obtained in different oceanographic cruises. In most
of the cases such cruises had no common purpose nor belonged to any
monitoring program. As a consequence of the lack of long term mon-
itoring programs in the Mediterranean Sea during the last century,
oceanographic data are scarce and unevenly distributed. Vargas-Yáñez
et al. (2009, 2012a) have shown that this could be the cause for some of
the discrepancies between different works. These authors concluded
that the data scarcity and their irregular distribution could make the
results very sensitive to the data analysis methodology. More recently,
Llasses et al. (2015) and Jordá and Gomis (2013) have evidenced dif-
ferences between the results obtained when analyzing temperature and
salinity time series from different data bases and monitoring programs.
Once again such discrepancies are attributed to the data scarcity, the
interpolation method or even the data quality control.

During the late 1990s and the beginning of the twenty first century,
several monitoring programs have been implemented in the
Mediterranean Sea. Each of these programs is based on a different
strategy and methodology, but all of them will contribute to a better

understanding of the changes currently affecting the Mediterranean
Sea. The Hydrochanges network is based on the mooring of CTDs at key
places for the monitoring of the temperature and salinity variability of
the water masses within the Mediterranean Sea (Schroeder et al., 2013).
Time series collected under Hydrochanges umbrella have already re-
vealed changes in the composition of the Mediterranean outflow
through the Strait of Gibraltar (Millot, 2009). The MEDARGO program
maintains an array of profiling floats in the Mediterranean Sea (Poulain
et al., 2007). As an example, these data have been useful in the de-
scription of the deep water formation (Smith and Bryden, 2007) or the
study of the Mediterranean mesoscale circulation (Sánchez-Román
et al., 2016). The Lion Mooring Line monitors in a continuous way the
deep water formation in the MEDOC (MEDOC Group, 1970) area since
2007 (Houpert et al., 2016). This mooring line, equipped with instru-
ments along the water column, is part of the Mediterranean Ocean
Observing System.

The RADMED program is devoted to the implementation and
maintenance of a monitoring system around the continental shelf and
slope, including some deep stations (> 2000 m) around the Spanish
Mediterranean (López-Jurado et al., 2015; Tel et al., 2016). This
monitoring program is aimed at the study of the seasonal and long term
variability of the Westernmost Mediterranean waters from a multi-
disciplinary point of view. Oceanographic stations are visited on a
seasonal basis since 1992 in some cases and since 2007 in the case of
the stations most recently included in the RADMED project. Vargas-
Yáñez et al. (2010b) have shown that temperature and salinity data
from the RADMED project can be merged with historical data in order
to construct long time series, providing valuable information about long
term changes in the Western Mediterranean. As previous analyses
considered TS data up to 2008, they did not include the new stations
operated since 2007. The goal of the present work is to update tem-
perature and salinity time series by extending the previous ones to 2015
(inclusive). The new available information will allow us to obtain mean
values for the properties of the Atlantic and Mediterranean waters
around the Spanish Mediterranean. At the same time, linear trends will
be computed in order to check the behavior of these variables along the
twenty first century. The analysis of updated time series, including for
the first time those stations initiated in 2007, and the use of historical
data, will allow us to evaluate new long-term trends. The data set is
described in Section 2, results are presented in Section 3, and finally,
discussion and conclusions are in Sections 4 and 5.

2. Data and methods

A network of oceanographic stations are periodically visited in the
frame of the RADMED project, funded by the Instituto Español de
Oceanografía. The stations are distributed in transects perpendicular to
the coast. Stations are named by a letter corresponding to each transect
and a number increasing from the coast to the open sea. In the Alboran
Sea, the westernmost transects are Cape Pino (P in Fig. 1), Málaga (M)
and Vélez (V). For instance, the closest station to the coast in Cape Pino
transect is named as P1, and the most offshore station is P4. Sacratif
transect extends from Cape Sacratif in the central part of the Alborán
Sea, and Cape Gata transect (CG) is on its eastern limit. Those transects
extending from the eastern Spanish coast are Cape Palos (CP), Tarra-
gona (T) and Barcelona (BNA). Two more transects are located in the
Balearic islands, one of them to the south of Mallorca Island (B) and
another one extending in a northeast direction from Menorca Island
(MH). 37 oceanographic stations forming two triangles cover the Ba-
learic channels: The Ibiza channel between the peninsula and Ibiza Is-
land and the Mallorca channel between Ibiza and Mallorca. These sta-
tions are labeled as C. Finally a deep station (> 2200 m) is located to
the south of Cabrera Island (EPC). All the stations are visited three-
monthly, that is, once per season of the year and the samplings are
multidisciplinary including temperature and conductivity profiles by
means of a CTD periodically calibrated. Water samples are taken at
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discrete depths for oxygen, nutrients (nitrate, nitrite, silicate and
phosphate) and chlorophyll determinations. In addition, water samples
are taken for determination of the abundance and taxonomic compo-
sition of phytoplankton. Oblique trawls with BONGO nets are carried
out for determination of zooplanktonic abundance and taxonomic
composition. More details about the sampling protocols can be found in
www.repositorio.ieo.es/e-ieo/handle/10508/1762.

The RADMED stations are the result of the unification and extension
of previous monitoring programs: ECOMALAGA, ECOMURCIA,
ECOBALEARES and CIRBAL. Table 1 summarizes the name of the
previous projects and the year when sampling was initiated. Since 2007
all the stations are under the umbrella of the RADMED project. In some
cases, the new oceanographic stations were initiated in 2007 when the
RADMED project was lunched.

The longest time series from the RADMED project are 24 years long
as 2016 is not included in the present work, while the shortest ones are
9 years long. These time series are suitable for analyzing the tempera-
ture and salinity mean values in the continental shelf and slope around
the Spanish Mediterranean as well as those changes operating on these
properties during the last decade. For each oceanographic station and
for each depth level from the surface to the sea bottom, temperature
and salinity data where split into winter, spring, summer and autumn
data. For each data set outliers were discarded, normality tests were
carried out and mean and standard deviation values were calculated.
Confidence limits at the 95% confidence levels were calculated for the
mean values considering a t-student distribution.

Nevertheless, these variables exhibit both inter-annual and decadal
variability making it difficult to distinguish long term changes such as

Fig. 1. Oceanographic stations from the RADMED project. Stations are distributed along transects. Each transect is labeled with a letter related to some geographical feature or location:
Cape Pino P, Málaga M, Vélez V, Cape Sacratif S, Cape Gata CG, Cape Palos CP, Tarragona T, Barcelona BNA, Mallorca B, Mahón MH, Cabrera deep station EPC and two triangles in the
Balearic channels C. Each station is labeled with its corresponding letter and a number increasing seaward. Stations in the Balearic channels are labeled from C1 to C37. Black triangle is
l’Estartit oceanographic station operated by the Institut de Ciències del Mar in Barcelona. Four rectangles are included in this figure. Each rectangle is one area where temperature and
salinity data have been obtained from the MEDAR/MEDATLAS data base. The four rectangles or geographical areas considered are: Alborán, Cape Palos, Balearic Sea and Northern sector.

Table 1
Stations included in the RADMED project. It is included the year when the sampling was
initiated, the maximum depth sampled and the project under which it was initiated.

Oceanographic station Initial project Initial year Maximum depth
(m)

P1-P3 ECOMALAGA 1992 530
M1-M3 ECOMALAGA 1992 200
M4-M5 ECOMALAGA 2000 500
V1-V3 ECOMALAGA 1992 300
V4 ECOMALAGA 2000 490
P4 RADMED 2007 870
S1-S5 RADMED 2007 750
CG1-CG5 RADMED 2007 1130
CP1, CP3, CP4 ECOMURCIA 1996 2100
CP2 RADMED 2007 75
B1-B3 ECOBALEARES 1994 200
C1-C10 south Mallorca

Channel
CIRBAL 1996 638

C11-C21 south Ibiza Channel CIRBAL 1996 840
C22-C29 North Ibiza

Channel
CIRBAL 1996 1260

C30-C37 North Mallorca
Channel

CIRBAL 1996 1230

EPC1 RADMED 2007 2315
MH1-MH4 RADMED 2007 2500
T1-T4 RADMED 2007 950
BNA1-BNA5 RADMED 2007 1670
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possible trends linked to climate change. In order to extend back in time
our time series, four geographical areas were chosen. These regions are
delimited by rectangles in Fig. 1 and are named Alborán, Cape Palos,
Balearic Sea and Northern Sector (see Fig. 1). All available temperature
and salinity data within each of these regions (rectangles) were ob-
tained from the MEDAR/MEDATLAS data base (MEDAR Group, 2002).
Vertical profiles were seasonally averaged obtaining four data per year
and then these four data were averaged to get one temperature and
salinity profile for each year and region. Finally, the RADMED profiles
within the same region were annually averaged extending in time an-
nual time series of temperature and salinity. The final results are annual
temperature and salinity time series at different depth levels (from 0 to
2500 m) extending from 1900 to 2015. The homogeneity of the ex-
tended time series was checked by means of a standard normal
homogeneity test (Alexanderson, 1986; Alexanderson and Moberg,
1997).

The methodology followed for the analysis of the time series is si-
milar to that used in Vargas-Yáñez et al. (2010a, 2010b). In some years,
there were not data corresponding to the four seasons of the year
(winter, spring, summer and fall). In these cases two different ap-
proaches were followed. In the first one, the missing seasonal value was
substituted by a climatological or long term mean value calculated from
the complete series (1900–2015). This method is equivalent to consider

that the missing data has a zero anomaly or deviation from the clima-
tological value. In the second approach the annual temperature or
salinity is calculated averaging the anomalies or residuals from the
available seasons. Therefore it is considered that the part of the year
which is not sampled had a behavior (anomaly) similar to the one
sampled. In other words, the anomalies from the seasons with data are
considered as representative of those seasons with no data.

Gouretski and Koltermann (2007), Domingues et al. (2008), Levitus
et al. (2009) among others, detected errors in inter-annual and decadal
variability and trends in temperature time series caused by biases in the
bathythermograph data. In the aforementioned works, the observed
biases were corrected. In our case, as the required information for the
data correction is not available, the following approach is followed. All
the calculations are repeated both including and excluding bath-
ythermograph data.

Temperature data from l’Estartit station have been analyzed.
L’Estartit oceanographic station is located on the continental shelf of
the Catalan Sea (Fig. 1) over a bottom depth of 80 m. This station is
visited on a weekly basis by the Institut de Ciències del Mar (ICM). Four
discrete temperature measurements are obtained at 0, 20, 50 and 80 m
depth since 1969. These time series are included in order to obtain
further information concerning the upper AW in the northern sector of
our study region.

Fig. 2. Mean values for temperature and salinity in P3 station. Upper left corner shows the P3 position. The upper right figures are the average vertical temperature and salinity profiles.
Blue lines are for winter, green for spring, red for summer and yellow for autumn. A zoom for the upper 200 m of the water column is included. The lower left figure shows the θS diagram
for the P3 station. Grey dots correspond to all the available CTD casts from this oceanographic station. Mean θS values for winter are included in blue, green for spring, red for summer
and yellow for autumn. The lower right figure is a zoom for the deepest waters in order to enhance the properties of WIW, LIW and WMDW. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Finally, daily temperature measurements are taken at the sea shore
(2 m depth) in Fuengirola beach (close to Cape Pino section, Fig. 1).
This time series extends from 1985 to 2015 and is used as an indication
of temperature variability of AW recently advected into the Medi-
terranean Sea through the Strait of Gibraltar.

3. Results

3.1. Mean values

Figs. 2–9 show the mean potential temperature and salinity seasonal
profiles and θS diagrams for some selected stations around the penin-
sular waters and the Balearic Islands. Confidence intervals for the mean
values, associated to the interannual variability around such mean va-
lues have not been included for the clarity of the plot. Nevertheless, a
complete information about the mean values, standard deviations and
the number of data used for the calculations can be found in Table SI of
Supplementary material.

Vertical profiles show clearly the salinity gradient from the south to
the north indicating the decreasing influence of AW arriving from the
Strait of Gibraltar. Another interesting feature in these profiles is the
clear seasonality of AW salinity values increasing in winter and
reaching lowest values in summer. Concerning the seasonal cycle of the
upper layer temperature, it is interesting that in winter, AW are warmer
in the Alboran Sea (Figs. 2 and 3), decreasing the temperature north-
wards (see Figs. 6 and 7). The opposite situation stands for summer

when AW in the Catalan and mainly the Balearic Sea is warmer than in
the southern regions. Fig. 10 summarizes these temperature and salinity
values in the context of the general circulation in the Western Medi-
terranean. Salinity values to the south of the Balearic Islands and to the
East of Menorca Island are slightly lower than in the Ibiza and Mallorca
Channels.

The intermediate layer in the Western Mediterranean is occupied by
Western Intermediate Water (WIW) and Levantine Intermediate Water
(LIW). Lower panels in Figs. 2–9 are the θS diagrams (left lower plot)
and a zoom for the deepest part of the water column (right lower plot).
All the available temperature and salinity values from the RADMED
project have been included (grey dots) and the average θS diagrams
have been included for winter (blue), spring (green), summer (red) and
autumn (yellow). López-Jurado et al. (1995) described the WIW in the
Balearic Channels as a water mass with θ < 13 °C and 38 ≤ S≤ 38.3
and Vargas-Yáñez et al. (2012b) considered that the temperature and
salinity range defining this water mass should be widen (37.7–38.3,
11.5–13 °C). This water mass is clearly distinguishable in θS diagrams
as it is the coldest water mass in the Western Mediterranean and its
temperature can be lower than the bottom water temperature. If all the
RADMED profiles are considered (grey dots in Figs. 2–9), the presence
of this water mass can be observed in the MH transect (Fig. 8) or at EPC
station (Fig. 9). The occurrence of this water mass is more frequent at
station C33, in the Mallorca Channel (Fig. 5) and it can also be found to
the South of Mallorca Island at B transect (not shown). Nevertheless,
when the mean seasonal profiles are considered, the temperature of the

Fig. 3. The same as in Fig. 2, but for the oceanographic station CG4 in Cape Gata transect.
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intermediate layer is always above 13 °C and the presence of the WIW
cannot be established from the average profiles at these stations (co-
lored θS diagrams in Figs. 5, 8 and 9). Fig. 11 shows the presence of
WIW from the average seasonal profiles. It is also included the depth
and season of the year when intermediate waters reach the WIW values
according to Vargas-Yáñez et al. (2012b) criterion. According to this
figure, the mean or average temperature and salinity values in the
Balearic Sea show the presence of WIW at the Ibiza Channel mainly in
winter and spring. On the contrary, although some years this water
mass can be observed at the aforementioned Mallorca Channel (C33),
Mahon transect (MH) and EPC station, the average values do not reflect
its presence, suggesting that the preference pathway of this water mass
would be through the Ibiza Channel. The average temperature and
salinity profiles show evidence of WIW in Cape Gata, the eastern limit
of the Alboran Sea, indicating that this water mass reaches this southern
region in most of the years (Figs. 3 and 11). Although a clear signal of
WIW is not obtained in the mean θS profiles for the other Alboran sea
stations, Fig. 2 shows that this water mass is present in the Alboran Sea
as far as P3 station during some years (grey dots). It is also worth
mentioning that WIW is found in the Balearic Channels at a depth
ranging between 80 and 200 m, just above the LIW waters, but also at
the sea surface in some locations (Fig. 11a). This latter result indicates
that these are locations of WIW formation. This result is supported by
those in Vargas-Yáñez et al. (2012b) who found the winter vertical
homogenization of the water column with WIW values at the con-
tinental shelf of the Ibiza Channel and Cape Palos. This process was

coincident with episodes of strong heat losses.
LIW is found below the WIW and is characterized by a relative

temperature maximum and an absolute salinity maximum. This water
mass is observed in all the transects (Figs. 2–9) and during all the
seasons of the year. Fig. 11b summarizes the mean values of the LIW
around the Spanish waters. LIW values correspond to winter season.
The rest of the year is not presented as the LIW seasonal variability is
very weak. LIW is observed in the average θS profiles in all the sections
of the RADMED project coinciding with the usually accepted LIW
pathway. Its presence at P3 station simply reflects the well known result
that this water mass is one of the major contributors to the Medi-
terranean water outflow at the Strait of Gibraltar.

Deep waters extend below the LIW to the sea bottom. Mean values
for the period analyzed in the RADMED project (2007–2015) range
between 12.89 °C and 12.9 °C for potential temperature and
38.47–38.49 for salinity. It is interesting to note that the RADMED
project was initiated after the beginning of the Western Mediterranean
Transition (López-Jurado et al., 2005; Schroeder et al., 2010, 2016) and
therefore the “hook shape” for the deepest part of the θS diagrams is
clearly visible in most of the CTD casts and also in the average or mean
profiles in the deepest oceanographic stations: CP4 (Fig. 4), C33
(Fig. 5), MH4 (Fig. 8) and EPC (Fig. 9).

3.2. Decadal changes from the RADMED, L’Estartit and Fuengirola stations

Linear trends were estimated for each depth level within each

Fig. 4. The same as in Fig. 2, but for the oceanographic station CP4 in Cape Palos transect.
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oceanographic station. Fig. 12 is an example of potential temperature,
salinity and potential density trends as a function of depth for P3 and
CG5 stations. Thin lines represent the trends plus and minus the 95%
confidence interval. Fig. 13 is the same for two of the deepest stations
CP4 and MH4. Confidence intervals for the upper 200 or 300 m of the
water column are too large in order to conclude about the existence of
any significant trend. The intermediate layer from 200 m to 600 m
seems to show positive temperature and salinity trends, but the statis-
tical significance is not clear. P3 shows significant warming and salting
trends at the 95% confidence level for most of the depth levels, but not
for all of them. Decadal changes are significant from 300 m depth for
temperature in CG5 and from 400 m in the case of salinity. For the
deepest stations such as CP4 and MH4, intermediate layers seem to
have increased its temperature and salinity for the last 9 years, but
these results are not statistically significant. On the contrary, deep
waters below 1000 m show a clear warming and salting trend.

The only changes that are clearly observed in the surface waters are
those associated to the salinity of waters to the south of Mallorca Island
and the temperature at l’Estartit station. In the first case, station B3
increased its salinity from the sea surface to the sea bottom at 200 m
depth. Although temperature results are not significant, they seem to
have decreased (results not shown). In the case of l’Estartit station,
located in the continental shelf of the Catalan Sea (over a bottom depth
of 80 m), temperatures at 0, 20, 50 and 80 m depth showed clear and
positive significant trends ranging from 0.18 ± 0.05 °C/decade to
0.26 ± 0.08 °C/decade (Fig. 14). Notice that these time series are the

longest ones in the present study (Fig. 14) as the monitoring of this
station was initiated in 1969. The second time series according to its
length is that corresponding to the sea surface temperature in Fuen-
girola beach. This time series shows a positive trend of 0.12 °C/decade,
but this result is not statistically significant at the 95% confidence level.
For comparison of the AW behavior at Fuengirola beach and at l’Estartit
station, linear trends were also calculated for the common period
1985–2015 for the l’Estartit temperature time series. The results cor-
responding to this period of time were very similar to those obtained for
the complete series from 1969 to 2015 (Fig. 14).

3.3. Long term changes from historical time series

Following the methodology in Vargas-Yáñez et al. (2010b), the
Mediterranean waters surrounding the Spanish coast were divided into
four areas (Fig. 1). All available temperature and salinity profiles from
the MEDAR/MEDATLAS data base were obtained and merged with TS
data from the RADMED stations within the same region. These time
series have been extended until 2015 in the present work.

Tables 2–5 show the potential temperature and salinity trends and
the absorbed heat for the upper Atlantic waters (AW, 0–200 dbar), in-
termediate waters (IW, 200–600 dbar) and deep waters (DW, 600 dbar-
bottom). Results are presented for each of the four analyzed regions:
Alboran Sea, Cape Palos region, Balearic Sea and Northern Sector. In
the case of temperature and salinity, time series for each layer are
constructed averaging the available data within the corresponding

Fig. 5. The same as in Fig. 2, but for the oceanographic station C33 in the Ibiza Channel.
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depth range. In the case of the absorbed heat, it is calculated for each
area and year as the heat absorbed with respect to the 1960–1990 re-
ference temperature profile. The absorbed heat in Joules is obtained by
means of the expression:

∫=Q S z ρ z c z T z dz( ) ( ) ( )Δ ( )
z

z
p

1

2

Being S(z) the surface of the box considered, ρ density, cp specific heat
capacity and ΔT the temperature difference for a particular year respect
to the reference profile. The depth limits for the considered layer are
expressed by z1 and z2.

For the absorbed heat estimation we include two different calcula-
tions. The first one considers that the missing values correspond to the
climatological or long term mean. The second one considers that the
available values for the layer considered are representative of the whole
layer (see Section 2). The absorbed heat is also included for the com-
plete water column. All the calculations are repeated including and
excluding the bathythermograph data. Trends are estimated for the
complete period of time, from 1900 to 2015 and for the period ex-
tending from 1943 to 2015. Table 6 shows the trends obtained when the
four areas are considered as a single one. Time series of absorbed heat
and salinity for the whole area and for the three aforementioned layers
(AW, IW, DW) plus the water column are presented in Figs. 15 and 16.

For the period 1900–2015, the temperature of the AW does not
show significant trends with the only exception of the Northern Sector.
Nevertheless, in this case the significance of the warming trend is
sensitive to the inclusion of bathythermograph data in the time series.

For the more recent period 1943–2015 the warming trends are sig-
nificant in the Alboran Sea while they are not in the case of Cape Palos
region and the Balearic Sea. In the Northern Sector, once again, the
significance of the estimated trends is dependent on the data set used.
The same lack of significant results is obtained for the whole area
(Table 6). From these time series we cannot conclude the existence of
robust warming trends in the AW. The AW salinity increased in the
Alboran Sea and Cape Palos region for the two periods analyzed, while
no significant trends were obtained in the Northern Sector. The mean
values for the four areas show an increase of the AW salinity from 1900
to 2015 which is intensified during the 1943–2015 period.

With very few exceptions, the IW increased its temperature with an
intensification of the warming trends for the period 1943–2015. Trends
for the four areas analyzed and for the whole area, range between
0.02 °C/decade and 0.05 °C/decade. The salinity of this layer increased
in all the cases despite the region or the data set used. Trends are in-
tensified for the period 1943–2015 ranging between 0.01 decade−1 and
0.02 decade−1. A similar result is obtained for the deep layer with
positive trends for the two periods analyzed and for all the regions and
data sets. The most intense warming trends, once again, correspond to
the period 1943–2015, ranging between 0.01 °C/decade and 0.05 °C/
decade.

Results concerning the heat absorbed by the water column follow
the same evolution to those of temperature time series. Slight differ-
ences are attributed to the different data analysis methods. In summary,
the water column in the Spanish Mediterranean has absorbed heat in a
significant way since 1900. This process was intensified after 1943 with

Fig. 6. The same as in Fig. 2, but for the oceanographic station T4 in Tarragona transect.
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at a rate ranging between 0.26 W/m2 and 0.56 W/m2 depending on the
methodology applied (see Fig. 15 and Table 6). Notice that the ab-
sorbed heat time series are in Joules and the trends should be in J/yr.
Years have been converted into seconds and the trends divided by the
surface of the region in order to express trends as W/m2.

4. Discussion

4.1. Mean temperature and salinity profiles

The θS diagrams in Figs. 2–9 show the large variability in the water
masses surrounding the Spanish peninsular and insular waters. Colored
profiles and θS diagrams in such figures show the mean values obtained
after averaging all the available data from the beginning of the time
series to 2015. Those characteristics present in the mean profiles reflect
the most frequent situations corresponding to each season of the year
and each region. Nevertheless we should keep in mind that any parti-
cular measurement corresponding to one single cruise can differ from
the long term mean value in a certain range. Variability ranges ex-
pressed as a standard deviation or simply as a maximum minus
minimum recorded values are very helpful information as they can be
used in order to detect anomalous situations or extreme climatic events.
For brevity, the present work only provides information concerning the
long term mean values for temperature and salinity in some key points
(Figs. 2–9 and 10 and 11). Table SI in Supplementary material provides
more information from such key points.

Mean values estimated in the present work cannot be considered as
proper climatologies because of the present length of the available time
series, nevertheless the present work aims at showing the capability of
the RADMED project for providing such climatologies in the future. The
accuracy of these climatologies depends both on the number of data
points and the natural variability of the time series. It is worth noticing
that for the estimation of climatological profiles from the MEDAR data
base, a large area should be used. For instance, climatological potential
temperature and salinity profiles were calculated for the Alboran Sea,
Cape Palos sector and the Balearic Sea using the boxes in Fig. 1. The use
of RADMED stations provides a better spatial resolution. Confidence
intervals for the climatological values estimated from MEDAR data
were compared with those estimated for some stations from the
RADMED project at the same area. The accuracy for MEDAR climatol-
ogies was slightly better than that for the RADMED mean values for the
case of the upper layer (from the surface to 200–400 m). On the con-
trary, confidence intervals for RADMED mean profiles were similar or
even lower below this depth level (Supplementary material Figs. S1 and
S2). The explanation is the data scarcity at deep levels in the MEDAR
data base. This is clearer if we consider the number of data points
available for each year and for different depth levels in MEDAR
(Supplementary material Figs. S3, S4 and S5). When considering
MEDAR data over large areas, several years lasting periods with no data
can be found. Beside this, the average number of annual data decreases
considerably with depth. This average number can be under four data
per year below the 200 m or 500 m level depending on the geographical

Fig. 7. The same as in Fig. 2, but for the oceanographic station BNA4 in Barcelona transect.
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area. Therefore, in most of the cases, the RADMED sampling frequency
improves the MEDAR data availability for deep levels.

4.2. Water masses and circulation

Temperature and salinity data collected from 1996 to 2015 in the
Balearic Islands and from 2007 to 2015 in the Catalan Sea are analyzed.
These data allowed us to speculate about the most frequent circulation
of water masses within the Catalan and Balearic Seas. According to
Salat and Cruzado (1981) three different water masses occupy the
Catalan-Balearic Sea. The first one is named as Continental Water.
These waters are found close to the coast and have low salinity values
because of the influence of river discharges. The second one is named as
Mediterranean Water, which occupies the area of cyclonic circulation
between the peninsula and the Balearic Islands. These waters are
characterized by high salinity values around 38. The branch of this
cyclonic cell flowing along the continental slope of the Iberian Pe-
ninsula constitutes an extension of the northern current. The third
water mass is the Atlantic Water which origin is in the Algerian current.
This latter water mass would be advected to the north within eddies
detached from such current (Millot, 1999). Fig. 10 shows that winter
surface waters along the Catalan Slope have temperatures ranging be-
tween 13.11 °C and 13.45 °C and salinity values between 38 and 38.19.
These values seem to agree with the presence of the northern current
and its extension to the south along the Catalan continental slope and
its bend to the North East to form the Balearic Current along the

northern Balearic continental slope (Font and Ballester, 1984; Font
et al., 1988). This conclusion would be supported by the salinity values
at the vertexes of the triangles formed by the oceanographic stations C
(Fig. 10). These values indicate the presence of Mediterranean Water
(according to Salat and Cruzado, 1981 definition) to the north of the
islands. Winter salinity values at the upper 25 m at the base of the
triangle between Ibiza and the peninsula are between 38.01 and 38.12.
At the base of the triangle between Ibiza and Mallorca, these values are
lower, ranging between 37.87 and 37.93. This result would indicate
that the Ibiza Channel could be the main pathway for the Mediterra-
nean surface waters flowing to the south. This result would coincide
with those in Font et al. (1988) who reported a southward geostrophic
transport of 1 Sv for the surface and intermediate waters that flew
through the Ibiza Channel. Lower salinity values at the Mallorca
Channel and those at the B transect to the south of Mallorca Island
(37.6) would also support the frequent intrusions of Atlantic Waters
through this second channel. Early works by Font and Miralles (1978)
support this conclusion. These authors analyzed two hydrographic
cruises corresponding to October 1976 and March 1977. The winter
cruise evidenced the existence of a surface current flowing to the south
through the Ibiza Channel, while Atlantic Water intrusions were ob-
served at the Mallorca and Menorca Channels.

Nevertheless, not all the information concerning the circulation
through the Balearic channels fully supports the picture depicted above.
Pinot et al. (1995), Pinot and Ganachaud (1999) analyzed cruises car-
ried out in May 1991 and June 1993 respectively. These authors

Fig. 8. The same as in Fig. 2, but for the oceanographic station MH4 in Mahón transect.
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described the extension of the northern current along the Catalan slope
with a transport around 1 Sv. These works show that most of the
transport is deflected to the NE forming the Balearic current with an
important contribution of Atlantic Waters flowing through the Mallorca
Channel and also through the Ibiza Channel. These authors hypothesize
that large volumes of WIW arriving at the channels in spring could form
anticyclonic gyres. According to Balbín et al. (2014) these eddies would
block the southward circulation of both upper and intermediate waters.

Results in Pinot et al. (1995) and Pinot and Ganachaud (1999) are
not necessarily in contradiction with those works that had considered
the Ibiza channel as the main path of modified Atlantic Water and in-
termediate waters towards the south, neither they are in contradiction
with the results presented in this work. Results in Pinot et al.(1995),
Pinot and Ganachaud (1999) are based on spring cruises. According to
these authors the blocking of the circulation through the channels
would be caused by large volumes of WIW which source would be to
the north in the Catalan or the Ligurian Sea, arriving to the Balearic Sea
in spring. On the contrary, results in early works by Font and Miralles
(1978) would be based on data from winter cruises. On the other hand,
the results shown in the present work are based on long term mean
values obtained from observations along more than a decade. These
mean values suggest that the Ibiza channel seems to be the preferential
path for both surface modified Atlantic waters and WIW flowing
southward, while the Mallorca and Menorca channels would be more
favorable places for northward AW intrusions. Lower salinity values to
the East of Menorca Island also indicate the frequent presence of AW

which, according to Millot (1999), would have its origin in eddies de-
tached from the Algerian current. According to present data, these in-
trusions would be more frequent and progress further to the north
during summer months. Nevertheless, it should be kept in mind that
these conclusions concern the mean values and only represent the most
likely situation. Any particular year can differ substantially from the
general pattern proposed in this work.

It is also worth mentioning the presence of temperature and salinity
values within the WIW range both in winter and spring at a depth range
from the sea surface to 200 m (Fig. 11a). López-Jurado et al. (1995)
studied the circulation of WIW in the Balearic Channels and concluded
that low salinity WIW (S ∼ 37.7) with a local origin could be found in
the channels during winter, while higher salinity WIW
(38.1 ≤ S≤ 38.3) which origin could be further to the north would
arrive to the channels in spring. Fig. 11a shows that WIW temperature
and salinity values can be observed in winter at the sea surface in
Barcelona (BNA) and Tarragona (T) sections and in the peninsular
continental shelf of the Ibiza channel. These results would support that
WIW is formed not only at the northern sector of the Liguro-Provençal
basin, but also in the continental shelf of the Balearic Channels. Vargas-
Yáñez et al. (2012b) have shown that WIW can be formed even further
to the south in locations such as Cape Palos (CP) during very severe
winters. Nevertheless, the mean values presented in Figs. 2–9 and 11a
indicate that this is not the most frequent situation. The analysis of the
RADMED data allows us to distinguish a clear signal of the WIW in the
mean values obtained at the eastern limit of the Alboran Sea (CG

Fig. 9. The same as in Fig. 2, but for the oceanographic station EPC to the south of Cabrera Island.
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section, Fig. 11a). Furthermore, according to Fig. 2, large volumes of
WIW can reach as far to the southwest as Cape Pino section (P) during
some particular years. Nevertheless, when average temperature and
salinity profiles are obtained, the temperature for the layer above LIW is
higher than 13 °C, suggesting that an important presence of WIW is not
the most likely situation in this section.

Below the WIW, all the stations show the presence of a relative
maximum of temperature and an absolute maximum for salinity which
characterize the LIW. This feature is observed along the Catalan slope
and to the north and south of the Balearic Islands. This result would

suggest that the northern current is extended to the south transporting
intermediate waters, both WIW and LIW, coinciding with previous
works mentioned above. The presence of LIW along the continental
slope in the Alboran Sea would also coincide with the commonly ac-
cepted pathway for this water mass. In fact, Parrilla et al. (1986) used
the core method to identify the presence of LIW in the Alboran Sea
(S > 38.47). These authors found that the LIW occupies the
200–600 m layer in the Alboran Sea from the Spanish to the Moroccan
coast. Nevertheless, the thickness of the high salinity layer associated to
the LIW maximum was higher at the northern part of the Alboran Sea,

Fig. 10. (A) Sea surface temperature and salinity mean values from
the RADMED summer cruises in some selected stations. (B) The same
for winter.
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decreasing to the south. As this water mass progresses from East to
West, Parrilla et al. (1986) concluded that the stronger presence of LIW
at the northern sector of the Alboran Sea was caused by the effect of the
Coriolis force.

The layer from 800 m to the sea bottom is occupied by WMDW
formed by winter deep convection in the Gulf of Lions. Mean values for
potential temperature and salinity from 1000 m to 2400 m are very
homogeneous in the deep stations occupied in the RADMED project. In
this depth range and for the four seasons of the year, the potential
temperature mean values ranged between 12.89 °C and 12.97 °C, while
salinity values were between 38.47 and 38.49. The lowest mean values
estimated in the RADMED project (12.89 °C, 38.47) are much higher

than those values reported during the last century. Lacombe et al.
(1985) reported WMDW potential temperature and salinity values in-
creasing from 12.66 °C, 38.38 in 1909 to 12.72 °C, 38.42 in 1975.
Bethoux and Gentili (1996) showed time series of potential temperature
and salinity monotonically increasing up to 1990. Maximum values
reached in these series were lower than 12.8 °C and 38.46. The differ-
ences between present calculations and previous works could be caused
by the increasing long term trends already detected in the Mediterra-
nean Sea deep layers (Vargas-Yáñez et al., 2010a, 2010b; Borghini
et al., 2014). Beside these trends, the recent Western Mediterranean
Transition has been responsible for the formation of very warm and
salty deep waters, denser than previous WMDW. This new water mass

Fig. 11. (A) WIW values detected in the RADMED averaged
profiles. WIW values are considered as θ < 13 °C
37.7 ≤ S ≤ 38.3. It is included the depth and the season when
the WIW is present in the mean profiles. (B) Potential tempera-
ture and salinity for the salinity maximum associated to LIW in
winter mean profiles.
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has occupied the bottom layer uplifting old WMDW. The signature of
this new water mass on temperature and salinity time series is an im-
portant increase of both variables. Its signal on θS diagrams is a “hook
shape” at the deepest levels. Below the classical mixing line between
the LIW salinity and temperature maxima and the WMDW minima, the
presence of this new WMDW produces an increase of both potential
temperature and salinity below the previous minima. This behavior has

been extensively described in López-Jurado et al. (2005), Schroeder
et al. (2016, 2010), Smith and Bryden (2007). This feature can be
clearly observed in the deepest stations of the RADMED project MH4
(Fig. 8) and EPC1 (Fig. 9) and is also suggested in shallower stations
such as C33 (Fig. 5) and CP4 (Fig. 4). It is also worth mentioning that
the new bottom water is not only observed during some years (grey dots
in Figs. 4, 5, 8, and 9), but also in the mean profiles. This latter situation

Fig. 12. Linear trends for potential temperature (left), salinity (centre) and potential density (right) as a function of depth. Linear trends are calculated from the RADMED time series. (A)
for P3 station and (B) for CG5 station.
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would suggest the persistence of this water mass since the beginning of
the RADMED project in 2007.

Finally, it is worth mentioning that the circulation in the Balearic
channels and in the Alboran Sea is subject to interannual and decadal
variability and the results outlined above could be sensitive to the
period of time analyzed. As the RADMED time series get longer, the
present results will become more robust or will allow us to study such
inter-annual and decadal variability in the circulation patterns already

described.

4.3. Long term changes

Concerning the long term changes operating in the Mediterranean
since the beginning of the twentieth century, the update and extension
of time series by means of the RADMED data seem to confirm some
previous results and clarify others (see Tables 2–6 and Figs. 15 and 16).

Fig. 13. The same as in Fig. 12, but for CP4 station (A) and MH4 station (B).
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In the case of the upper layer occupied by AW, Vargas-Yáñez et al.
(2010b) had shown a warming of this layer until 2008. the RADMED
data extension until 2015 is not able to produce significant results. The
sampling interval (four times per year) does not allow us to filter out
short time scale variability and the final seasonal and annual time series
contain a very large variance associated to time scales different from
the long term changes. Beside this, the large natural variability of the
upper layers makes the long trend estimations very sensitive to the
addition of a few new years. The Fuengirola beach time series is made
of daily temperature measurements. Annual series filter out most of the
short time scale variability. The linear trend for this time series is
0.12 ± 0.13 °C/decade. The confidence interval is calculated at the
95% confidence level. If the 90% level is considered the result is
0.12 ± 0.10 °C/decade. Following the IPCC terminology, it is very
likely that the AW in the Fuengirola beach increased its temperature.
However, this trend is not significant in the 95% level that is followed
in the rest of this work and in previous ones (Vargas-Yáñez et al., 2009,
2010a, 2010b). If the temperature time series in l’Estartit station are
considered (Fig. 14), the temperature at 0, 20, 50 and 80 m increased at
a rate ranging between 0.18 ± 0.05 °C/decade and 0.26 ± 0.08 °C/
decade, being these results significant at the 95% level (extremely
likely). There are several possibilities for this difference in the con-
fidence levels obtained for these two results. First, the AW in Fuengirola
arrives directly from the Strait of Gibraltar without being modified by
atmospheric conditions and mixing within the Mediterranean Sea. On
the contrary, AW in l’Estartit is the result of intense modifications after
completing a cyclonic circuit in the Western Mediterranean. Therefore
it could be speculated that the warming of Mediterranean waters is the
result of processes occurring within the Mediterranean, while these
changes would not affect or would not be so intense in the nearby
Atlantic Ocean. This hypothesis is not supported by the increase of the
heat content in the Atlantic reported by Levitus et al. (2012). This work
shows a large increase of the heat content in the North Atlantic from
1955–1959 to 2006–2010 in the same latitude range corresponding to
the Mediterranean Sea. A second possibility is that the Fuengirola beach
and l'Estartit time series cover a different period of time. Nevertheless,
when linear trends were calculated using l'Estartit time series for the
same period of time corresponding to Fuengirola time series, the results
did not change substantially (Fig. 14). A third possibility is that this is
simply a statistical result caused by the different length and variance of
these time series. In the case of Fuengirola beach, the length of the
temperature time series is 31 years and the standard deviation depends
on the month of the year varying between 0.56 °C for winter months to

Fig. 14. Temperature times series at 0, 20, 50 and 80 m depth from l’Estartit station.
Linear trends and 95% confidence intervals are included.

Table 2
Linear trends in the Alboran Sea for temperature (°C/decade), salinity (decade−1) and heat absorbed (W/m2), for the AW (0–200 dbar), Intermediate layer (200–600 dbar), deep layer
(600 dbar-bottom) and for the water column (surface-sea bottom). All the trends are calculated for two periods: 1900–2015 and 1943–2015. The estimation of the heat absorbed is made
following two different methods named in the text as zero anomalies and representative anomalies. Numbers in bold are significant at the 95% confidence level. All the calculations are
repeated included bathythermograph data and excluding them.

Alboran Sea

With BT θ S Qabs. Qabs

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. Anom. 1943–2015

AW −0.027 −0.1 0.034 0.1 −0.024 −0.07 −0.024 −0.10
IW 0.012 0.03 0.007 0.02 0.047 0.12 0.041 0.13
DW 0.013 0.01 0.005 0.01 0.053 0.10 0.027 0.19
0-bottom 0.09 0.21 0.07 0.29

Without BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW −0.0007 −0.08 0.035 0.1 −0.014 −0.07 −0.022 −0.10
IW 0.014 0.04 0.007 0.02 0.045 0.03 0.053 0.15
DW 0.012 0.03 0.005 0.01 0.023 0.08 0.049 0.18
0-bottom 0.067 0.20 0.106 0.28
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1.8 °C in September. L’Estartit time series are 47 years long and the
standard deviations range between 0.45 °C and 1 °C. The larger the
variability superimposed on linear trends, the longer the time series
should be in order to detect such trends in a significant way. Therefore
we consider that this is the explanation for the lower significance of

warming trends in Fuengirola beach temperature time series.
Updated time series from 1900 to 2015 show that the intermediate

layer has increased its salinity in all the regions analyzed (Alboran Sea,
Cape Palos, Balearic Sea and northern sector, Tables 2–5) and for the
whole area (Fig. 16, Table 6). The salting trends have intensified after

Table 3
The same as in Table 1, but for Cape Palos region.

Cape Palos region

With BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.006 0.02 0.01 0.03 0.013 0.04 0.018 0.02
IW 0.004 0.03 0.005 0.02 0.010 0.07 0.009 0.10
DW 0.012 0.04 0.005 0.01 0.081 0.28 0.147 0.49
0-bottom 0.091 0.46 0.168 0.69

Without BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.01 0.04 0.01 0.03 0.013 0.09 0.016 0.10
IW 0.008 0.03 0.005 0.02 0.030 0.12 0.031 0.11
DW 0.016 0.05 0.005 0.01 0.064 0.22 0.131 0.47
0-bottom 0.097 0.49 0.174 0.73

Table 4
The same as in Table 1, but for the Balearic Sea region.

Balearic Sea

With BT θ S Qabs. Qabs

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW −0.0004 −0.03 0.011 0.03 −0.019 −0.06 −0.017 −0.07
IW 0.0007 0.02 0.004 0.01 0.0080 0.05 0.013 0.06
DW 0.02 0.04 0.006 0.01 0.0753 0.18 0.170 0.40
0-bottom 0.0791 0.21 0.170 0.41

Without BT θ S Qabs. Qabs

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW −0.003 −0.02 0.011 0.03 0.019 0.005 0.026 0.015
IW 0.008 0.02 0.004 0.01 0.029 0.08 0.035 0.08
DW 0.013 0.04 0.006 0.01 0.077 0.17 0.177 0.41
0-bottom 0.124 0.32 0.225 0.47

Table 5
The same as in Table 1, but for the northern sector.

Northern sector

With BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.01 0.03 −0.001 −0.003 0.030 0.043 0.033 0.045
IW 0.006 0.03 0.003 0.01 0.043 0.135 0.047 0.150
DW 0.01 0.03 0.004 0.01 0.061 0.216 0.194 0.564
0-bottom 0.105 0.380 0.211 0.759

Without BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.02 0.07 −0.001 −0.003 0.046 0.157 0.044 0.235
IW 0.008 0.03 0.003 0.01 0.035 0.118 0.037 0.123
DW 0.011 0.03 0.004 0.01 0.060 0.204 0.129 0.457
0-bottom 0.134 0.531 0.169 0.721
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1943 with values between 0.01 and 0.02 decade−1. The temperature of
the intermediate layer has also increased (Fig. 15, Table 6). As in the
case of salinity, these warming trends have intensified after 1943 with
values between 0.02 and 0.04 °C/decade. The extension of present time
series with the inclusion of the new data (2007–2015) seems to confirm
previous results in Vargas-Yáñez et al. (2010a, 2010b) indicating that

Table 6
The same as in Table 1, but for the whole area.

The whole area

With BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.01 −0.02 0.01 0.03 −0.010 −0.033 −0.009 −0.038
IW 0.006 0.02 0.005 0.01 0.017 0.066 0.022 0.070
DW 0.017 0.04 0.006 0.01 0.060 0.153 0.180 0.430
0-bottom 0.077 0.206 0.176 0.454

Without BT θ S Qabs. Qabs.

1900–2015 1943–2015 1900–2015 1943–2015 Zero anom. 1943–2015 Repr. anom. 1943–2015

AW 0.008 0.03 0.01 0.03 0.019 0.028 0.015 0.049
IW 0.009 0.02 0.005 0.01 0.029 0.080 0.036 0.094
DW 0.015 0.04 0.006 0.01 0.059 0.140 0.182 0.424
0-bottom 0.106 0.256 0.246 0.558

Fig. 15. Heat absorbed by the upper layer (0–200 m), intermediate layer (200–600 m),
deep layer (600 m-bottom) and water column (surface-bottom). The heat absorbed is
calculated with respect to the climatological temperature profile averaged for the period
1960–1990. Heat content data are averaged for the four regions analyzed (Alboran Sea,
Cape Palos, Balearic Sea and northern sector).

Fig. 16. Salinity time series for the upper, intermediate and deep layer and the water
column. Salinity data are averaged for the four regions analyzed (Alboran Sea, Cape
Palos, Balearic Sea and northern sector).
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the last decade had a similar behavior to the previous ones.
Finally, the deep waters of all the areas analyzed have increased its

temperature and salinity. The temperature and salinity trends for the
whole area and from 1900 to 2015 were 0.02 °C/decade and
0.006 decade−1. Once again there was an acceleration of the warming
and salting rates since the mid twentieth century (0.04 °C/decade and
0.01 decade−1). These warming trends are higher than those previously
reported in Vargas-Yáñez et al. (2010b). The increase in the tempera-
ture trends could be linked to the new bottom water masses appeared in
the WMED after 2005. These results are very robust as they do not
depend on the period of time analyzed or the methodology.

The positive trends for the l’Estartit station and those in Fuengirola
beach (with a lower degree of confidence) and the salinity and tem-
perature increase of the intermediate layer make us hypothesize that
the deep water warming and salting is the result of the positive tem-
perature and salinity trends in the water masses contributing to deep
water formation: AW and LIW. Furthermore, this would be the result of
an increase in net evaporation and heat absorption through the sea
surface. These trends would be enhanced during the last years of the
series by the influence of the Western Mediterranean Transition. This is
a phenomenon which should be monitored in order to determine
whether it will change the structure of the Western Mediterranean
water masses or the “old” situation will be restored. Updated time series
show that the heat content of the water column in the area of study has
increased at a rate between 0.2 and 0.6 W/m2 since 1943. This result is
consistent with that in Levitus et al. (2012) who estimated the heat
absorption of 0.27 W/m2 for the upper 2000 m of the world ocean.

5. Conclusions

The RADMED time series have shown to be a valuable tool for as-
sessing the mean or average hydrographic conditions along the con-
tinental shelf and slope in the Spanish Mediterranean as well as long
term changes or trends. Temperature and salinity mean values in winter
are coherent with the extension of the northern current along the
Catalan continental slope carrying severely modified AW and WIW and
LIW below. The three water masses would partially flow to the south,
mainly through the Ibiza channel while another fraction of these water
masses would be deflected to the North East flowing to the north of the
Balearic Islands forming the Balearic current. The Mallorca channel, the
Menorca channel and the eastern side of Menorca Island would be more
favorable places for AW northward intrusions. This picture would
correspond to the average or more frequent situation, but some parti-
cular years could present important alterations such as the Ibiza
channel blocking by WIW eddies. The summer temperature and salinity
mean values indicate that the AW would progress further to the north
decreasing the surface water salinity. The highest temperatures from all
the sections analyzed correspond to summer surface waters in the
Balearic Islands.

WIW is mainly formed during winter in the Gulf of Lions and the
Ligurian Sea arriving to the Balearic channels in spring. Nevertheless,
the RADMED project has revealed that the Balearic channels could also
be a frequent site of intermediate water formation and exceptionally
this process could be displaced further to the south reaching areas as
Cape Palos. As already stated, the WIW progresses to the south mainly
through the Ibiza channel and is diluted by mixing with waters above
and below on its pathway. Nevertheless, it can be considered that this
water mass is clearly identifiable as a temperature and salinity
minimum above the LIW in Cape Gata (within the Alboran Sea) during
most of the years. Although it would not be so frequent, some years this
water mass can maintain its characteristics with temperatures below
13 °C in Cape Pino section, close to the Gibraltar Strait.

The inclusion of new deep stations in the RADMED project since
2007 and the maintenance of some deep stations from previous projects
(ECOMURCIA and CIRBAL) have allowed us to detect and monitor the
effects of the Western Mediterranean Transition in the Western

Mediterranean. Deep stations have revealed that the new bottom wa-
ters, warmer and saltier than previous WMDW have been present in this
area of the Western Mediterranean during this period of time.

It is extremely likely that intermediate and deep layers have in-
creased their temperature and salinity during the last century and the
beginning of the present one, being these trends accelerated during the
second half of the twentieth century. Considering the large variance of
the upper layer, the RADMED time series are not long enough neither
they have the appropriate frequency for the detection of long term
trends. Nevertheless, based on Fuengirola beach and l’Estartit time
series, we speculate that the upper layer has also increased its tem-
perature during the last 30 or 40 years. The increase in the water
column heat content seems to be in agreement with those figures ob-
tained for the rest of the world ocean.
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