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outlook of the presentation 

   the “state of art” of the climate changes regarding the 
ocean (temperature, salinity and circulation); 

  zooming on the marginal seas: the Mediterranean case 
and other relevant ocean basins; 

  some conclusions.    
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Climate scientific problems  involving ocean 
 

Observations 
 Instrumental records of increasing duration and spatial coverage document substantial 
variability in the path and intensity of climate system characteristics on timescales of 
months to decades: oscillations or trends?; 

Heterogenity and nonlinearity  
 the climate system is heterogeneous, describable by many variables that vary 
significantly over space and time scale covering  many order of magnitude, moreover 
the nonlinearity is also an intrinsic proprerty of the system, if only due to the 
dominance of local/regional  fluxes exchange , but also to the many complex feedback 
between the domains; 

Instability 
 positive (negative) feedback can lead to instability that drives the system to new 
modes of behaviour that bear little resemblance to the external forcing, if such 
destabilizing processes are not properly represented, the system may not able to 
display important modes of internal variability. 
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mixed-layer temperature anomalies are forced by random atmospheric variability (e.g., atmo-
spheric circulation variability that decorrelates within a week or two) via surface energy fluxes and
Ekman currents, and decay by damping back to the atmosphere via turbulent energy and longwave
radiative fluxes (modeled as a negative linear feedback term). Put another way, the ocean mixed
layer integrates the “white noise” atmospheric forcing to yield a “red noise” SST response. In this
view, the predictability or persistence of SST anomalies is limited to the timescale associated with
the thermal inertia of the mixed layer, a timescale determined by the depth of the mixed layer
and the rate at which the SST anomaly damps to the atmosphere via turbulent heat fluxes. The
simple stochastic climate model has been widely adopted as the leading paradigm for the “null
hypothesis” of SST variability in middle and high latitudes where random atmospheric forcing is
a good approximation.

An illustration of the simple stochastic climate model paradigm is given in Figure 2, which
shows the mixed-layer temperature response to random variations in surface heat flux forcing over
a 60-year period. Two cases are considered: a shallow (50 m) and a deep (500 m) mixed layer. These
values span the typical range of observed mixed-layer depths for which 50 m is representative of
annual mean conditions in the North Pacific and 500 m typical of the northern North Atlantic
during winter. Slow variations in the mixed-layer temperature are apparent for both cases, with
fluctuations on the order of a few years for the shallow case and on the order of decades for the
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Figure 2
Illustration of the stochastic climate model paradigm showing a random (e.g., “white noise”) atmospheric
heat flux forcing time series (top graph) and the upper-ocean mixed-layer temperature response for a
mixed-layer depth of 75 m (middle graph) and 500 m (bottom graph). Note the slow fluctuations in the ocean
mixed-layer temperature response.
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Tipping Points in the Earth System

Schellnhuber et al., PNAS, 2008 

‘‘"pping point’’  a cri"cal threshold at which a "ny 
perturba"on can  alter the state  of a system,  
below the large‐scale components of the Earth 
system that may pass a "pping point. 

Teleconnections and Feedbacks

Atlantic Deep
Water Formation

Southern Ocean Upwelling /
Circumpolar Deep Water Formation

Instability of West Antarctic
Ice Sheet?

Instability
of Methane

Clathrates

Instability of
Greenland Ice Sheet?

ENSO
TriggeringBodele Dust

Supply Change?

Bistability of
Saharan

Vegetation

Bistability /
Collapse of
Amazonian

Forest?

Reduced
Performance

of Marine
Carbon Pump

Tibetan
Albedo Change?

Indian
Monsoon

Transformation

Tipping it after all?

…also through Teleconnec"ons 
 and Feedbacks 
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GENERAL CIRCULATION 

MESOSCALE 

INTERNAL WAVES 

OCEAN INVOLVE A LARGE SCALE OF MOTION 
and the Mediterranean sea is a good example!!! 



OBSERVATION: TEMPERATURE 

5/9/12 
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Global distribution of 
temperature change for 
June/July/Aug since 1880 
http://www.ncdc.noaa.gov/gcag/
gcag.html 

• There are some 
exceptions to the 
general trends (land 
use?), and local ups 
and downs in 
individual years  

• Global warming 
more likely than not 
contributed to the 
2003 European heat 
wave.   Future? 
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SALINITY 



Salinity balances and changes: example of importance of zonal 
redistribu"on pathways in addi"on to meridional 

Saltier Atlantic and Indian 
Fresher Pacific 

1. Freshwater convergences required 
to maintain mean salinity distribution 

1500 m 

surface 

2. Meridional FW transports from 
evaporative tropics/subtropics to high 
latitudes 
3. Zonal FW transports from Atlantic/
Indian to Pacific 

(Talley, Proc. in Ocean. 2008) 
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Salinity trends and rela-on to 
changes in freshwater forcing 

Salty oceans becoming sal-er 
Fresher oceans becoming fresher 
 

Atlantic saltier 

Pacific fresher 

Indian saltier 

Global: neutral 

Boyer et al. (2005) 

Linear trend  1955‐1998, zonally‐averaged salinity 
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Salinity varia-on: new data set to observe global paIern 

Example of what will be possible with many years of  Argo, 
the paIern much cleaner than historical trend because 
sampling is so much beIer. 

Hosoda et al., 2008 
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Global Surface Layer Salinity Change 581

July–September and October–December. Using the same
OI method, we calculated seasonal mean salinity clima-
tology of historical conductivity-temperature-depth
(CTD) data and bottle-sampling data for four seasons from
the World Ocean Database 2005 for 1960–1989 (WOD05;
Johnson et al., 2006). We selected this period because we
were able to filter out decadal signals and collect more
data than for any other period (Table 1). Over 350,000
(400,000 for Argo profiles) data points were collected,
and blank areas of seasonal salinity data in the global
ocean were filled with the collected profiles for the 30
years. For 1960–1989, the seasonal bias of salinity ob-
servations in the surface layer was not very large (Table
2). The salinity accuracy of the WOD05 was nearly
equivalent to that of the Argo profile data (0.01 psu; the
target accuracy of Argo). Thus, we can consider that the
Argo seasonal mean and the seasonal mean climatology
salinity are comparable to each other. To construct an-
nual mean salinity data by filtering out the seasonal vari-
ability, we averaged the four seasonal salinity data of Argo
seasonal mean and seasonal mean climatology (referred

to here as the “Argo annual mean” and the “annual cli-
matology”).

2.2  Evaporation-precipitation (E-P) flux
An E-P flux dataset was calculated using the evapo-

ration rates of the monthly mean latent heat reanalysis
dataset of the National Centers for Environmental Pre-
diction (NCEP; Kalnay et al., 1996) and the precipitation
rates of the Global Precipitation Climatology Project
(GPCP; Adler et al., 2003). The NCEP dataset contains
data since 1948, while the GPCP dataset contains data
collected since 1979. Using these datasets for the period
1979–1989, we calculated a 1° × 1° gridded dataset of
mean E-P flux (referred to here as the “E-P flux climatol-
ogy”).

3.  Global Surface-Layer Salinity
Figure 1 shows the annual climatology (Fig. 1(a)),

the Argo annual mean (Fig. 1(b)), and the difference be-
tween those values (Fig. 1(c); referred to as the “salinity
anomaly”). In the climatology, salinity is lower in the

33

34

34

34

34

34
3434

3434
34

35

35

35 35

35

35

35

35
35

35

35

36 36

36

36

36

36
37

37

 

 

60E 120E 180 120W 60W 0
60S

30S

EQ

30N

60N

30

31

32

33

34

35

36

37

38a (psu)

33
33

34

34

34

34

34
34

34

34 3434

35
35

35

35

35 35

35

35

35 35

35
35

36

36

36

36

36

36

37

37

 

 

60E 120E 180 120W 60W 0
60S

30S

EQ

30N

60N

30

31

32

33

34

35

36

37

38b (psu)

33

33

33

34

34

34

34

3434
34

34 34

34

35

35

35
35

35 35

35
35

35 35

35

35

35

36

36

36

36

36

36

37

37
 

 

60E 120E 180 120W 60W 0
60S

30S

EQ

30N

60N

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2c (psu)

33
33

34

34

34

34

34 34
3434

34
34

35

35 35
35

35

35 35

35

35

36

36

36

36

36

36 37

37

60E 120E 180 120W 60W 0
60S

30S

EQ

30N

60N
d

Fig. 1.  (a) Annual mean surface-layer salinity climatology based on the WOD05 (contour and color). The climatology was
averaged on the basis of the seasonal salinity maps using WOD05 data in 1960–89. Color and contour intervals are 0.5 and 1.0
psu. (b) Distribution of Argo annual mean surface-layer salinity in 2003–2007. The Argo annual mean was calculated on the
basis of the seasonal mean using Argo data in 2003–2007 (contour and color). The color and contour intervals are the same as
in (a). (c) Surface-layer salinity anomaly (color) with the Argo annual mean salinity (contour). The color and contour inter-
vals are 0.025 psu and 1.0 psu, respectively. (d) Significance of the difference between Argo annual mean and climatology.
Orange areas indicate grid nodes where the difference is significant with confidence level greater than 99%. Contour line
shows Argo annual mean.

Saltier N. Atlantic Fresher N. Pacific 

Surface-layer salinity anomaly (color) with the Argo annual 
mean salinity (contour), 2003-2007 



open ques-ons 
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IPCC AR4  Towards IPCC AR5 
 

Salinity changes from quasi‐synop-c data: trends or variability? 

Freshening of AAIW, LSW, NADW,NPIW 
Salinification of subtropics 
 

Atlantic (Curry et al., 2003) 

Pacific (after Wong et al., 2001) 
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Moving towards to the next IPCC report 

Equal aIen-on should be given to global‐reaching changes origina-ng in the 
Antarc-c/Southern Ocean (e.g. bottom water has warmed by about 0.005 to 
0.01°C in recent decades– Johnson et al., Kawano et al.); 
 
Analysis in terms of global redistribu-ons, not just meridional changes; 
 
Apparent trends based on decadal differences must be treated with 
cau-on;  
changes in integra-ng proper-es such as salinity, temperature, oxygen 
can be beIer interpreted in terms of trends than can synop-c changes 
in circula-on; 
 
Can ocean heat, chemistry and circula-on changes be par-ally 
understood in terms of the natural modes of variability? 
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Mediterranean ocean variability over recent 
centuries inferred from observation and 

climate modeling  
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The Mediterranean is located in a transitional zone where mid-latitude 
and tropical variability are both important and compete 
 
The northern part of the Mediterranean region presents a Maritime west 
coastal climate while the southern part is characterized by a Subtropical 
desert climate 
 
in summer is exposed to South Asian Monsoon and the Siberian high 
pressure system in winter 
 
The southern part is mostly under the influence of the descending 
branch of the Hadley cell, while the northern is more linked to NAO and 
other mid-latitude teleconnections patterns 

      Mediterranean climate 
(it’s relevant for climate studies?)  

5/9/12 16 



In the Mediterranean P  has an annual mean ranging  from 331 to 477 mm 
yr-1, with a seasonal cycle amplitude  of 700 mm yr-1.  
Evaporation is estimated in the range of 934–1176 mm yr-1 with  
a seasonal cycle amplitude of 1000 mm yr-1.  
The E-P gives an annual mean Mediterranean Sea water loss  
from 500 to 700 mm yr-1.  
The annual mean river discharge is 100 mm yr-1.  
 
The estimated Mediterranean freshwater deficit of about 500 mm yr-1, 
consistent with  the water flux at the Gibraltar Strait of about 1 Sv  
(from Mariotti et al., 2002)  

The hydrological Mediterranean cycle  
(The closure depends on the Gibraltar Strait !!)  

5/9/12 17 



Closure of the Mediterranean hydrological cycle  
(from Mariotti et al., 2002)  

1676 VOLUME 15J O U R N A L O F C L I M A T E

FIG. 1. A schematic two-box diagram illustrating the main com-
ponents of the Mediterranean Sea hydrological cycle. M and W are
the total Mediterranean atmospheric and oceanic water content, re-
spectively. P is precipitation, E evaporation, D the atmospheric mois-
ture divergence, R the Mediterranean river discharge, B and G are
the total water fluxes from the Black Sea and the Gibraltar Strait,
respectively.

where G and B are the total water inputs at the Gibraltar
Strait and from the Black Sea, respectively, and R is
river discharge into the Mediterranean Sea. The long-
term mean of the Mediterranean water deficit (MWD)
is approximately equal to the water flux at Gibraltar:

MWD ! D " R " B ! G. (4)

We analyze precipitation, evaporation, and moisture
flux from the ECMWF and NCEP–NCAR reanalysis
projects. The NCEP–NCAR reanalysis project (here-
after NCEP; Kalnay et al. 1996) is run at T62 spectral
resolution (approximately a grid size of 1.9#), with 28
sigma levels, 7 of them below 850 hPa. We use 50 yr
of data, from 1948 to 1998, available at the time of this
study: monthly means of precipitation and evaporation
archived by the reanalysis project, and the 6-hourly data
necessary to compute monthly vertically integrated
moisture transport.
The ECMWF Re-Analysis project (ERA; Gibson et

al. 1997) uses a horizontal resolution of T106 (approx-
imately a grid size of 1#) with 31 hybrid levels, 6 of
them below 850 hPa. It covers the period 1979–93.
Monthly mean moisture transport is calculated from 6-
hourly analyses, while monthly means of precipitation
and evaporation are derived from twice daily 12–24-h
forecasts (Stendel and Arpe 1997). Precipitation and
evaporation from NCEP and ERA are compared with
other observational datasets; the intercomparison of cli-
matologies, unless otherwise stated, refers to the period
1979–93, common to all datasets. Observational data-
sets we use include the precipitation dataset of the East
Anglia University Climate Research Unit (CRU; New
et al. 2000); this is a gridded high-resolution (0.5# $
0.5#) dataset of monthly mean precipitation estimates
from rain gauge measurements (land only), available
from 1901 to 1996. We also use the Climate Prediction

Center Merged Analysis of Precipitation (CMAP; Xie
and Arkin 1996, 1997), which gives estimates of month-
ly mean precipitation at 2.5# $ 2.5# resolution, for the
period 1979–97. The ‘‘standard’’ version is used; this
is a merged analysis mainly based on gauge stations
over land and satellite estimates over ocean. For evap-
oration, reanalyses are compared with the University of
Wisconsin—Milwaukee (UWM) Comprehensive
Ocean–Atmosphere Data Set (COADS) from da Silva
et al. (1994; hereafter UWM/COADS). This dataset pro-
vides, at a resolution of 1# $ 1#, an objective global
analysis of monthly mean evaporation over the oceans,
for the period 1950–93, from individual observations
found in COADS. We choose to analyze the ‘‘uncon-
strained’’ product (that is not tuned to fix the imbalances
found in the global fluxes), more directly related to local
ship observations.
The climatological river discharge is estimated using

historical time series archived by the Mediterranean Hy-
drological Cycle Observing System (MED-HYCOS)
and the Global Runoff Data Center (GRDC). From these
datasets, all available rivers flowing into the Mediter-
ranean Sea are taken into account: 67 rivers altogether,
covering roughly 76% of the Mediterranean catchment
area (Margat 1992). The time series of the major rivers
(those contributing to more of the 80% of the total run-
off ) are at least 10 yr long, but climatologies for each
river refer to whenever data were available. For a given
river we consider data from the station nearest to the
river mouth.

3. Components of the water cycle as depicted by
various datasets

a. Precipitation

An intercomparison of climatological winter (Decem-
ber–February) and summer (June–August) precipitation
in the Mediterranean region is presented in Figs. 2 and
3. In all seasons, the latitudinal gradient is the predom-
inant feature of precipitation in the Mediterranean re-
gion with drier areas along the African coast and sig-
nificantly wetter ones north of the Mediterranean Sea.
According to CRU, winter mean precipitation along the
African coast is about 350 mm yr"1, with higher values
toward the western part of the basin (Fig. 2); over 750
mm yr"1 are found in parts of France, across the Alpine
region, and along the eastern rim of the basin. Other
datasets are broadly consistent with CRU. For the ocean
areas, these datasets indicate that on area average the
western Mediterranean subbasin tends to be drier than
its eastern counterpart.
During summer, the whole Mediterranean region

south of 40#N is dry, receiving less than 200 mm yr"1

(Fig. 3). Between 40# and 44#N precipitation increases
rapidly to approximately 550 mm yr"1. CRU, CMAP,
and ERA show local maxima of precipitation over the
Alpine region and toward eastern Europe, but more

1 JULY 2002 1675M A R I O T T I E T A L .

thoux and Gentili 1999). These in turn may potentially
impact the Atlantic thermohaline circulation by chang-
ing the characteristics of the water flux at the Gibraltar
Strait (Reid 1979; Hecht et al. 1997; Johnson 1997).
The Mediterranean Sea is also an important source of
atmospheric moisture and the characteristics of the local
water budget influence the amount of moisture that flows
into northeast Africa and the Middle East (Peixoto et
al. 1982; Ward 1998). Consequently, an improved
knowledge of the Mediterranean hydrological cycle and
its variability could yield important socioeconomic ben-
efits to these areas.
Large-scale water budget studies have been con-

ducted for various continental regions (Rasmusson
1968; Roads et al. 1994). Recent atmospheric reanalysis
efforts by the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research
(NCEP–NCAR; Kalnay et al. 1996), the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF;
Gibson et al. 1997) and the National Aeronautics and
Space Administration’s (NASA’s) Data AssimilationOf-
fice (DAO; Schubert et al. 1993) offer the opportunity
for new investigations providing a more stable platform
for the analysis of long-term variability (e.g., Zeng
1999). Intercomparison of the global-scale hydrological
cycle in these datasets has been conducted by Trenberth
and Guillemot (1998), Stendel and Arpe (1997), and
Mo and Higgins (1996). In this paper we use reanalyses,
in conjunction with other observational datasets, to fo-
cus on the Mediterranean region and intercompare re-
sults on various aspects of the local hydrological cycle.
A number of studies have dealt with the Mediterra-

nean water budget (Bethoux 1979; Peixoto et al. 1982;
Bryden and Kinder 1991; Harzallah et al. 1993; Gilman
and Garrett 1994; Castellari et al. 1998; Angelucci et
al. 1998; Bethoux and Gentili 1999; Boukthir and Barn-
ier 2000) and results can vary significantly among au-
thors according to the specific methodology applied. For
example, Boukthir and Barnier (2000) have recently an-
alyzed the freshwater flux in the Mediterranean Sea us-
ing atmospheric reanalyses from ECMWF, and found
that climatological means for precipitation (P) and evap-
oration (E) yield an E ! P budget of about 650 mm
yr!1. Bethoux and Gentili (1999) review a number of
studies to reassess the Mediterranean water budget and
indicate that, in consideration of the heat and salt bud-
gets, reasonable estimates for E ! P fall in the range
1050–1230 mm yr!1, values significantly larger than
Boukthir and Barnier (2000). These discrepancies reflect
the uncertainties still more generally associated with the
estimates of the air–sea fluxes (WGASF 2000) and in-
dicate that further work is necessary to obtain the cli-
matological picture of the Mediterranean hydrological
budget, useful among other things for validating global
analyses and calibrating parameterizations (Gilman and
Garrett 1994; Castellari et al. 1998). Most importantly,
few studies concerning the Mediterranean have focused
on the long-term variability of these fluxes. Bethoux et

al. (1998) have discussed the observed changes in the
salinity of the Mediterranean Deep Water since the
1940s and suggest that a decrease in precipitation and
an increase in evaporation over the whole sea, possibly
in relation to global warming, could be responsible for
up to 50% of the observed salinity changes. More re-
cently, Tsimplis and Baker (2000) suggest that the sea
level drop observed in the Mediterranean Sea since 1960
could be partly related to the influence of NAO on the
air–sea water fluxes. The availability of the atmospheric
reanalyses in recent years have provided a new oppor-
tunity to study not only the climatology, but also the
variability of the air–sea water fluxes at different time-
scales.
In this work, we study the hydrological cycle in the

Mediterranean region and the Mediterranean Sea water
budget focusing on climatology and interannual to in-
terdecadal variability, in particular long-term changes
related to the well-established NAO teleconnection. The
paper is organized as follows: in section 2, we discuss
the data and the methods; the analyses and the inter-
comparison of precipitation, evaporation, and moisture
transport are dealt with in section 3a, 3b, 3c, respec-
tively; the Mediterranean freshwater flux and its vari-
ability are analyzed in sections 4a and 4b. In section 5,
we discuss our results and present our concluding re-
marks.

2. Data and methodology

The main components of the Mediterranean Sea hy-
drological cycle are shown in the schematic two-box
diagram of Fig. 1. The time-varying equation for the
vertically integrated atmospheric water budget is

dW
" E ! P ! D, (1)

dt

where W is the total water vapor content, P is precip-
itation, E evaporation, and D is the vertically integrated
moisture divergence:

H

D " ! · Q, Q # Vq dz.!
0

Here Q is the vertically integrated atmospheric moisture
flux (V is the wind, q is atmospheric specific humidity,
and H is the height in meters). On an annual mean basis
the 1hs of Eq. (1) can be neglected and the atmospheric
water budget equation is approximately

E ! P " D. (2)

Here we have also neglected the analysis error (Schubert
et al. 1993) that for NCEP reanalyses is at most about
25% of the annual mean D. The time-varying equation
for the total Mediterranean Sea water content M is

dM
" G $ B $ R ! D, (3)

dt

R 

B 
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21st century climate change), constituting quite a challenging goal for the observational 
and modeling community. 

Current uncertainties in the quantification of the MSWB limit our capability to detect the 
impact of climate change on the MSWB and clearly identify the processes controlling its 
evolution. The 21st century scenarios for the Mediterranean region foresee very significant 
changes in the MSWB with important associated changes for the sea. However, uncertainties 
on the MSWB have to be reduced first to validate the climate models used and to be confident 
on their prediction of MSWB evolution. This requires the understanding and representation of 
some control processes in key regions: mostly the exchanges at the Gibraltar Strait but also 
with the Black Sea and the local thermohaline and wind-driven circulation. These regional 
physical processes may determine the future evolution of the sea temperature and 
salinity, and subsequently the Mediterranean feedback on the local and remote climate, 
their impact on the Mediterranean biochemistry and their contribution to the 
Mediterranean sea level change. 
Figure 3.1 shows the different terms of the Mediterranean water cycle which are the 
precipitation, the evaporation, the moisture convergence, the runoff flux at the river mouths 
and the exchanges with the Atlantic and Indian oceans and the Black Sea through the 
corresponding straits. State-of-the-art knowledge about these terms and their variability is first 
described in section 3.2. A climate point of view is adopted here, i.e. we focus on climate time 
scales from the seasonal to the century scale, without forgetting the impact of daily or extreme 
events on the average values. The whole Mediterranean basin (or large sub-basins) is also 
considered. Section 3.3 highlights the current key issues concerning the MSWB, summarised 
in four main scientific questions. Finally, specific research needs and proposals in terms of 
observation and model developments to answer these questions are detailed in section 3.4. 

MED SEA

ATMOSPHERE

Black Sea 

LAND

D
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E P

R
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HYDROLOGY

Figure 3.1. A schematic 3D box diagram illustrating the main components of the Mediterranean basin. 
P stands for precipitation, E for evaporation, R for river runoff, D for atmospheric water divergence, 
G for Gibraltar transport, B for Black Sea transport. 5/9/12 18 



Role of the Mediterranean at global scale 

  as heat resorvoir and source of moisture for surrounding land 
areas 

  as source of energy and latent heat for cyclone development 
and its possible effect on remote areas, such as Sahel region 

  on the Atlantic overturning circulation (MOC)    

5/9/12 19 



Mediterranean thermohaline circulation 

the basin-scale circulation is composed by three major thermohaline 
circulation : the first is “open” zonal circulation that connects the 
western to the eastern part of the basin; the others two are meridional 
cells confined to the western and eastern basin 
 
the driving force is derived by air-sea interaction that determines 
localized convection processes 
 
the western and eastern sub-basins are disconnected at deep levels 
and their thermohaline circulation are driven by the respective sources. 
The eastern is a closed cell endowed with multiple equilibria (EMT), in 
the western sub-basin observational and modelling studies are lacking    
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Mediterranean Thermohaline Circulation 

Salinity Valve 

ATLANTIC WATER 

LEVANTINE INTERMEDIATE  WATER 
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Hydrological characteristic of 
the Mediterranean sea at 

multidecadal scale 
(Marullo, Artale and Santoleri,  published in J. of Climate, 2011)  

 

1- SST (from 1854-today) 



SST variability 

Patterns of sea surface temperature (SST) variability on interannual and longer 
timescales result from a combination of atmospheric and oceanic processes.  
 
These SST anomaly patterns may be due to intrinsic modes of atmospheric 
circulation variability that imprint themselves upon the SST field mainly via surface 
energy fluxes.  
 
Examples include SST fluctuations in the Southern Ocean associated with the 
Southern Annular Mode, a tripolar pattern of SST anomalies in the North Atlantic 
associated with the North Atlantic Oscillation, and a pan-Pacific mode known as the 
Pacific Decadal Oscillation.  
 
They may also result from coupled ocean-atmosphere interactions, such as the El 
Nino-Southern Oscillation phenomenon in the tropical Indo-Pacific, the tropical 
Atlantic Nino, and the cross-equatorial meridional modes in the tropical Pacific and 
Atlantic.  
 
Finally, patterns of SST variability may arise from intrinsic oceanic 
modes, notably the Atlantic Multidecadal Oscillation (AMO). 
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Goals 
  To evaluate long term varia-ons of the Sea 
Surface Temperature (as clima-c index) in the 
North Atlan-c Ocean and Mediterranean Sea 

  To understand rela-ons between Atlan-c and 
Mediterranean varia-ons 

  To measure the contribu-on of harmonic 
components to long terms varia-ons 
(mul-decadal variability)  

  To understand how much the observed mul-‐
decadal variability is internal versus forced 
climate change 
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Available Data 

The Sea Surface Temperature is the longest instrumental 
informa"on available for the global world ocean. 

 

•  Interpolated: Reconstructed SST produced by NCDC 
(ERSST.v3 1854-present) and Hadley Centre (HadISST 
1870-present) including pre-1942 adjustment. 

•  Non interpolated: ICOADS (International 
Comprehensive Ocean-Atmosphere Data Set) SST 
(gridded, non interpolated 1x1 , 2x2) up to may 2007. 
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BarneI (1984) gave strong evidence 
that historical marine data are 
heterogeneous. He found a sudden 
jump around 1941 in the difference 
between SST and all‐hours air 
temperatures reported largely by the 
same ships. Folland et al. (1984) 
explained this as being mainly a result 
of a sudden but undocumented change 
in the methods used to collect sea 
water to make measurements of SST. 
The methods were thought to have 
changed from the predominant use of 
canvas and other uninsulated buckets 
to the use of engine intakes (From 
Folland and Parker 1995). 
 
ERSST.v3 pre‐1942 SST correc-ons are 
based on Smith and Reynolds (2002) 
while HadISST correc-ons are based on 
Folland and Parker (1995) 
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Global (60°N-60°S) SST trends derived from ERSST and HadISST 

SST Increase: 0.4-0.5 °C 
in 35 years 

SST constant 

SST Increase: 0.4-0.5 °C 
in 35 years 
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Spa-al distribu-on of available yearly ICOADS SST average for some 
selected year at the Mediterranean la-tude 
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Having no independent sea truth data to validate 
the reconstructed SST products for most of the 
analysis period (1854 ‐ today), a strategy could be 
either to inves-gate the consistency between the 
two -me series evalua-ng differences in long term 
trends or oscilla-ons and seasonal components or 
to produce a third SST -me series over some region 
where more original ICOADS data are available 
using a simple but robust space average that 
consider the number of valid ICOADS SST for each 
month in the whole region. 
The Mediterranean Sea is one of these data rich 
region.  
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SST Increase: 0.4‐0.5 °C 
in 35 years 

SST constant 
SST Increase: 0.4‐0.5 °C 

in 35 years 

IMPATTO SULLA 
TEMPERATURA MEDIA 
GLOBALE E REGIONALE 



Mediterranean annual 
SST anomaly (respect to 
the 1971-2000 average) 
from 1854 to 2008 

The curve corresponds to 
standardized values of the 
s p a t i a l  a v e r a g e  o f 
Medi terranean summer 
temperatures for the period 
1850–1999  (Adapted from 
Xoplaki et al., 2003b).  

Hydrological characteristic of the Mediterranean sea at  
multidecadal scale: 1- SST (from 1854-today) 
 



Role of the Mediterranean at global scale 
  as heat resorvoir and source of moisture for surrounding land areas 

  as source of energy and latent heat for cyclone development and its 
possible effect on remote areas, such as Sahel region 

  impact on the Atlantic overturning circulation (MOC) 

   Mediterranean SST (from 1854-today) shows  multidecadal  

   variability similar to the  Atlantic Multidecadal Oscillation 
(AMO) 



WARMING OF THE MEDITERRANEAN SURFACE LAYER:  
SST ARE INCREASING SINCE 1860 BY 0.4°C  
 

Data source: HadISST (Met Office, Hadley Centre for Climate Research) 

Product: Monthly version of HadISST sea surface temperature component. 

 

The upper panel of figure 1 describes the yearly mean anomaly of the Mediterranean SST from 

1870 to 2006 respect to the 1961 to 1990 mean. The coldest period of the series is centred on 1910 

while the warmer period occurs  during the last decade of the time series. 

Two decreasing period are observed from 1880 to 1910 and from 1960 to 1975. The yearly mean 

was increasing from 1919 to 1930 and from 1975 to 2005. 

 

 
Figure 1. Upper panel SST yearly anomaly. Lower panel  SST Monthly anomalies. The black 

contour line is the zero level 

 

 

The monthly temperature difference between the  decades centred around warm and the cold year is 

shown in figure 2. This figure indicates that the temperature increase is mainly driven by the may-

june-july months when the difference is above the annual mean difference between the two decades 

( 0.84 °C). 

TREND 

CLIMATE VARIABILITY 

HIGHER TREND IN SUMMER 

0.022°C/decade 



 
 
Is this frequency observed in 
other  areas of the world oceans? 
Autocorrelation coefficients for 
different time lags over the 
Mediterranean using HadISST (red 
triangles) and ERSST (black squares). 
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Mediterranean Sea 
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Mediterranean Mul"‐decadal SST Variability 
(SSA ‐ Singular Spectral Analysis)   
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The first two leading EOFs have approximately 
the same amplitude and are in quadrature. 
They capture the main low frequency variability 
of the SST time series (about 70 years). This 
fact could be interpreted as the occurrence of a 
ghost limit cycle related to a physical oscillation 
of the dynamical system that has generated the 
SST time series (Ghill et al., 2001)  5/9/12 36 



The low frequency variability of 
the Mediterranean was evaluated 
applying the Multitaper method 
(MTM) method to the detrended 
SST. The Multitaper method is a 
technique developed by  D.J. 
Thomson (1982) to estimate the 
power spectrum of a stationary 
ergodic finite-variance random 
process.  
a) MTM spectrum of the Med ERSST 
-me series, the es-mated red noise 
background and associated 90%, 
95%, 99% significance levels are 
shown by the four smooth curves. 
 b) Six harmonic signals, significant at 
99% level, with interannual (between 
2.8 and 7.3 years) and mul-decadal 
(73.2 years) frequencies. 

70 yr 
45 yr 
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Correla-on  map between Azores High Sea Level Pressure Anomaly (sign 
changed) and Sea Surface Temperature Anomaly (Period 1870‐2007). 
Areas with high correla-on values indicate situa-ons where periods of 
higher SLP at about 30‐35 N in the Atlan-c Ocean correspond to period of 
colder SST (and vice versa)  
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Mechanisms of the observed 
mul"decadal variability (AMO) 

The AMO is thought to be driven by multidecadal 
variability of the Atlantic thermohaline circulation 
(THC). Enhanced THC strength enhances the poleward 
transport of heat in the North Atlantic, driving the large-
scale positive SST anomalies.  
 
(Bjerknes 1964; Folland 1984; Delworth et al., 1993; Delworth and Mann 2000; 
Latif et al 2004) 
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But why the Mediterranean 
Sea should follow the same 
oscillation? 
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Third Santa Fe Conference on Global and Regional Climate Change;  
Santa Fe,  New Mexico, 30 October to 4 November 2011 

…..Within the  natural internal oscilla-ons associated  
with ocean‐atmosphere coupling, the most notable of  
these couplings is the 
 Atlan-c Mul-decadal Oscilla-on (AMO), which was  
suggested to account for up to one half  
of regional rapid warming since 1970 and  
for the rela-vely constant global temperature  
signal seen subsequent to 2000. 
 



2- Change of temperature and 
salinity for the entire water column 

in the last 50 yrs  
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Time series (MEDAR-MEDATLAS) for the period 1950-2000 of volume mean 
salinity (left scale) and salt content (1013 PSU*m3, right scale) anomalies   

600m –bottom and 0-bottom (from Rixen et al, 2005) 

Eastern Mediterranean Western Mediterranean Mediterranean 
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The Mediterranean outflow:  
source of heat and salt at intermediate depth (1000m) 

 
 

(Potter and Lozier, GRL, 2004 and 
Fusco, Artale, 2008)  
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Meridional sections of differences in salinity 
(psu) of the Atlantic Ocean for the period 

1985 to 1999 minus 1955 to 1969 

SALINIFICATION OF MEDITERRANEAN OUTFLOW 
 
 

(Potter and Lozier, GRL, 2004 ) 5/9/12 46 



MEDITERRANEAN OUTFLOW: SOURCE OF WARMING AT MID-DEPTH 

(Fusco et al., 2008)  

SALINITY 

TEMPERATURE 

DENSITY 

GULF OF CADIZ 
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IN THE GULF OF CADIZ SEVERAL EVENTS OF SALT 
ANOMALY ARE OBSERVED (Fusco, Artale, Cotroneo, 

2008) 

Author's personal copy
ARTICLE IN PRESS
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Fig. 4. Properties of MW, depth versus time: monthly mean of (a) salinity, (b) potential temperature (1C) and (c) potential density (kgm!3). Superimposed
triangles show temporal distribution of monthly mean profiles.

G. Fusco et al. / Deep-Sea Research I 55 (2008) 1624–16381630
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Some Conclusion 
 
From a review of all available data set for the Mediterranean Sea we found  
an  warming trend of 0.022 °C/decade in SST over the last 150 yrs, moreover 
in the Gulf of Cadiz the MOW displays a trend of 0.16 °C/decade and 
0.05/decade in salinity over the last 50 yrs; 
 
The Mediterranean isn’t a isolated basin, but is a relevant component 
of the North Atlantic climate system, e.g. the northern part of Atlantic and  
Mediterranean show an high correlated multi decadal variability typically 
 of 70-yrs; 
 
The coupled model (Protheus System) predicts significant interannual variability  
including EMT and acceleration of warming in particular after the 2020 with an average  
value of 0.16 °C/decade (not shown); 
 
But more significantly is relevant that the numerical models have to represent in the next 
future, beside the air-sea interaction processes, the driver mechanisms of the Mediterranean 
thermohaline circulation like 
 the physics and hydrological characteristics within the Gibraltar Strait (Salinity Valve),  
 the advection-convection feedback (multiple steady state of ocean circulation, 

 EMT can be considered an element of its),   
 the internal salt anomaly in the North Atlantic due to the MOW, that can contribute 

 to stabilize the MOC (not shown); 
  further  investigation have to be dedicated on the relation between natural modes of 

variability and the observed changes of heat, chemistry and circulation in the ocean 
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…… in what sense does the fact that a model cannot duplicate a warming 
of a few tenths of a degree constitute evidence that anthropogenic forcing is 
necessary?  The alternative hypothesis is that the warming is simply natural 
unforced internal climate variability.  It is well known that the climate does 
indeed fluctuate without any external forcing.  There are several reasons for 
this.  At the most fundamental level, the atmosphere and oceans are 
turbulent fluids, and it is a general property of such fluids that they can 
fluctuate widely without external forcing.   

There are moreover specific features of the oceans and atmosphere that 
lend themselves to such changes.  The most obvious is that the oceans are 
never in equilibrium with the surface.  There are exchanges of heat on all 
time scales between the abyssal oceans and the near surface thermocline 
region.  Such exchanges are involved in phenomena like El Nino and the 
Pacific Decadal Oscillations, and produce large variable forcing for the 
atmosphere.  (from Lindzen, 2007) 



Thanks for your attention !! 
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