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Abstract The atmospheric response to an idealized 2 K
cooling of the Mediterranean Sea is studied in a general
circulation model (GCM). In the downstream region,
from the eastern Mediterranean basin to the whole
Asian continent (following the sub-tropical jet-stream),
a baroclinic response is produced with high pressure
near the surface and low pressure in the upper layers. It
is the direct response to the Mediterranean cooling and
it needs only a few days to be established. Teleconnec-
tions with strong zonal characteristics are found fol-
lowing the sub-tropical jet-stream to the North Pacific
and North America, propagating further across the
North Atlantic towards Northern Europe. Two
remarkable remote features are the deepening of the
Aleutian Low in the North Pacific and the weakening of
the Icelandic Low in the North Atlantic. These two
teleconnections form and grow in several days in the
North Pacific and several tens of days in the North
Atlantic. Both have a quasi-barotropic vertical struc-
ture. It is believed that they are the consequence of
complex interactions between the mean flow and the
transient eddies in the atmosphere.

1 Introduction

The Mediterranean Sea is a marginal and semi-enclosed
sea, located in the mid-latitudes and surrounded by
Europe to the north, Africa to the south, and Asia to the
east. Due to its particular geographic position under the
descending motion of the tropical Hadley circulation,
the Mediterranean Sea is a concentration basin with an

evaporation rate much larger than the rainfall rate and
river discharge, which implies oceanic convection and
deep water formation.

Paleo-climatic archives reveal that the Mediterranean
has experienced important variations in the past. The
Mediterranean Sea was isolated from the global ocean
about 6 million years ago. A sea-level drop of more than
1,500 m took place at that time (Hsu et al. 1973;
Krijgsman et al. 1999) due to the strong evaporation,
which in turn led to a much cooler sea surface temper-
ature (SST). For the Last Glacial Maximum, 21,000
years ago, the temperature around the Mediterranean
basin was decreased by more than 10 K, and the east–
west temperature gradient was 4 K larger than that
existing today (Hayes et al. 2005). The Eastern Medi-
terranean Transient (Lascaratos et al. 1999; Malanotte-
Rizzoli et al. 1999), a drastic shift of the Mediterranean
convection at the end of the 1980s and the beginning of
1990s, also illustrates the large variability that can occur
in the present-day Mediterranean Sea.

Rixen et al. (2005) studied the evolution of the
Mediterranean thermal structure during the last 50 years
and concluded that the Mediterranean thermal content
(0–150 m) is strongly correlated to the North Atlantic
Oscillation (NAO) in the atmosphere, which induces
important air–sea heat flux anomalies over the region.
Cooler air temperatures are actually observed around
the Mediterranean basin when the NAO is in its positive
phase (Hurrell 1995; Thompson and Wallace 2001). The
positive trend of the NAO during the last decades may
limit the warming of the Mediterranean Sea due to the
increased anthropogenic green-house effect. It may even
explain the cooling (�0.3 K) of the Mediterranean Sea
upper layer from 1960s until the end of the 1980s (Rixen
et al. 2005). The latter is confirmed in HadISST, another
observation-based dataset (Rayner et al. 2003). Figure 1
gives the leading principal component of the SST from
HadISST, showing clearly the Mediterranean surface
cooling from 1960 to 1980, with a maximum in the
Eastern Mediterranean. The hydrological cycle of the
Mediterranean Sea is also highly correlated to the NAO
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(Mariotti et al. 2002; Struglia et al. 2004). The main
motivation of this study is to investigate the nearby and
remote climate influences of a Mediterranean cooling
which may be the consequence of a prolonged positive
NAO period.

In the context of anthropogenic global warming, the
Mediterranean Sea is a minimum warming centre,
compared to the surrounding lands (IPCC 2001; Chap-
ter 9). It is believed that the increasing sea–land thermal
contrast, together with the increasing trend of the NAO,
is a factor causing the decrease of mean precipitation as
reported in Alpert et al. (2002), Milan et al. (2005) and
Norrant and Douguedroit (2006), and the decrease of
mean cloudiness as reported in Maugeri et al. (2001).
The second motivation of this study is to investigate the
effect of an increased thermal contrast between the
Mediterranean Sea and its surrounding lands for
anthropogenic global warming.

This work is also a first step towards understanding
the interactive role of the Mediterranean Sea in climate
changes. Only the atmospheric response to SST anom-
alies is studied without considering feedbacks to the sea.
Rowell (2003) also used a fixed Mediterranean SST
anomaly in an atmospheric GCM to study the active

role of the Mediterranean Sea. He found that with a
warmer Mediterranean the Sahelian summer rainfall is
increased through an increase of moisture transport in
the eastern part of the Sahara. He remarked that the
rainfall increase is also amplified by a more intense
moisture flux from the tropical Atlantic ocean and a
more intense local water re-cycling.

The present paper is organized in the following
manner. Section 2 presents the model used and the
experimental design. The climatological circulation of
the control atmosphere is presented in Sect. 3. Results
are given in Sect. 4 and some conclusions in Sect. 5.

2 Design of experiments

The model used is version 3.2 of LMDZ, the atmo-
spheric general circulation model developed at LMD
(Laboratoire de Météorologie Dynamique). It is derived
from the standard LMD model described in Sadourny
and Laval (1984). The dynamical core is resolved
through the grid-point method. A brief description of
the physical parameterization and climate simulation
performance can be found in Li (1999). It is a state-of-
the-art climate model, already used in Li and Conil
(2003a) to produce a 1,000-year ocean-atmosphere
coupled simulation. It was also used in Zhou and Li
(2002) to study the Asian summer monsoon, and in Li
and Conil (2003b) and Conil and Li (2005) for NAO-
related questions. The spatial resolution is 72 · 45
points (5� · 4�), regularly distributed in the longitude–
latitude coordinates. There are 19 layers in the vertical.

The model is run in the perpetual January mode, with
fixed solar incoming radiation and prescribed soil
moisture at their climatological values. The use of a
perpetual mode was needed to accomplish the large
amount of simulations described below. It also helps to
clarify the interpretation of results since the background
flow remains always fixed.

To simplify the experimental design, we introduce
an idealized situation by imposing a homogeneous
cooling of 2 K for the Mediterranean sea surface (13
model points for the current resolution). Such cooling
is much larger than the effect (�0.3 K) of increasing
NAO during the last decades (Rixen et al. 2005; see
also Fig. 1), but it corresponds well to the increased
surface thermal contrast between the Mediterranean
Sea and the surrounding lands predicted by many
climate models for the end of the twenty-first century
(IPCC 2001; Chapter 9). The experimental design used
here does not imply any Mediterranean cooling in the
context of an anthropogenic global warming. It is just
a surrogate to investigate the effect of the Mediterra-
nean minimum warming centre in comparison to a
larger warming on the surrounding lands. Further-
more, the simplicity of our experimental design will
provide a more efficient simulation protocol for inter-
comparison of models.

a

b

Fig. 1 Leading spatial structure (a, arbitrary units) and temporal
coefficient (b, arbitrary units) of a principal component analysis of
the winter (January, February and December of the precedent
calendar year) Mediterranean sea surface temperature (K) during
the second half of the twentieth century. This structure explains
45% of the total variance. b is plotted with a three-point running
mean
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Two sets of experiments are conducted. The first one
is the traditional equilibrium control experiment of
9,000 days (EXP0e in Table 1). Such a long duration
guarantees the statistic significance of results (see
Sect. 4.3).

The second set is a transient experiment (in the sense
of transition to equilibrium) as described in Li and Conil
(2003b) or Ferreira and Frankignoul (2005). The ap-
proach to equilibrium of an ensemble transient simula-
tion is very useful to reveal the temporal evolution of the
response. Different mechanisms can thus be separated,
identified and quantified. The experiment consists of
conducting an ensemble of meteorological sequences
with same boundary conditions but different initial
states. When the ensemble size is sufficiently large, the
mean meteorological sequence (ensemble average of all
the sequences) will be stable and representative of the
January conditions. For the current study, the length of
the meteorological sequences is 30 days and the ensem-
ble size is 3,000.

To avoid initial adjustment of the model, all initial
states are the ‘‘re-starting points’’ of a model simulation,
at 30-day interval. In practice, we performed another
long-duration (90,000 days) run and saved model states
every 30 days as initial states. This long run is actually
the control simulation of our transient experiment
(EXP0t in Table 1). The 3,000 initial states can be con-
sidered as independent since duration 30 days is beyond
the meteorological autocorrelation time scale (see also
Fig. 6c, d in Sect. 4.3). The large ensemble size is not
only to increase the statistical significance, but also to
ensure the entire coverage of all possible weather situa-
tions, producing a reliable and representative climato-
logy.

The sensitivity simulations will be referred to as
EXP2e and EXP2t which are the same as EXP0e and
EXP0t (same model code, same computing configura-
tion and same initial states), but with a �2 K anomaly in
the Mediterranean Sea (boundary conditions). Table 1
summarizes all the simulations conducted in this study.
Differences between EXP2(e,t) and EXP0(e,t) reveal
thus the influences of the imposed boundary forcing—a
Mediterranean SST cool anomaly. The equilibrium run
allows assessment of the final response at equilibrium.
The transient run allows a study of the temporal
evolution of the response and reveals multi modes or

regimes of response since they often have different time
scales (Kushnir et al. 2002; Li and Conil 2003b).

3 Climatological circulation

Before discussing the impacts of a Mediterranean SST
cool anomaly, it is useful to present some climatological
characteristics of the control simulation. They serve as
an element of model validation and they will also be
invoked in explaining the model responses.

Figure 2 displays the mean zonal wind at 300 hPa
(top) and sea-level pressure (bottom), for both the con-
trol simulation (EXP0e) and the ERA-15 dataset
(European centre for medium-range weather forecast,
re-analysis, 15 years from 1979 to 1993). We examine
firstly the sea-level pressure. The permanent atmospheric
centres of action for the winter season are two Lows
(Aleutian and Icelandic) and two Highs (subtropical
North Pacific and North Atlantic). The two subtropical
Highs have their maximum centres near the coast of
North America and the coast of West Europe and North
Africa. The Siberian High is a seasonal centre of action.
Generally speaking, the model is successful in capturing
the main behaviours of the atmospheric mean state. The
Aleutian Low seems however slightly shifted to the west
in the model.

For the zonal wind at 300 hPa, the double spiral
structure (composed of Asia–North Pacific jet-stream
and North America–North Atlantic jet-stream) is the
most remarkable one in Fig. 2. The Asian jet-stream
begins in the North Atlantic, near the African coast. It
crosses the Middle East and the whole Asian continent
before joining the North Pacific jet-stream. A strong
deceleration takes place in the middle of the North Pa-
cific. The North Atlantic jet-stream has a more meridi-
onal component and is tilted towards Northern Europe.
Again the model captures well the main features of the
mean atmospheric circulation, although the North
Atlantic and the North Pacific jet-streams are about
10 m/s stronger than their observational counterparts.

4 Atmospheric responses

4.1 Equilibrium response

We will now discuss the atmospheric response to the
Mediterranean SST anomaly. Figure 3 displays the
geopotential height response (EXP2e–EXP0e) in the
equilibrium experiment for, from bottom to top, 1,000,
850, 500 and 300 hPa, respectively. It is clear that the
response is mainly found in the Northern Hemisphere
and there is almost no signal in the Southern Hemi-
sphere. In the Mediterranean region, slightly down-
stream of the forcing centre (eastern Mediterranean
basin, Black Sea and Caspian Sea), there is a baroclinic
structure with high pressure near the surface and low
pressure in the upper layers. The transition height is

Table 1 Main characteristics of the numerical simulations: simu-
lation type (equilibrium or transient), sea surface temperature as
boundary conditions (‘‘observed’’ means 1979–2002 averaged
climatology), simulation length (days) and ensemble size

Simulation Type SST Length
(days)

Ensemble
size

EXP0e Equilibrium Observed 9,000 1
EXP2e Equilibrium �2 K 9,000 1
EXP0t Transient Observed 30 3,000
EXP2t Transient �2 K 30 3,000
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slightly higher than the 850-hPa level. This structure
extends eastwards following the Asian jet-stream until
the exit of the Eurasian continent. Such a baroclinic
response of the atmosphere is a direct response to the
Mediterranean Sea cooling and it is consistent with the
vorticity theory about a surface thermal forcing, as re-
viewed by Frankignoul (1985) and Kushnir et al. (2002).
The intensity of this baroclinic structure is about 5 m at
1,000 hPa, �10 m at 500 hPa and �15 m at 300 hPa.
This baroclinic response is much weaker than the theo-
retically calculated maximum baroclinic response (about
20 m/K for 500 hPa) (Kushnir et al. 2002) for the North
Atlantic or North Pacific basin-scale SST anomalies.
The weakness of the atmospheric response here may be
related to the much smaller size of the Mediterranean
Sea, and also to the descending motion over the Medi-
terranean which keeps the adiabatic heating in the very
low layers of the atmosphere. This was already pointed
out in Li and Conil (2003b) for the subtropical centre of
the North Atlantic SST tripole structure. It is also noted
that an opposite-sign baroclinic structure, weak but
statistically significant (see Sect. 4.3; Fig. 7), is formed in
South Asia, just south of the Eurasian baroclinic
anomaly.

We now examine the Euro-Atlantic region and plot
the changes of rainfall (mm/day) in Fig. 4. We also add
the variations of sea level pressure (hPa) and the asso-
ciated 10-m wind (m/s). For the whole Mediterranean
Sea, a decrease of precipitation is observed and the
amplitude reaches �0.25 mm/day. It is consistent with
the decreasing trend of the observed precipitation asso-
ciated with the cooling SST during the last decades
(Alpert et al. 2002). It is also consistent with a decreas-
ing rainfall in this region projected by many climate
models under global warming due to increasing green-
house gases.

Decreases of rainfall are also simulated in a large
sector of the North Atlantic, following the European
coast. This is consistent with the high-pressure anomaly
present in the Euro-Atlantic sector, which induces cold
and dry air mass advection from the North. However,
the precipitation increases near the North–East Coast of
the Mediterranean Sea, from the Adriatic Sea to the
Black Sea, related to low-level wind convergence. The
increase in precipitation south of Greenland and north
of Scandinavia is consistent with the low-level wind
convergence and an increase of warm and humid air
mass transport from the South and from the ocean.

Fig. 2 January sea-level
pressure (hPa, at the bottom)
and 300-hPa zonal wind (m/s,
on the top), simulated by the
model (left panels) and revealed
by the ERA-15 dataset (right
panels) for the period 1979/1993
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Far from the Mediterranean, the source of the initial
anomaly, two other regions can be identified with
important responses (Fig. 3). The first region is over the
North Atlantic where a quasi-barotropic high pressure is
observed with a small tilt to the West from the surface to
the tropopause. A centre of 10 m at 1,000 hPa is over
the triangle formed by the British Isles, Iceland and
Scandinavia. This anomaly reaches 15 m at 300 hPa
with a centre of action around Iceland. This North
Atlantic response has also a zonally elongated structure
to the East following roughly the Arctic coast. This

situation corresponds to a decrease of the NAO index.
The second region of large response is over the North
Pacific where barotropic structures are again observed
with a slight tilt to the West from the surface to the
tropopause. The Aleutian Low is deepened through the
whole troposphere with an anomaly of �20 m. A
wavetrain is formed following the Pacific Coast.

The existence of large-scale zonally propagated tele-
connection structures was already pointed out by
Branstator (2002). He demonstrated that the Asian jet-
stream starting over North Africa played a role of
waveguide by trapping disturbances inside the jet-stream
and propagating them from West to East. Watanabe
(2004) also found that there is a downstream extension
of the NAO during late winter through a wavetrain
which is interpreted as quasi-stationary Rossby waves
trapped on the Asian jet waveguide and excited by the
anomalous upper-level convergence over the Mediter-
ranean Sea. He concluded that the Mediterranean con-
vergence associated to the NAO may have some
predictability for the medium-range weather forecast in
East Asian countries.

Fig. 3 Geopotential height anomalies (m) simulated in the equi-
librium experiment for, from top to bottom, 300, 500, 850 and
1,000 hPa, respectively. Contour interval is 4 m. Negative anom-
alies are dashed

a

b

Fig. 4 Anomalies of precipitations (a, mm/day, heavy shading for
decrease and light shading for increase), sea-level pressure (b, hPa,
contour with interval of 0.2 hPa) and 10-m wind (b, m/s, the small
vector at the bottom represents 0.6 m/s). Only the geographical
sector of the North Atlantic, Europe and the Mediterranean is
displayed

L.Z.X. Li: Atmospheric GCM response to an idealized anomaly of the Mediterranean sea surface temperature
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Yu and Zhou (2004) reported that the cooling trend
observed during the recent half century for the sub-
tropical Eurasian continents in Spring is highly corre-
lated to the winter NAO. They found also that the signal
had an apparent slow eastward propagation, from
North Africa to Central Asia, in a quasi-barotropic
structure for the whole troposphere. But this seasonal
slow evolution does not necessarily indicate any propa-
gative time scale, it may only reveal the natural seasonal
cycle of the NAO. Yu et al. (2004) concluded further-
more that a local positive cloud feedback was largely
responsible for the signal amplification downstream of
the Tibetan Plateau.

4.2 Transient response

Let us now study the temporal evolution of the response
by examining the transient experiment (EXP2t–EXP0t).
Figure 5 plots the geopotential height anomalies for
different levels and at different times. The results of the
equilibrium experiment are also plotted in the last col-
umn. When the cooler Mediterranean SST is added, the
baroclinic response appears quickly (several metres for
the geopotential height on the second day) and is mainly
located downstream—from the Eastern Mediterranean
basin to the Caspian Sea. This structure develops further
with time and propagates across the Eurasian continent.
The signal seems to reach its final geographic extension

on day 8, but continues to grow while the global mean
state changes. Even at day 30, the end of the transient
experiment, the intensity of this baroclinic structure is
still weaker than that in the equilibrium experiment.

We have already mentioned that the two remarkable
remote responses in the atmosphere are in the North
Pacific and North Atlantic. Now from the time evolu-
tion of the response, we can see that, on day 8, anom-
alies appear in the North Pacific, mainly in the upper
layers, but with a downward propagation to make the
whole atmospheric column into a barotropic situation.
From day 8 to day 16, the negative anomaly in the
North Pacific continues to grow and induces new
anomalies with a wavetrain to the South–East, into the
American continent.

Two other structures should be noted on day 8: one is
the appearance of the baroclinic anomaly (positive for
high layers and negative for low layers) in South Asia,
probably related to precipitation anomalies (and asso-
ciated latent heat release) produced in the tropics; an-
other is the barotropic structure (positive anomaly)
located in Siberia. The South Asia baroclinic structure
does not evolve very much after day 8, but the Siberian
high seems to intensify and propagates to the West to
the British Isles. From days 16 to 30, the signal from the
North Pacific and North America also reaches to Eur-
ope, and the positive anomaly over North–West Europe
is amplified by perturbations from the North Atlantic.
Even at the end of the transient experiment (day 30), the

a b

c d

Fig. 6 Standard deviation r1 (m; a, b) and autocorrelation time
scale s (days; c, d) deduced from the day-to-day values of 1,000-
hPa geopotential height for January. a, c are from 9,000 days of the
simulation EXP0e. b, d are from the NCEP (National Centers for

Environmental Prediction) re-analysis for 40 months of January
from 1964 to 2003. For c, d regions with values less than 3 days are
lightly shaded, and those with values more than 6 days are heavily
shaded
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North–West Europe positive anomaly is still in a pre-
liminary stage compared to its final equilibrium struc-
ture with a huge extension following the Arctic Coast.
The time scale of this structure is thus beyond the period
of 30 days and the contribution from the North Pacific
and North America seems dominant for its formation
and maintenance. Such a connection relating the North
Atlantic to the North Pacific through wave activities
across North America has already been pointed out by
Honda et al. (2001) and it is believed to be the
responsible mechanism for the seesaw between the
Aleutian and Icelandic Lows (Honda et al. 2005).

4.3 On the statistical significance

Although the response signals of the present study are
weak, they are physically coherent and they are also
believed statistically significant with the very large
ensemble size. To make a formal demonstration, firstly
we present the day-to-day standard deviation (SD, noted
as r1) in Fig. 6a, as obtained through the 9,000-day
simulation of EXP0e. For the sake of conciseness, only
the SD of 1,000-hPa geopotential height is given, but the
same conclusions apply to other levels. The observed
counterpart, as deduced from 40 months of January
(1964–2003) in the NCEP reanalysis (Kalnay et al.
1996), is plotted in Fig. 6b. The model has a quite good
performance in simulating the SD which varies from
about 10 m in the tropics to more than 100 m in mid and
high latitudes. In the Northern Hemisphere, two main
centres of action are located over the North Atlantic and
North Pacific—regions of maximum storminess.

The SD calculated in such a manner, however, cannot
be directly used in statistical significance testing, since
the synoptic sequences are auto-correlated, which in-
duces the dependence of statistical samples. The decor-
relation length s is estimated as in Li (1999) by

s ¼
Xi¼þ20

i¼�20
ri; ð1Þ

where ri is the autocorrelation coefficient with a lag of i
days. It is clear that s indicates the number of days re-
quired to gain a new degree of freedom. The lower panel
of Fig. 6c, d presents the geographic distribution of this
autocorrelation time scale s, depicted in both model and
observation. The results are consistent with our general
knowledge that the atmospheric persistence is about a
few days.

With the above consideration, we are now able to
make the estimation of the standard deviation rN for the
Gaussian distribution that the N-member (day) average
represents

rN ¼ r1=
ffiffiffiffiffiffiffiffiffi
N=s

p
: ð2Þ

The quantity t ¼ 1:65rN=
ffiffiffi
2
p

is the threshold above
which a difference is statistically significant with a con-
fidence level at 95%. Here,

ffiffiffi
2
p

indicates that we have
two ensembles of size N, the number 1.65 is the value for
the cumulative normal distribution function to reach
95%. Figure 7a, showing the geographic distribution of
t for N = 9,000, can be directly used to deduce the
statistical significance of the equilibrium experiment.

For the transient experiment, we have 3,000 inde-
pendent realizations. It is thus correct to put s = 1
when r3000 is calculated. The corresponding quantity t is
given in Fig. 7b, suitable for checking the statistical
significance of the transient experiment. Due to the
‘‘perpetual January’’ characteristic of our simulations,
the ensemble-averaged meteorological sequence of
30 days provides another possibility to estimate the SD
r:

r2 ¼ 1

30

X30

d ¼ 1

ðxd � �xÞ2; ð3Þ

a b c

Fig. 7 Threshold (m) of 95% statistical confidence test for 1,000-
hPa geopotential height (a difference above the threshold is
statistically significant with a confidence level at 95%). a (contour
interval 0.5 m) is for the equilibrium runs with 9,000 consecutive

days of simulation. b, c (contour interval 0.3 m), deduced by two
different approaches, are for the transient runs with 3,000
independent realizations
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where xd is the ensemble average of 3,000 independent
elements, �x the time average of xd. The corresponding
quantity t ¼ 1:65r=

ffiffiffi
2
p

; plotted in Fig. 7c, is also suit-
able for checking the statistical significance of the tran-
sient experiment. The two approaches give very similar
results, showing the robustness of our calculations.

We can see that the results presented in Figs. 3 and 5,
at least the main centres and structures, passed the 95%
confidence level.

5 Conclusions

In the present paper, we hypothesized and demonstrated
for the first time that the Mediterranean Sea could ini-
tiate atmospheric teleconnections and thus influence the
weather and the climate for remote regions. The reason
that the global atmospheric circulation can be sensitive
to a Mediterranean forcing is related to the particular
geographic location of the Mediterranean Sea in the
north flank of the winter Northern Hemisphere jet-
stream and to its closeness to the main centres of action
of the NAO.

In the present work, we used an idealized Mediter-
ranean homogeneous cooling of 2 K and imposed such a
forcing in the LMDZ atmospheric general circulation
model. By analysing both equilibrium and transient
runs, we can draw the following conclusions.

1. A baroclinic structure is created downstream of the
anomalies, across the entire Eurasian continent,
roughly following the subtropical jet-stream. There
are high (low) pressure anomalies in the lower (up-
per) atmosphere. Unlike the results for the North
Atlantic presented in Ferreira and Frankignoul
(2005), Li and Conil (2003b) and Peng and Whi-
taker (1999) showing the appearance of an equiva-
lent barotropic structure through the feedback of
anomalous transient eddy fluxes, we did not observe
such an evolution in the Mediterranean region.
Possibly the equivalent barotropic structure was not
strong enough to mask the direct baroclinic struc-
ture. This is certainly related to the weakness of the
transient eddy activity over the region, as remarked
in Li and Conil (2003b) concerning the subtropical
zone of the North Atlantic. We can reasonably
imagine that this conclusion will be enhanced in
summer, since the eddy activity is weaker than in
winter. Over South Asia, an opposite-sign baroclinic
structure is obtained and it is believed to be related
to a tropical rainfall anomaly.

2. For the geographical sector including the North
Atlantic, Europe and the Mediterranean, the sea-level
pressure variation is finally dominated by two posi-
tive anomalies. The first one is over the Eastern basin
of the Mediterranean Sea and is related to the direct
thermal response of the atmosphere. The second one
is over the North–East Atlantic through indirect ef-
fects from the North Pacific and North America.

Note that this positive anomaly over the North–East
Atlantic was still in its preliminary stage at the end
(day 30) of the transient experiment. It is thus not
excluded that other mechanisms, such as wavetrains
from the Tropical Atlantic, may play their role at
longer time scales. Corresponding to the anomalies of
the sea level pressure, precipitation decreases over the
Mediterranean area and Europe, but it increases near
the north coast of the Mediterranean (Adriatic Sea to
Black Sea) related to the wind convergence in the
lower atmosphere.

3. The most remarkable remote influence of a Medi-
terranean cold anomaly is over the North Pacific with
a deeper Aleutian Low and a corresponding stronger
high pressure over the North American continent.
The structure begins to form several days after the
introduction of forcing and grows to its final sta-
tionary stage in several tens of days. The growing
process is mainly initiated in the upper layers of the
troposphere and a clear downward propagation is
visible. This result is consistent with the works of
Branstator (2002) and Watanabe (2004) invoking the
waveguide role of the Asian jet-stream.

4. Several days after the beginning of the forcing, we
observe an equivalent barotropic high-pressure
anomaly in Siberia, to the north of the Asian jet-
stream. This Siberian positive anomaly propagates
further to the West and a barotropic high-pressure
anomaly is thus initiated in the Euro-Atlantic sector.
At the same time, when the Aleutian Low in the
North Pacific deepens, positive anomalies grow for
the Icelandic Low (Honda et al. 2001, 2005). Finally,
a huge positive (high-pressure) anomaly is formed in
the North Atlantic, with a strong zonal elongation
following the Arctic coast. Such a situation corre-
sponds to a weakening of the NAO with a decreased
meridional pressure gradient, which counteracts the
Mediterranean cooling. A weak negative feedback
between the NAO and the Mediterranean Sea can
thus be speculated.

5. The North Pacific and North Atlantic anomalies take
a longer time to appear and have a clear origin in the
upper troposphere, which is in favour of the theoret-
ical considerations based on atmospheric transient
circulation and interaction between the mean flow and
transient eddies (Peng and Whitaker 1999; Kushnir
et al. 2002). Our results are in agreement with those of
Honda et al. (2001, 2005) revealing the seesaw struc-
ture between the Aleutian Low in the North Pacific
and the Icelandic Low in the North Atlantic.

The present study is only a preliminary step towards
understanding the interactive role of the Mediterranean
Sea in the complex climate system. In the future, it will
be interesting to study feedbacks from the atmosphere
into the Mediterranean Sea, and take into account the
full coupling between the Mediterranean Sea and the
atmospheric circulation.

L.Z.X. Li: Atmospheric GCM response to an idealized anomaly of the Mediterranean sea surface temperature



The general goal of the present study was to investi-
gate (a) the effect of a Mediterranean cooling related to
the increasing NAO index for the last decades and, (b)
the effect of an increased thermal contrast between the
Mediterranean Sea and its surrounding lands in global
warming conditions. But the conclusion of our study
may also apply to anomalies induced by the complex
circulation of the Mediterranean Sea itself. Further-
more, due to the narrowness of the Gibraltar Strait,
complex hydraulic phenomena can take place and con-
trol largely the amount of both in- and outflow, and thus
the SST of the whole Mediterranean.

Finally, we note that simulations with a Mediterra-
nean warming (+2 K) reveal important asymmetric
responses compared to the cooling simulations. This is
certainly an indication of the strong non-linearity
governing the behaviours of the atmospheric transient
circulations (Peng et al. 2003).
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