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ABSTRACT: In this paper, we document observational support for the long-term weakening of the
northwestern part of the Adriatic−Ionian thermohaline cell (AITHC), one of the 3 cells that drive
the deep Mediterranean thermohaline circulation. The AITHC weakening is detected from longterm temperature, salinity and dissolved oxygen trends estimated from data measured between
1952 and 2010 along the Palagruža Sill, Adriatic Sea. We assumed that the weakening of the
AITHC may be deduced from long-term changes in the dense water outflow characteristics across
the sill, which are characterized by a strong decrease in dissolved oxygen content, slight warming
and shallowing of the outflow and by lower advection of saline and warmer Levantine Intermediate Water (LIW) toward the northwestern Adriatic. The latter was deduced from the negative temperature trends and the lowest salinity trends estimated for the area of LIW inflow. Further weakening of the AITHC may have a noteworthy impact on deep aquatic systems and should therefore
be monitored and assessed regularly.
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A weakening of global thermohaline circulation
can dramatically affect atmospheric and ocean climate (Laurian et al. 2009, Laurian & Drijfhout 2011),
biogeochemical cycles and life in deep oceans and
seas (Schmittner 2005). Numerous research efforts
and ocean observation programs have been dedicated to the proper assessment of this process on a
global scale (Rayner et al. 2011). The coastal regions
and marginal seas contribute significantly to the
global thermohaline circulation (Orsi et al. 1999),
especially through dense water generation and its
rapid sinking toward deep layers (Canals et al. 2006).
The Mediterranean outflow constitutes an input to
the global thermohaline circulation, and influences
thermohaline properties in the North Atlantic Ocean
on interdecadal scales (Calmanti et al. 2006), as well
as being responsible for positive trends in salinities in

the North Atlantic over the last 50 yr (Potter & Lozier
2004, Lozier & Sindlinger 2009). The Mediterranean
outflowing current is a branch of the Mediterranean
thermohaline circulation (MTHC) driven by heat and
water losses at the sea surface, mostly within the
areas where deep convection occurs: the Gulf of
Lions, the Levantine Basin (including the Aegean
Sea) and the Adriatic Sea (Somot et al. 2006). The
MTHC can undergo rapid changes, as observed in
the past during sapropel periods (Meijer & Dijkstra
2009) and recently during the Eastern Mediterranean Transient (Klein et al. 1999). Furthermore, climate simulations for the next 100 yr project a significant change in the heat and freshwater budget
(Sanchez-Gomez et al. 2009, 2011, Mariotti 2010) and
a weakening of the MTHC (Somot et al. 2006), which
may have a significant impact on the deep Mediterranean ecosystems (Danovaro et al. 2010). Therefore,
it is crucial to monitor all 3 places where deep con-
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vection and dense water formation occur and to
number of processes related to climate change have
assess their contribution to future climate changes. In
been detected during this study, including the heatthis paper, we focus on the Adriatic Sea, which is
ing of surface layers, an increase of the salt content, a
recognized as a primary source for the ventilation of
decrease of the DO content and a weaker replenishthe deep eastern Mediterranean waters (Rubino &
ment of deep waters, as a consequence of the
Hainbucher 2007).
decrease of dense water generation and weakening
Dense water formations in the Adriatic occur durof the thermohaline cell.
ing wintertime in the 1200 m deep South Adriatic
Pit through deep convection (Adriatic Deep Water
[ADW], Gačić et al. 2002) and in the shallow northern
2. DATA AND METHODS
Adriatic shelf (North Adriatic Dense Water [NAdDW],
Vilibić & Supić 2005). Both formations occur under
We used temperature, salinity and DO content data
the rapid heat losses induced by severe cold and dry
measured at 5 stations over the Palagruža Sill (Fig. 1)
bora wind (Grisogono & Belušić 2009). Although the
at standard oceanographic depths (0, 10, 20, 30, 50,
NAdDW volume is an order of magnitude lower than
75, 100 and 150 m, and bottom). Stns P1 to P2 were
that of the ADW, the NAdDW is much denser; in fact,
surveyed largely on a monthly basis, while Stns P3
it is the densest Mediterranean water mass (Vilibić
to P5 were surveyed mostly on a seasonal basis
& Supić 2005). Therefore, both dense water
formation processes are jointly driving the
Adriatic−Ionian anti-estuarine thermohaline
cell (AITHC) (Orlić et al. 2006, Gačić et al.
2010), resulting in a dense water outflow
along the western Adriatic coast and a balanced advection of saline Levantine Intermediate Water (LIW) toward the northern Adriatic. The AITHC oscillates on the decadal scale
through the Bimodal Oscillation (BiOS) mechanism (Gačić et al. 2010), strongly affecting
the biogeochemical properties of the whole
system (Civitarese et al. 2010). These decadal
oscillations can mask a trend connected with
the eventual weakening of the Adriatic−Ionian
MTHC branch. The Eastern Mediterranean
Transient (EMT), which occurred in early
1990s, played a significant role in strengthening the decadal variability and was characterized by a massive production of dense water in
the Aegean Sea and strengthened the anticyclonic circulation in the Ionian Sea (Borzelli et
al. 2009, Vilibić et al. 2012).
Here, we present observational support that
the northwestern part of the AITHC has
weakened in the last 60 yr. The hypothesis is
based on the assessment of long-term temperature, salinity and dissolved oxygen (DO) content trends estimated from data collected regularly at the Palagruža Sill transect (1952 to
2010, Fig. 1). The role of the Palagruža Sill in
the Adriatic circulation is well known; it represents the barrier at which the exchange of
the Adriatic water masses occurs. NevertheFig. 1. The area investigated in the Adriatic Sea, with locations of the
less, the assessment of long-term trends has
climatological stations (P1 to P5) along the Palagruža Sill. Dense water
formation (DWF) sites in the Mediterranean Sea are indicated
not been performed across the transect. A
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between 1952 and 2010. Altogether, 528, 579, 216,
206 and 199 surveys were carried out at Stns P1 to
P5, respectively. Up to 1998, temperature was measured using reversing thermometers (accuracy ±0.02°C)
and salinity was measured from samples taken by
Nansen bottles (until the 1980s by titration with
AgNO3 — with an accuracy for chlorinity of ± 0.01 —
and after this with a portable induction salinometer,
Beckman Industrial, model RS-10, accuracy: ± 0.003).
After 1998, IDRONAUT 316 and Seabird-25 CTD
probes were used to measure temperature and
salinity, with accuracy values of at least ± 0.003°C for
temperature, ± 0.002 for salinity and ± 0.1% for the
full-scale range for pressure. Intercalibration experiments were done whenever a method was changed.
DO was determined throughout the study period
using classical Winkler titration, which had an accuracy of ± 0.05 ml l−1.
The data were checked by using minimum−
maximum conditions for each variable, defined from
the previous research studies (e.g. Buljan & ZoreArmanda 1976) in the area and set to 9.0−28.0°C for
temperature, 35.0−39.3 for salinity and 2.0−8.0 ml l−1
for DO. All the data outside of these intervals were
not included in analyses. Threshold on the spikes
and rapid changes along the vertical (between
neighboring standard depths) for each parameter
were introduced (1) after the water column stabilized
(temperature and salinity data that resulted in higher
density than at the next level were not considered),
and (2) excluding temperature and salinity spikes in
the depths below pycnocline (75 m) that were higher
or lower than the values at neighboring depths
(above and below) by more than 0.3°C and 0.2,
respectively. This approach solved most of the data
quality problems. Seasonal changes of all variables
were largely removed from each series by fitting seasonal (12 mo) and semi-seasonal (6 mo) functions to
all data and by averaging values over a year, which
decreased bias in the trend analyses to a minimum.
The procedure was separately applied for each
station, depth and variable. Decadal variations, e.g.
oscillations of the AITHC and associated oscillations
of hydrographic parameters driven by BiOS, were
not treated in detail in this study, but the analysis
performed at a common interval minimized their
influence in terms of the spatial difference in trends.
In addition, we estimated the trends excluding the
last 2 decades of data to document the changes
before the EMT and the associated strong BiOS
event,. The significance of all trends was tested by
applying the Mann-Kendall nonparametric test for
trend estimates to the time series.
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3. RESULTS AND DISCUSSION
The mean temperature, salinity and DO profiles
over the Palagruža Sill (Fig. 2) indicate the major
characteristics of processes occurring in the Adriatic
Sea: (1) significant vertical temperature gradients up
to depths of the seasonal thermocline, detectable at
approximately 50 m in a mean temperature profile;
(2) inflow of the saline, warmer and low-DO content
LIW in the central part of the sill; (3) deep outflow of
a cold NAdDW in the deep central and southern
parts of the sill; (4) a surface outflow of less saline,
low density water coming from the north Adriatic
rivers along the western coast (known as the West
Adriatic Coastal Current, Burrage et al. 2009); (5)
surface advection of freshened waters coming from
the east Adriatic rivers along the northern parts of
the sill; and (6) a maximum in primary production
between 20 and 50 m, resulting in high DO content
values. Although dense water generation is a highly
transient process, occurring on a daily scale (Beg
Paklar et al. 2001), its effects in the Adriatic on
the deep thermohaline properties on the sill last for
half a year or longer (Vilibić et al. 2004), and it has a
lagged and long-lived influence on the AITHC (Orlić
et al. 2006). Therefore, these processes can be captured and assessed with the presented yearly averaged data set.
The trends computed for all depths and variables
(Fig. 3) indicate a number of long-term changes that
can be connected to ongoing climate processes. First,
an increase in salinity can be observed over the
whole transect, ranging from 0.2 over 100 yr at the
central and northern parts of the transect to 0.5 over
100 yr at the southern and northern boundaries. The
strongest increase is found over the areas influenced
by the rivers, indicating a significant decrease of the
river runoff. The decrease of river runoff along with
the enhancement of evaporation is a major mechanism for projected salinity increase in the Mediterranean (Somot et al. 2006, Skliris et al. 2007). The
surface temperatures exhibit a strong positive trend
in the first 20 m (up to 3°C over 100 yr along the
southern part of the transect), which is most probably
a result of increased heat uptake by the sea (Somot et
al. 2006).
The lowest positive salinity trend is found in the
intermediate and deep layers at the central and the
northern parts of the sill, where the AITHC occurs in
the present climate (Vilibić et al. 2004). Simultaneously, the intermediate and deep-water masses (below 20 m) exhibit a weak negative temperature trend,
resulting in an increased average vertical stratifica-
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Fig. 2. Temperature, salinity, dissolved oxygen content and sigma-theta fields over the Palagruža Sill transect averaged for the
period from 1952 to 2010 (x-axes: distance from Croatian coast, north is left). Circles: stations and measuring depths. Dashed
lines: AITHC features, sketched from the data and existing literature: (1) the NAdDW deep outflow, (2) the LIW intermediate
inflow, (3) the West Adriatic Coastal Current and (4) freshened eastern Adriatic waters

tion in the basin. The deepest layers are exceptions,
where weak positive temperature trends are found,
exhibiting an outflow of the warmer densest branch
of NAdDW. The density changes are driven mostly
by salinity changes in the deep layers, while at the
surface they are the result of a strong temperature
increase. Finally, the DO content trends are mostly
negative (up to −1 ml l−1 over 100 yr), with the largest
negative values occurring in the deepest waters. A
positive DO content trend can be found only between
20 and 50 m along the central and southern parts of
the transect, indicating a possible increase in primary
production. The negative DO content trends in deep
water may be a result of the increased downward
flux of organic matter caused by higher primary
production; however, all positive trends are insignificant, while the deep DO content trends are quite
significant and negative. Moreover, the Adriatic
productivity exhibits large interannual and decadal
fluctuations rather than long-term trends (Grbec et
al. 2009).

Insight into to the annually averaged series (Fig. 4)
indicates a noteworthy interannual and decadal
variability driven by a number of processes such
as the Adriatic−Ionian BiOS (Civitarese et al. 2010,
Gačić et al. 2010). The BiOS has been found to drive
decadal oscillations of the AITHC, especially during
the last 2 decades (Fig. 4), resulting in a maximum in
temperature and salinity in the early and mid-2000s
that has been preceded and followed by marked
lower temperature and salinity values. Therefore,
these changes affect the production or the absence of
dense water in the Adriatic and potentially bias
the long-term trends presented here. However, the
BiOS affects the Adriatic Sea as a whole, and this
may be reflected in the overall long-term trends at
depth across the transect. Nevertheless, the BiOS
cannot significantly influence the distribution of the
trends, i.e. it cannot influence the difference between
trends at various deep layers and stations. The BiOS
strengthened in the early 1990s, when the EMT
occurred and propagated in the Adriatic Sea (Borzelli
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Fig. 3. Temperature, salinity, dissolved oxygen content and sigma-theta trends (over 100 yr) estimated over the Palagruža
Sill transect between 1952 and 2010. Filled circles: significant trends (95% level). x-axes as Fig. 2

et al. 2009), and was recognizable by a drop in temperature, salinity and DO content of most of the deep
waters in the early 1990s. Nevertheless, a recovery of
the pre-EMT conditions at the Palagruža Sill was evident in the late 1990s, and no significant EMT impact
on long-term trends (computed over almost an order
of magnitude longer timescales) was found. This scenario is confirmed by the distribution of trends computed between 1952 and 1989 (Fig. 5); the trend distribution over the sill is very similar to the trend
distribution when the whole period is analyzed, but
with somewhat different trend rates and significance
levels. The similarity is considerably high, given that
the pre-EMT trends were computed on 63% of the
whole series.
The observed trends (Fig. 3) support the hypothesis
that the strength of the northwestern part of the
AITHC is weakening in time. The anti-estuarine
branch driving the thermohaline circulation, i.e. the
dense water (NAdDW) outflow across the deep central and southern section (marked by 1 in Fig. 2), is

characterized by a rapid decrease in DO content, a
weak increase in salinity (with respect to the ambient
waters) and a slight increase in temperature (Fig. 3).
This pattern especially applies to the deepest layers
of the Palagruža Sill (Stn P3, 150−170 m) where the
densest NAdDW is found (Vilibić et al. 2004), while
the western part of the NAdDW core outflow (Stn P5,
100−110 m) exhibits a moderate increase in salinity
and density. In addition, the strong positive density
trends at Stns P4 and P5 at 50 and 75 m exhibited an
above-normal NAdDW density core (usually found at
the bottom at 100 to 110 m (Vilibić et al. 2004), indicating that a much larger fraction of the NAdDW current is flowing in the intermediate layer than in the
bottom layer, which can be achieved only if the
average NAdDW current in the present climate is
not dense enough to flow close to the bottom. This
type of behavior, i.e. shallowing of the densest Mediterranean currents, has been projected for a future
climate scenario by Somot et al. (2006; see their
Fig. 11).

222

Clim Res 55: 217–225, 2013

Fig. 4. Temperature, salinity and dissolved oxygen content annual series (estimation of annual values is explained in the text)
at the deep layers of Stns P2 (100 m), P3 (150 m) and P5 (110 m)

These patterns together probably indicate a less
effective ventilation of the deepest waters in the present climate than what had occurred 60 yr ago. Compared with the increase in salinity and the decrease
in temperature found in the intermediate waters (50
to 100 m), a weaker increase in salinity and a weak
increase in temperature in the deepest waters imply
a weaker vertical density gradient between the in-

termediate and bottom layers, and a decrease in
strength and outreach of the deep water density current. The consequence should be a decrease in the
other branches of the AITHC and the inflow of saline
and warm LIW to the Adriatic Sea. Indeed, the core of
the LIW inflow is characterized by the lowest positive
salinity trends over the whole transect (Fig. 3); therefore, the inflowing branch of the AITHC (marked in
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Fig. 5. Temperature, salinity, dissolved oxygen content and sigma-theta (σt) trends (over 100 years) estimated over the
Palagruža Sill transect during the pre-EMT period between 1952 and 1989. Other details as Fig. 3

Fig. 2) has lower positive trends in salinity than the
trends of the ambient waters. In addition, temperature has the largest negative trends along the northern side of the transect (Stns P1 and P2, 50 to 100 m),
again where the inflow AITHC branch is positioned.
Therefore, isolation, lower replenishment and weaker
mixing of intermediate and deep waters across the
sill and presumably in the whole Adriatic are in
progress, resulting in a significant decrease in DO
content along most of the Palagruža transect and a
decrease in intermediate water temperatures due to
a reduced inflow of the warm LIW.
Our results can be compared with Mediterranean
climate studies that project a weakening of the MTHC
in the next 100 yr (Somot et al. 2006). Although the
Adriatic dense water formation sites are projected to
be less influenced (in terms of density and mixing
depth) than the 2 other dense water formation sites,
the Aegean−Levantine basin and the Gulf of Lions
(Somot et al. 2006), our findings indicate a weakening of the AITHC, particularly of its northwestern
part, which is already occurring in the present climate. This study did not simulate a weakening of the

ADW generation, just a decrease in the ADW density.
Also, the weakening of the thermohaline stream
function in future scenarios has been projected for
the Ionian Sea, thus limiting the impact of the dense
water formation to the upper Mediterranean waters
and resulting in a decreased cascading of deep
waters toward the deep eastern Mediterranean Sea.
Our study provides observational support for that
projection.

4. CONCLUSIONS
This study provides evidence of a decrease in
thermohaline circulation in the Adriatic Sea, resulting in the distribution of long-term trends of oceanographic properties along the Palagruža Sill. Both
deep ocean circulation and surface thermohaline
cells have weakened, resulting in lower ventilation of
deep waters and lowering of the intermediate and
deep water DO concentrations. The approach and
longevity of oceanographic series used in the study
are unique for the area, are appropriate for investiga-
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the known, the unknown, and the unknowable. PLoS
tion of thermohaline processes at multidecadal and
ONE 5:e11832
centurial time scales, and are relevant to ongoing
Durrieu
de Madron X, Guieu C, Sempéré R, Conan P and
➤
and projected climate change studies.
others (2011) Marine ecosystems’ responses to climatic
The expected projections should not be neglected
and anthropogenic forcings in the Mediterranean. Prog
Oceanogr 91:97−166
in an assessment of the climate of the Mediterranean
Ga
čić
M, Civitarese G, Miserocchi S, Cardin V, Crise A,
and Adriatic seas, as they will have a potentially
Mauri E (2002) The open-ocean convection in the
severe impact on the biogeochemical properties and
Southern Adriatic: a controlling mechanism of the spring
life in both seas (Durrieu de Madron et al. 2011,
phytoplankton bloom. Cont Shelf Res 22:1897−1908
Philippart et al. 2011). Deep pelagic and benthic
Gačić M, Eusebi Borzelli GL, Civitarese G, Cardin V, Yari S
(2010) Can internal processes sustain reversals of the
organisms can be affected by these changes, espeocean upper circulation? The Ionian Sea example. Geocially in the biodiversity of niches such as found in
phys Res Lett 37:L09608, doi:10.1029/2010GL043216
the nearby Jabuka Pit, which serves as a collector
Grbec B, Morović M, Beg Paklar G, Kušpilić G, Matijević S,
for dense water from the northern Adriatic Sea. As
Matić F, Ninčević Gladan Ž (2009) The relationship between the atmospheric variability and productivity in the
our findings are congruent with projections of the
Adriatic Sea area. J Mar Biol Assoc UK 89:1549−1558
thermohaline circulation in the Mediterranean Sea
Grisogono B, Belušić D (2009) A review of recent advances
(Somot et al. 2006), a demand for regular monitoring
in understanding the meso- and microscale properties
and climate research at the profile should be asof the severe Bora wind. Tellus Ser A Dyn Meterol
Oceanogr 61:1−16
sessed as high priority.
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