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Longterm increases in Western Mediterranean salinities
and temperatures: anthropogenic and climatic sources
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Abstract. The deep water of the western Mediter-
ranean Sea is known to have become warmer and saltier
since about the 1950s. The causes of these changes have,
“however, not yet been sactisfactorily determined. Pre-
vious studies speculated on decreasing precipitation,
greenhouse warming and/or anthropogenic reduction of
the freshwater flux into the eastern Mediterranean. Here
we report on results from a new oceanographic database
of the western Mediterranean Sea together with deter-
minations of longterm changes of the fresh water bud-
get. We analyzed temperature and salinity data of the
past 40 years to detect deviations from the longterm
average. Certain areas and depth ranges are showing
increases in temperature or salinity some of which have
been found earlier and some which are new. From the
regional and vertical distribution we conclude that the
observed increases of temperature and salinity in the
western Mediterranean Sea are caused both by changes
in atmospheric conditions as described by the NAO-
index and by the regulation of Spanish rivers.

Introduction

The Mediterranean Sea is characterized by an average
loss of heat and freshwater to the atmosphere. A qua-
sistationary freshwater and heat balance is maintained
by an exchange of water through the Strait of Gibraltar
with inflow in an upper and outflow in a lower layer. The
outflowing watermasses are formed within the Mediter-
ranean under local climatic conditions, some of which
obviously changed since the beginning of the century.
Extended use of the freshwater resources in the Mediter-
ranean area reduced the river runoff into the Mediter-
ranean. Furthermore the precipitation decreased signif-
icantly between the 1950s and the early 1990s. A corre-
sponding change in Mediterranean watermass proper-
ties can thus be expected. Observations indeed revealed
that the temperature and the salinity of the western
Mediterranean deep water (WMDW) was continuously
rising over at least the past 30 years. Studies analyzing
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these trends' speculated on connections to the chang-
ing boundary conditions [Bethoux et al., 1990] [Rohling
and Bryden, 1992] [Leaman and Schott, 1991]. Explana-
tions differ in attributing the deep trends to an increase
in sea surface salinity in either the eastern or the west-
ern Mediterranean. Higher salinities at the surface reach
deeper levels via the formation of deep and intermediate
watermasses [Leaman and Schott, 1991]. Since two dif-
ferent watermasses contribute to newly formed WMDW
one or both of them may contain higher salinities. The
first, the Levantine Intermediate Water (LIW), is sub-
ject to the climatic conditions in its formation area in
the eastern Mediterranean while the second, the Modi-
fied Atlantic Water (MAW), is water of Atlantic origin
which during its residence in the western Mediterranean
is affected by the local climatic conditions.

Earlier evidence on changes in the freshwater budget
suggested that the source of the trends is located in the
eastern Mediterranean, where the construction of the
Asswan dam in Egypt in the 1960s caused a reduction
of the Nile discharge of 0.04 m yr—! distributed over the
eastern Mediterranean, a substantial change of the av-
erage freshwater loss of the Mediterranean Sea of about
0.8 m yr~! [Bryden et al., 1994]. A further known re-
duction of the freshwater input into the Mediterranean
resulted from a 15% decrease of local precipitation over
the past 30 years [Hurrell, 1995].

Since both these known changes affect the sea surface,
longterm changes should be most distinct in the sur-
face salinities. However, neither for the western nor for
the eastern Mediterranean such longterm surface salin-
ity changes have yet been proven. On the basis of our
newly composed hydrographic dataset we are able to lo-
calize decadal changes in hydrographic properties and
attempt to establish a link between them and the sur-
face boundary conditions.

Data and Methods

For our analyses, we have compiled historical temper-
ature and salinity data into a comprehensive climatol-
ogy of the western Mediterranean [Krahmann, 1997].
The database (about 36000 profiles) includes profiles
from the NODC CD-ROM, from the MED2 dataset

1Following the nomenclature of these studies we use the term
trend though our results indicate that it is not necessarily a pro-
gressing development.
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Figure 1. Division of the western Mediterranean Sea
into three regions for which the longterm variations of
the temperature and salinity have been analyzed sepa-
rately. The locations where the three major rivers enter
the western Mediterranean are also indicated.

[Brasseur et al., 1996], from the French navy and from
own measurements. Our climatology differs from other
comparable ones [Brasseur et al., 1996] [MEDATLAS,
1997] by its calculation method and by the underly-
ing database. In difference to the other climatologies
we have calculated monthly averages on a %O X %O hor-
izontal and 31-level vertical grid for the years 1905 to
1994 thus allowing the analysis not only of the regional
but also of the longterm variations. Values deviating
more than 4 ¢ from the box average were rejected and
the averages were recalculated. Climatological seasonal
cycles were then derived by averaging the 90 years. A
subsequent smoothing of the resulting fields consisted
of two parts: first a horizontal averaging with Gaussian
weights (halfwidth 53 km) was applied and then empir-
ical orthogonal functions were used to filter in the verti-
cal dimension. For the reconstruction of the fields only
the first 10 of the 31 EOFs were used, containing more
than 99.9% of the total variance. Subtraction of the
climatological seasonal cycles from the monthly fields
gave temperature and salinity anomalies for the period
from 1955 to 1994 (before 1955 the data was too sparse
to allow satisfactory analyses). For a further averaging
of the anomalies the western Mediterranean was subdi-
vided into three regions (Fig. 1). The region-averaged
anomalies were then analyzed with linear regressions
for each depth level (Fig. 2). The usage of anomalies
rather than absolute values is better suited for the cal-
culation of averages in regions with spatial variations
- and distinguishes our approach from previous ones.

Results and Discussion

The analysis revealed two water masses with signifi-
cant trends. From their strengths and regional distri-
bution we are now able to localize the sources. The
first trend is the already known development of the
WMDW to higher temperatures and salinities. The
trends for the Gulf of Lions (a fraction of region 2) of
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16+£5+107* C yr~! and 8+1 % 1074 yr~!, respectively,
are in agreement with those found in previous stud-
ies. Below 1800 m significant trends of comparable size
are present in all three regions, while in region 2, the
WMDW formation area, they extend from the seafloor
up to 1000 m depth. This distribution indicates that the
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Figure 2. Longterm variations of atmospheric and
oceanic properties in the Mediterranean region. Part
(a) displays rain-gauge derived precipitation-anomaly
time series for the western Mediterranean region (thin)
and the NAO-Index (bold), part (b) the yearly averaged
Ebro river runoff, and panels (c) to (h) salinity and tem-
perature anomalies in the northwestern Mediterranean
(region 2) for layers resembling the three main water
masses of the western Mediterranean. Dots in (c) to (h)
denote monthly averaged anomalies while the lines con-
nect the yearly averages (dashed where yearly averages
are missing). Note that the scales in (c) to (h) vary.
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trends are created during the local deep water forma-
tion and not by widespread vertical diffusion. The sec-
ond and up to now unknown trend is located in the up-
permost levels of the northwestern Mediterranean (re-
gion 2). Between 1960 and 1990 the salinity increased
by 0.1340.03 over the upper 70 m of the watercolumn.
Below 70 m the trend weakens until it finally vanishes
at 150 m depth. This depth range agrees with the ver-
tical extension of the MAW. No significant trends are
present in the upper levels of regions 1 and 3. Another
important result of the regression analyses is the non-
existence of significant trends at the levels of the LIW
(250-500 m) in all three regions of the western Mediter-
ranean. The slight increase in LIW salinities in figure
2e is not significant and too small to be solely respon-
sible for the trends in the deep water. Because of the
LIW being the only watermass spreading from the east-
ern into the western Mediterranean this excludes east-
ern Mediterranean sources for the deep water trends as
speculated by [Rohling and Bryden, 1992] and [Leaman
and Schott, 1991]. Changes of eastern Mediterranean
LIW properties have, however, been documented for
past 10 years [Roether et al., 1996] and may well be
responsible for changes in the western Mediterranean
after our period of analysis.

The comparison of upper with deep layer trends in
the deep water formation area shows that vertical mix-
ing, as occurs during deep convection, is sufficient to
explain the deep trends as a redistribution of the upper
trends onto the newly formed deep water, the spread-
ing of which is a point of ongoing research. The simul-
taneously observed warming of the WMDW can be ex-
plained by the higher temperatures at which the den-
sity of the already existing deep water is reached dur-
ing the deep convection process. This is supported by
our estimation of no significant variations in deep water
density. Hence we attribute the deep water trends to a
local increase in surface water salinities in the WMDW
formation area in the northwestern Mediterranean. The
search for the sources of the surface salinity increase is
thus concentrated on the boundary conditions in the
western Mediterranean Sea.

Three main components contribute to the freshwater
budget of the Mediterranean Sea: precipitation, river
runoff and evaporation. Sufficiently long time series for
trend evaluation exist for all three components.

The longterm development of the precipitation has
been evaluated with the National Oceanic and Atmo-
spheric Administration baseline climatological dataset
[GCPS, 1997]. Between 1960 and 1990 the decrease
of the average annual rainfall of 0.58 m amounts to
0.093+0.051 m. From measurements in the northwest-
ern Mediterranean it was determined that the rainfall
at sea is about half that at neighbouring coastal sta-
tions [Bethous, 1979]. Climatological rainfall data [Da
Silva et al., 1994)] indicates that the maritime rainfall
might be higher than found in the older study. For our
calculations we use the more conservative estimate of
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the decrease in annual marine rainfall of 0.046+0.025 m
over the three decades. The decreasing precipitation in
the Mediterranean region is related to a large-scale vari-
ation in the northern hemisphere atmospheric circula-
tion, the North Atlantic Oscillation (NAO) [Hurrell,
1995]. During one extreme of its oscillation (indicated
by a positive NAO-index, the winterly sea level pressure
difference between Lissbon, Portugal and Stykkishol-
mur, Iceland [Hurrell, 1995]) the atmospheric moisture
transport is shifted northward from southern to north-
ern Europe causing reduced rainfall in the Mediter-
ranean region. The longterm increase of the NAO-index
lasting from the end of the 1960s until 1994 thus was ac-
companied by a reduction of the rainfall in the Mediter-
ranean area.

The river runoff has also changed significantly by the
regulation of Spanish Ebro river [Ibanez et al., 1996].
Its runoff decreased from an average of 618 m® s~! dur-
ing 1960-1965 to 245 m® s~! during 1990-1995 with
lowest transports of less than 130 m® s~! in 1989 and
1990 [Ibanez et al., 1996]. At the same time the dis-
charges of the two other major rivers entering the west-
ern Mediterranean, the Rhone (France) and the Tiber
(Italy), remained unchanged at about 1600 m3 s—*
and 200 m® s™!, respectively [UNESCO, 1969]. The
Ebro-runoff enters the cyclonic circulation of the north-
western Mediterranean, formed by water which has
been present in the western Mediterranean for some
years. Distributed over this northwestern part the re-
duction of the annual freshwater input by the Ebro,
which is at least partially anthropogenic, amounts to
0.0404-0.011 m over the period of 30 years.

The longterm variation of the evaporation is difficult
to determine. Two datasets, based on the same meteoro-
logical observations from merchant ships, are evaluated
here. The first is the comprehensive ocean-atmosphere
data set (COADS) evaluated with the methods out-
lined by [Garrett et al., 1993] and the second is the
dataset of [Da Silva et al., 1994]. Both sets indicate a
decrease in evaporation over the period of interest but
with substantially different trend values. The drop in
annual evaporation between the sixties and the nineties
amounts to 0.078+0.064 m and 0.021+0.018 m, respec-
tively, for the two datasets. These values are subject
to a large uncertainty, since they depend strongly on
the correction of changes in wind speed determination.
Without such corrections the evaporation is about con-
stant over the 30 year period, so that the calculated
decrease is largely a product of the differing correction
schemes. For the following calculation we use the value
0.021£0.018 m of [Da Silva et al., 1994] because they
applied the nonlinear correction to each single observa-
tion before performing any averaging, whereas [Garrett
et al., 1993] used a time dependent correction upon al-
ready averaged wind speed estimates. However, we feel
uncomfortable with the large discrepancy of both re-
sults, which require further study.

In total the change of the yearly freshwater budget
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between 1960 and 1990 amounts to an extra loss of
0.065+0.054 m. Application of this additional annual
freshwater deficit onto the surface layer of 70 m under
consideration of a residence time of three years results
in a salinity increase of 0.106+0.088, which corresponds
to the observed salinity variation in the northwestern
Mediterranean (region 2). The residence time of three
years was derived by two estimations giving a consistent
time-scale. The first value of 2.8 years is calculated by
dividing the volume of the surface layer (6.1¥10'3 m?
for a thickness of 70 m) by the inflow of Atlantic Water
through the Strait of Gibraltar (0.7¥10% m?® s=1, [Bry-
den et al., 1994]). The second estimate is derived from
the net freshwater-loss at the surface and the horizontal
salinity variation in the surface layer. For a net freshwa-
ter loss of 0.5 to 1.0 m yr~! [Bryden et al., 1994] and
salinities of 36.4 at the inflow and 38.1 in the north-
western Mediterranean a time scale of 3.1 to 6.2 years
results. Since this approach does not include effects of
vertical mixing with the underlying high salinity layers
it should be seen as an upper estimate of the time scale.
The two calculations let us estimate a residence time in
the western Mediterranean area of about 3 years for the
surface waters in the northwestern Mediterranean. The
second approach also reveals why the trends in regions
1 and 3 must be smaller than in region 2: firstly the res-
idence time of surface waters in these areas is too short
to create a significant trend and secondly the influence
of the Ebro discharge is largely restricted to region 2.

Our evaluation does not finally prove that the de-
creasing precipiation and river runoff are responsible for
the observed salinity changes. Nevertheless we conclude
from the spatial distribution of the changes, i.e. that no
significant changes are observed in the salinities of the
intermediate layer and of the surface layer in regions
other than the northwestern Mediterranean, that the
deep water trends are caused by local variations of the
boundary conditions of the northwestern Mediterranean
and not by changes in the source region of the LIW, the
eastern Mediterranean.

What can be said about future developments of the
watermass properties in the western Mediterranean?
While it is unlikely that the anthropogenic reduced
freshwater input by rivers will return to higher values in
the near future, the precipitation in the Mediterranean
area reached again higher values during 1995-97. This
increase in precipitation was, as was its longterm de-
crease, caused by variations of the atmospheric circula-
tion as described by the NAO. Continuing wet condi-
tions for some more years could again lower the sea sur-
face salinities and a subsequent change of the properties
of the newly formed deep water back to lower temper-
atures and salinities or at least an end of the present
trends could be expected. As reported by [Roether
et al., 1996] the LIW in the eastern Mediterranean
was getting cooler while not much changing its salin-
ity. Therefore one may expect future anomalies in the
western basin by remote effects.
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