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ABSTRACT

Eshel, G. 2002. Mediterranean climates. Isr. J. Earth Sci. 51: 157–168.

Two relatively recent theories of Mediterranean climate variability are reviewed.
Both theories shift attention from longitude-independent subsidence associated with
the Hadley circulation to heating and cooling by horizontal winds as the primary
determinant of Mediterranean climate and its variability. For both summer and winter,
it is shown that Mediterranean wind anomalies are intimately related to North Atlantic
climate variability. The Mediterranean summer aridity is attributed to the
Mediterranean’s location between the cool North Atlantic and the area of strong
heating by the Asian Monsoon, which induces subsidence. Unusually rainy (dry)
eastern Mediterranean winters are shown to arise by anomalous southerly (northerly)
winds. The winter theory also displays predictive skills, which are mentioned but are
rigorously demonstrated elsewhere.

1. INTRODUCTION

The principal characteristic of Mediterranean climates
is the seasonal variation between hot, dry summers and
mild, rainy winters. Traditionally, this has been attrib-
uted to north–south migration of the subtropical high
pressure system (e.g., Barry and Chorley, 1992). Fig-
ure 1 shows that this view is not without merit; on a
zonal-mean basis, the 30°–40° latitude belt (where
Mediterranean climates are found) is a summer pre-
cipitation-minimum and a winter near precipitation-
maximum. However, while this view ignores variabil-
ity with longitude along latitude circles, the data
plotted to the right of Fig. 1’s main panel show that the
variability with longitude within the 30°–40° latitude
belt is comparable to the difference between the zonal
means of the deep tropics and 30°–40°. In fact, Fig. 2
shows that the averaging over 3 months and 10° latitude
employed in Fig. 1 drastically deflates the monthly

range within given latitudes, which can exceed
700 mm month–1. To further illustrate the variability
along latitude circles, note the marked difference
between Tel Aviv, Israel, and Savannah, Georgia, both
at 32°N, the heart of the northern hemisphere’s “Medi-
terranean belt”. While Tel Aviv has no summer pre-
cipitation whatsoever, Savannah’s August mean is
nearly 200 mm, almost a full half of the Tel Aviv
annual mean. This difference is very similar to the
summer hemisphere zonal mean difference between
the deep tropics and the Mediterranean belt (the left
half of Fig. 1’s main panel). In addition, the subtropi-
cal surface high pressure is dynamically intimately
related to the intensity of subsidence (downward
wind), needed for dispersing laterally the air mass that
is brought into the lowest atmosphere by the subsid-
ence. In turn, both subsidence and surface high pressure



158 Israel Journal of Earth Sciences Vol. 51, 2002

are part of the Hadley circulation system, which is
strongest in winter and weak to nonexistent in the
summer, when the Mediterranean is at its driest.
Clearly there is much more to rainfall variability than
latitude.

Two recent advances revisit subtropical climates,
and add discernibly to our understanding of Mediterra-
nean climate by taking explicit note of zonal asymme-

try. Because many outside the meteorological commu-
nity may be unaware of these contributions, in this
paper I review the current state of the art in Mediterra-
nean climate.

2. THE THERMODYNAMIC EFFECTS OF
VERTICAL MOTIONS

Vertical motion is a key determinant of rainfall and
cloud coverage. As such, it plays a crucial role in
shaping both the climatological and time-varying
characteristics of Mediterranean climate. We therefore
start our discussion with a brief survey of the effects of
vertical motion.

We denote temperature as a function of height by
T(z), and its rate of change with height—the lapse
rate—by Γ ≡ –∂T/∂z. A central variable of interest is
potential temperature θ (e.g., James, 1995, p. 14), the
temperature of an air parcel displaced adiabatically
from some height to a specified reference level, typi-
cally taken to be 1000 mb. A dry atmosphere is neu-
trally stable—uniform θ with height—if its lapse rate
is the dry adiabatic lapse rate Γ

d
 ≈ 10 K km–1 (where K

is degrees Kelvin, and the subscript d denotes “dry”,
i.e., with no water condensation or evaporation). If the
actual cooling rate with height is sub-adiabatic, Γ < Γ

d

(θ increases with height), ascending parcels, cooled at
a rate Γ

d
 , will be cooler (denser) than the ambient air,

thus sinking back to their original height. Such an
atmosphere is therefore stable with respect to dry
ascent (Wallace and Hobbs, 1977, p. 68). Unless con-
tinuously forced, e.g., by surface heating, unstable
temperature distributions (Γ > Γ

d
) are observed only

Fig. 1. Three-monthly mean climatological zonal mean precipitation during June–August (JJA, solid) and December–February
(DJF, dashed), from the Janowiak and Xie (1999) data set. One record is flipped with respect to latitude so that for both, the
right (left) half presents the winter (summer) hemisphere. The shaded areas indicate the 30°–40° latitude belt, where
Mediterranean climates are found. The data points to the right of the main panel give the value at each of the 144 grid boxes the
Janowiak and Xie (1999) data set comprises along the latitude belt.

Fig. 2. Northern hemisphere monthly climatological rainfall
for February (a) and August (b) in individual 2.5° × 2.5°
longitude–latitude boxes. Data from Janowiak and Xie
(1999).
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briefly before they relax by vertical overturning—dry
convection—to a uniform θ, Γ = Γ

d
, state.

2.1 Subsidence

Next we address the effects of subsidence on tempera-
ture and humidity. Figure 3 presents the observed
mean summer temperature and humidity profiles in a
2.5° × 2.5° latitude–longitude box in the eastern Medi-
terranean Sea (32°E, 35°N), with Γ

d
 lines superim-

posed on the temperature profile. These profiles are
then used in Fig. 4 to highlight the effects of subsid-
ence that originates from 400 mb (panels 4a and 4b) or
600 mb (panels 4c and 4d). The observed tempera-
tures, the same as in Fig. 3, are given in panels 4a and c
by the circle-enclosed dots. The solid lines show the
temperature increases that result from mixing ambient
air with subsiding air at ratios of 9:1, 5:5, and 1:9
(thick, medium, and thin lines). Heating by subsidence
is dramatic; for example, for a 5:5 mix, 850 mb air is
heated by 6 K (13 K) if the subsidence originates at
600 (400) mb. The effect of subsidence on relative
humidity comprises 2 components. First, subsidence-
induced heating lowers relative humidity for fixed
specific humidity q (water vapor mass per unit air
mass). In addition, the subsiding air originates from
higher up, where q is much lower (see Fig. 3).  Conse-
quently, mixing upper-level air into lower level air by
subsidence also reduces q at lower levels, thereby
reducing the relative humidity beyond the reduction
due to heating. The combined effect of the 5:5 mixing
at 850 mb for the shown profiles is a relative humidity
reduction of 21% (27%) for subsidence from 600

(400) mb. This large expected effect is indeed borne
out by the observation that over the 636 months of
January 1949–December 2001, the correlation at 32°E,
35°N (35°E, 37°N) between monthly means of 600 mb
subsidence and 850 mb relative humidity in the
Kalnay et al. (1996) data set is –0.73 (–0.74). Such
correlations clearly indicate the centrality of subsid-
ence in Mediterranean climate.

2.2 Ascent

Ascent is an essential ingredient in cloud and rainfall
generation whose role in Mediterranean climates is
shown in Fig. 5. We consider a rising surface air parcel
with initial temperature T

o
 and humidity q

o
. Possible

ascent-forcing mechanisms include flow over topogra-
phy and diabatic heating near the surface. The initial
ascent is shown by the steeper (thicker) of the 2 solid
lines below the lifting condensation level (LCL) in
Fig. 5a and b, and by the vertical solid line in that layer
in panels c and d. As a result of the parcel’s cooling,
the maximum water vapor mass it can contain—its

Fig. 3. Characteristic summer Mediterranean temperature
and humidity profiles (solid curves). The dashed lines show
the pressure levels indicated on the right. The slanted solid
lines superposed on the temperature profile are lines of
constant potential temperature (θ) that pass through the data
points. That is, adiabatic motions that originate from a given
data point will follow the slanted line (Γ

d
) through that data

point. Data from Kalnay et al. (1996).

Fig. 4. The effects of subsidence on temperature (panels a
and c) and relative humidity (panels b and d) for 2 hypotheti-
cal scenarios in which subsidence originates from 400 mb
(panels a and b) and 600 mb (panels c and d). In each panel,
the actual observations at 32°E, 35°N are shown by the
circle-enclosed dots. The 3 solid lines represent 3 ratios of
mixing ambient air at a given level with air from the
subsidence’s origin. The thickest lines represent a mixture of
9 parts local air with 1 part subsided air, the medium lines
represent a 5:5 mixture, and the thinnest lines represent a
mixture of 1 part local air with 9 parts subsided air. The
moisture calculations are based on the integral form of the
Clausius–Clapeyron equation [e.g., Emanuel (1994), eqs.
4.1.4 and 4.4.13].
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is slower than that of the environment (which is a
mixture of Γ

d
 and Γ

s
) because of the latent heat source.

Consequently, as the parcel rises beyond the LCL, the
temperature difference between the parcel and the en-
vironment, which was a maximum at the LCL, shrinks.
At some height, the level of free convection LFC, the
parcel’s temperature reaches the environmental (ambi-
ent) one. A slight further rise beyond that level, and the
parcel becomes warmer than the environment. From
that point on, the rise becomes unstable: The more the
parcel rises, the more strongly it is accelerated further
upward by the latent heat release within it. This is how
thunder cloud towers are formed, which, in association
with passing cold fronts, are responsible for a substan-
tial fraction of the total precipitation in Mediterranean
regions. As the parcel rises in the free convection and
its temperature—and humidity q = q

s
—decrease, the

dominance of latent heat release over the parcel’s
cooling rate Γ

s
 decreases, until Γ

s
 ≈ Γ

d
. As a result, the

parcel now cools with ascent faster than the ambient
air it traverses, so that the temperature difference be-
tween it and the cooler ambient air decreases. At some

Fig. 5. The effects of ascent on Mediterranean temperature and humidity. The observed August temperature and humidity at
32°E 35°N are shown again, now extending deeper (higher) in the troposphere. Panels a and b present temperature, while c and
d present humidity. In all panels, the ascending parcel’s properties are shown by thick solid curves, while thin solid curves
present measured ambient properties. Panels b and d are simply magnifications of the lower parts of panels a and c,
respectively. The parcel’s ascent is assumed adiabatic below the lifting condensation level LCL, and pseudoadiabatic (all
condensate falls out and permanently leaves the system) above the LCL. The level of free convection is marked LFC. At
F = 0, the parcel is no longer accelerated upward by the buoyancy force; this is the uppermost extent of free moist convection.
See text for more details. The shaded region in panel b corresponds to work being done on the parcel by some external force
(such as flow over topography). Panel a’s shaded region, on the other hand, corresponds to the opposite, work done by the
freely convecting parcel.

saturation humidity q
s
, mostly a function of tempera-

ture—drops. With enough ascent and cooling, the
parcel’s q

s
 → q

o
, i.e., it nears water vapor saturation.

The level at which q
s
 = q

o
 is the lifting condensation

level LCL. If the parcel continues ascending beyond
the LCL to some height z where pressure and tempera-
ture are p(z) and T(z), a water vapor mass ∆q = q

o
 –

q
s
[p(z), T(z)] has to condense. We idealize the process

as pseudoadiabatic, i.e., we assume the liquid water
mass that ∆q condenses into rains out and exits the
system irreversibly. In that case, the full amount of
latent heat of condensation in ∆q is available to heat
the ascending parcel. As a result of this heat source, the
parcel’s cooling rate with ascent is slower than it was
before the onset of condensation. While this lapse
rate—the moist or saturated adiabatic lapse rate Γ

s
—

is a function of temperature and pressure, it always
satisfies Γ

s
 ≤ Γ

d
. Near a typical Mediterranean LCL, Γ

s

is ~2 (6) K km–1 at 25 °C (0 °C), while at 500 mb
(~6 km), Γ

s
 is ~3 (8) K km–1 for 280 (250) K.

Under normal conditions the rising parcel may en-
counter above the LCL, its cooling rate with height Γ

s
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Fig. 6. Height–calendar month section of observed climato-
logical monthly potential temperature along 28°N (in K),
averaged over 70°–100°E (Kalnay et al., 1996).

Fig. 7. Height–longitude sections of observed climatological
July and February monthly potential temperature (in K),
along 32°N (Kalnay et al., 1996).

height, marked by F = 0 in Fig. 5a, the parcel’s tem-
perature becomes again equal to the environmental air
at that level, and the parcel no longer experiences an
upward buoyancy force. This level marks the
convection’s upper bound.

3. SUMMER

As discussed in the Introduction, Mediterranean cli-
mates are driest in summer, when zonally-symmetric
(Hadley) subsidence is weakest or nonexistent. This
led Rodwell and Hoskins (1996, hereafter RH96) to
revisit subtropical dynamics and thermodynamics, and
conclude that “... On closer inspection, there is no
doubt that a simple zonal-mean Hadley-cell argument
for the existence of deserts does not work (p. 1386).”
While their argument is thorough and multifaceted, its
salient points regarding Mediterranean summer aridity
are simple and persuasive. They are summarized in
this Section.

During the Asian summer Monsoon, some areas in
India receive as much rain as 2 m month–1. The con-
densation of this water mass releases staggering
amounts of heat into the low to mid troposphere. The
observed mean July rainfall averaged over 70°–100°E,
8°–30°N [in which there are 111 rain-gauge stations in
the Baker et al. (1994) data set] is P ≈ 325 mm. Using
Q = Pρ

w
L, where Q is total-column heat flux in

W m–2, ρ
w
 =1000 kg m–3 is water density, and L =

2.5 · 106 J kg–1 is the latent heat of vaporization at 0 °C,
this average rainfall corresponds to Q ≈ 300 W m–2.
For comparison, over the same region, the climatologi-
cal July surface solar radiation is 230 W m–2 (Bishop
and Rossow, 1991). The result of this intense atmos-
pheric heating is the depression (lowering toward the

surface) of the isentropes (surfaces of constant poten-
tial temperature θ), as shown in Fig. 6. This draw-
down of the isentropes over the Monsoon region has a
profound effect on the Mediterranean region located
between the Monsoon region and the North Atlantic.
Figure 7 shows climatological height–longitude po-
tential temperature sections along 32°N. While the
February section shows only slight θ variability with
longitude east of 10°E or so, the July section shows a
large and steady descent of the isentropes from west to
east (i.e., from the North Atlantic toward the Monsoon
region). Another way to view this isentrope tilt is
given in Fig. 8. Panels a and b show the climatological
θ(p) profiles (where p is pressure in mb) at the 3
indicated longitudes along 32°N for the 2 seasonal
extremes. Panel c shows the pressure levels at which
various climatological July isentropes occur over the
eastern North Atlantic (solid) and eastern Mediterra-
nean (dashed). Finally, the differences between the
climatological July heights at which given isentropes
occur in the eastern Atlantic and Mediterranean are
shown in panel d. Throughout the depth of the tropo-
sphere, isentropes over the Mediterranean occur lower
in the atmosphere than they do over the eastern North
Atlantic. This difference reaches a maximum of ∆p ≈
116 mb at ~7 km. Using the ideal gas law and the
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hydrostatic relation,1 this ∆p corresponds to ~2.4 km
height difference. This tilt of the summer isentropes is
at the heart of the RH96 mechanism for Mediterranean
summer aridity.

The effect of the isentrope tilt on Mediterranean
summer aridity can be studied with the aid of Fig. 9.
Panel a shows the climatological July distribution of
atmospheric pressure on the θ = 335 K surface, while
the wind vectors on this surface are shown in panel b.

Comparing panels a and b, the co-occurrence of high
pressure gradient and fast winds parallel to this gradi-
ent over the Mediterranean region is readily visual-
ized. The effect of this co-occurrence is shown in panel
c, where subsidence is estimated by multiplying the
two, u∂

x 
p + v∂yp, with both velocity components u and

v and pressure partial derivatives evaluated along the
θ = 335 K surface. This estimate, explained below, can
be roughly compared to the observed climatological
July subsidence at 300 mb, shown in Fig. 10. While the
patterns and values are not identical, as can be ex-
pected given the different atmospheric levels of Figs. 9
(θ = 335 K) and 10 (300 mb) and the level of approxi-
mation employed, Figs. 9c and 10 are remarkably
similar, emphasizing the importance of the RH96
mechanism in creating Mediterranean summer aridity.
The motivation for computing the product shown in
panel c is as follows. The θ = 335 K surface occurs
well away from the heat sources near the surface and in
the stratosphere. Consequently, apart from weak
longwave radiative cooling, the flow along this surface
is nearly adiabatic, so that potential temperatures are
roughly conserved following the motion. As a result of
the large pressure increase along θ surfaces from the
eastern North Atlantic toward the Mediterranean
(Fig. 9a), the θ-conserving eastward flow moves not
only to the east, but also toward ever increasing
pressure. Because this is by definition subsidence, all
the thermodynamic effects of subsidence discussed in
section 2.1 are active over the Mediterranean basin in
the summer, making it as arid as it is.

3.1 Mechanism

While the above discussion is diagnostic, RH96 also
demonstrate the dynamics responsible for the atmo-
spheric state diagnosed above. Using a series of care-
fully designed numerical integrations of a simple dy-
namical model, RH96 show that the principal
mechanism in operation is Rossby waves. While a
thorough discussion of Rossby waves is well outside
the scope of this paper [the definitive text on this
subject is Pedlosky (1987), especially pages 102–105],
a qualitative description of their role in the dynamics
of Mediterranean summer aridity follows.

A central physical principle governing fluid behav-
ior is the dynamical consistency between the mass and
motion fields necessary for a statistical steady state.2

Fig. 8. Potential temperature (in K) profiles at 3 longitudes
along 32°N, for February (a) and July (b) (Kalnay et al.,
1996). Panel c shows the height (pressure) at which a given θ
value is observed at the 2 indicated longitudes during July.
Panel d shows the difference between the level at which a
given θ (given along the abscissa) occurs at 32°E versus at
20°W. Panels c and d share the same horizontal axis. The
approximate heights in km at which these θs occur at 32°E in
July are shown along panel c’s top. In February, the pressure
levels at which given θ surfaces occur are nearly identical at
20°W and 32°E, as is evident from panel a.

1p = ρ
a
RT and ∆p = –ρ

a
g∆z, respectively, where p is pressure,

ρ
a
 and T are air density and temperature, R is the gas con-

stant, g is the gravitational acceleration, and ∆z is the height
difference to which the pressure difference ∆p corresponds.

2In a statistical steady state, the system does change from one
time to the next, but the changes amount to nearly random
fluctuations about a roughly invariable time-mean state.
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Fig. 9. Properties along the climatological July θ = 335 K surface. Panel a shows the pressure at which θ = 335 K occurs. The
domain’s minimum and maximum values are indicated. Contours whose values are smaller (larger) than the domain mean,
342 mb, are dashed (solid). Panel b shows the velocity vectors on the θ = 335 K surface, with scale vectors shown in the lower-
left corner of the panel. Panel c shows the product of the wind component parallel to the pressure gradient (i.e., normal to the
contours of panel a) times that gradient, in mb day–1. Negative (positive) contours are dashed (solid). The contour interval is
20 mb day–1, and the –10, 0, and 10 contours are suppressed for clarity of presentation.

Fig. 10. Observed climatological July subsidence at 300 mb (Kalnay et al., 1996).
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When dynamical consistency is perturbed, an adjust-
ment process takes place. If allowed to run its course
without further perturbations, adjustment is culmi-
nated by a (possibly new) statistical steady state in
which dynamical consistency between mass distribu-
tion and flow is restored. While the detailed nature of
the adjustment process—and thus of the final state—
depends on the situation, the key players are always
waves. They transmit rapidly and effectively through-
out the domain the information about the perturbation
and the need for a new steady state that is affected
by—and modifies—the perturbation.

Latent heating by water vapor condensation in con-
vective clouds characteristic of the Asian summer
Monsoon represents an enormous, sustained local per-
turbation of the atmosphere. Because of the planetary
scales, the information about the heating is communi-
cated to the surrounding atmosphere by Rossby waves.
A visual demonstration of the progress of this process
is given in Fig. 11. In panel a, the growing disparity
between the pressure level at which θ = 320 K occurs
over the Monsoon region (solid) and the zonal mean of

that level (dashed) during the onset of the Monsoon
(starting around mid-March) clearly demonstrates the
thermal forcing of the atmosphere by latent heating.
Panel b shows the westward propagation of the
thermal signal. Immediately following its mid-March
inception at 90°–120°E, the thermal anomaly starts
propagating westward, until late July. This propaga-
tion is a manifestation of the Rossby wave-mediated
evolution the atmosphere undergoes toward a new
steady state that is consistent with the presence of a
major quasi-steady heat source over the Monsoon re-
gion. Somewhat fancifully, this process can be likened
to a large boulder in a swift mountain stream. From the
flow patterns visible by a brook-side observer, the
flow appears to clearly “know” about the presence of
the boulder well upstream of the actual boulder. This is
because the information about the presence of the
obstacle is carried upstream by waves, in this case
surface gravity waves, so that the statistical steady
state the observer observes represents a balance be-
tween upstream information propagation by waves
and downstream information propagation by the mean
flow. In this analogy, the stream flow plays the role of
the extra-tropical westerlies (west-to-east winds) that
prevail over the North Atlantic–Mediterranean–Mon-
soon sector; planetary Rossby waves in the Mediterra-
nean problem are played by the gravity waves propa-
gating on the stream’s surface; and the pulling down of
isentropes by latent heating in the Monsoon region is
replaced by diverting the stream flow by the boulder
sideways and upward.

4. WINTER

From a dynamical standpoint, the Mediterranean win-
ter problem is different from the summer one. While
summers are invariably hot and dry, Mediterranean
winters span a broad range, from midlatitude-like cold
winters with abundant rainfall and the occasional
snowfall, to balmy, rainless merger of fall with the
following spring. Because of this difference, the dis-
cussion of Mediterranean winter climate is naturally
focused on variability about the climatological condi-
tions, rather than on those conditions themselves, as in
the summer case. Mediterranean winter variability is
the focus of several recent papers (Eshel and Farrell,
2000, 2001; Eshel, Cane, and Farrell, 2000, hereafter
EF0, EF1, and ECF0, respectively) that jointly shift
the emphasis from zonally symmetric Hadley subsid-
ence to longitude-dependent advection. Reviewing
these new ideas is the purpose of this section.

Fig. 11. Panel a: Daily pressure level at which the θ = 320 K
isentrope occurs; solid line: climatological mean at 90°E
28°N, dashed: global zonal average at 28°N, shading: ±1.96
root mean square variability of the daily values from all (55)
available years. Panel b: The shading encompasses the time–
space region in which air temperature at 400 mb averaged
over 30°–35°N exceeds the zonal mean 30°–35°N 400 mb
air temperature. Data from Kalnay et al. (1996).
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Following EF0, we study anomalous3 Mediterra-
nean winters by contrasting averages of extreme win-
ters. Because rainfall variability in the eastern and
western halves of the Mediterranean basin are roughly
each other’s opposites (see below), we focus on rain-
fall anomalies of the eastern half, defined as 22°–37°E
35–45°N. The canonical “dry” (“rainy”) winter is
characterized by the average of the 6 × 5 months
encompassing the October–March anomalies of the
5 driest (rainiest) seasons, 1959, 1964, 1972, 1973, and
1990 (1963, 1969, 1980, 1981, and 1988). We also
compute linear correlations with eastern Mediterra-
nean mean rainfall, but, augmenting EF0/1, the corre-
lations are computed over the 46-year period of
1948–93, after linear detrending both records. Because
EF0/1 show that on the relevant (seasonal) timescales
the Mediterranean atmosphere is equivalent barotropic
(i.e., properties such as wind or temperature anomalies
change magnitude, but not sign, with height), the fig-
ures of this section show only one height, but are
representative of the entire vertical extent of the tropo-
sphere.

Figure 12 quantifies the co-variability of Mediterra-
nean 700 mb winds with the eastern basin’s mean
rainfall anomalies over 1948–93. It shows that Medi-
terranean rains are clearly modulated by anomalous
winds over the basin. While a Mediterranean-wide
anomalous anti-cyclone centered over the northern

Adriatic is associated with decreased rainfall in the
eastern basin, a similarly-configured anomalous cy-
clone is consistent with enhanced eastern Mediterra-
nean precipitation. The sense of this co-dependence
appears counterintuitive; the eastern Mediterranean is
downstream of the Sahara during unusually rainy
years, while in below-average years it is downstream
of rainy southern Europe. This puzzle is clarified with
the aid of Fig. 13. Panels a and b show potential
temperature sections during the low and high eastern
Mediterranean rainfall anomalies, respectively. Unlike
Fig. 12, Fig. 13 shows that the situations during the
two rainfall extremes were in fact very similar. [Part of
this is due to the fact that while Fig. 13 displays full
fields, Fig.12 shows anomalies. However, the anoma-
lous fields corresponding to Fig. 13 (not shown for
brevity) are also very similar, indicating that the simi-
larity of panels a and b of Fig. 13 is real.] Conversely,
Fig. 13’s panels c and d, which show the average
meridional winds that characterized the two periods,
are each other’s opposite, consistent with Fig. 12;
while north-to-south winds throughout the depth of the
troposphere characterize low eastern Mediterranean
rains, high eastern Mediterranean rains are accompa-
nied by anomalous southerlies. Recalling the ideas
developed in section 3, and in particular the require-
ment that adiabatic motions follow isentropes, the pic-
ture is clarified. During eastern Mediterranean droughts,
the southward flow (Fig. 13c) along the downward-
tilting isentropes (Fig. 13a) means that the wind will
subside as it flows southward. Conversely, during boun-
tiful times in the eastern Mediterranean, the northward

3In climate parlance, “anomalies” typically means monthly
mean deviation from climatology, the long-term monthly
mean.

Fig. 12. Correlations between anomalies of the wind components and eastern Mediterranean rainfall, computed over 1948–
1993. The 4 shading levels indicate t-test significance of 0.05, 0.01, 0.005, and 0.001, assuming the number of degrees of
freedom is 23, half the record length of 46 seasons. Data from Kalnay et al. (1996).
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flow along the upward-tilting isentropes means that the
wind will ascend as it flows north. Given the effects of
vertical motions on the thermodynamic vertical struc-
ture of the atmosphere (section 2), it is no longer
surprising that during rainy winters the eastern Medi-
terranean is downwind of the Sahara, while during
droughts it is downwind of southern Europe.

While the physics of eastern Mediterranean winter
subsidence variability is elaborated in EF0 and EF1,
the central point can be made rather simply and con-
cisely with the aid of a single crucial equation,

  ∂θ
∂t     ≈ –u

  ∂θ
∂x  – v

  ∂θ
∂y    –w

  ∂θ
∂p   ≈ 0 (1)

           potential       warming by    warming by
          temperature         lateral            vertical
            tendency          motions          motions

where t denotes time, u and v are the wind components
along x and y, the east–west and north–south spatial
coordinates (positive to the east and north), and ω is

the vertical velocity with respect to pressure p (posi-
tive downward, the direction of pressure increase).
Over the seasonal timescale considered here, the
temperature tendency must nearly vanish, so

(cooling by lateral motions) ≈ (warming by vertical motions)

Figure 14 shows this near-cancellation. Panel a shows
that during drought winters, the eastern Mediterranean
is cooled by lateral4 winds ~3 K day–1 more than it is
during rainy winters, consistent with the anomalous
winds from the colder north at such times (Fig. 13). To
cancel this effect so as to maintain near-steady tem-
peratures, the air subsides more intensely than during
rainy winters, thereby setting in motion the chain of
events described in section 2.1, suppressing rain.

Finally, Fig. 15 shows that the anomalous Mediter-
ranean wind patterns of Fig. 12 are not local, but rather

Fig. 13. Panels a and b: Latitude–height potential temperature sections (in K) averaged zonally over 29°–33°E and over the 30
months that make up the October–March of the 5 extreme years; a (b) corresponds to low (high) eastern Mediterranean rainfall.
Panels c and d show the corresponding meridional wind profiles (positive to the north) averaged both zonally, as in a and b, and
meridionally over 29°–46°N. Data from Kalnay et al. (1996).

4‘Lateral’ here means “along constant pressure surfaces”,
i.e., at a constant height with respect to pressure vertical
coordinate.
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Fig. 14. The contributions of lateral (a) and
vertical (b) motions to temperature tendency
at 200 mb. The panels show the differences
in K day–1 between those contributions dur-
ing low and high eastern Mediterranean rain-
fall states. Data from Kalnay et al. (1996).

Fig. 15. Two measures of
the co-variability of eastern
Mediterranean rains and
North Atlantic 700 mb
January–February mean
geopotential height. Panel
a: The 5-season “low rain”
minus “high rain” differ-
ences. Panel b: The correla-
tions between the two vari-
ables, computed over
1948–1993. In both panels,
the 4 shading levels indi-
cate t-test significance of
0.05, 0.01, 0.005, and
0.001, assuming the num-
ber of degrees of freedom is
half the record length. Data
from Kalnay et al. (1996).
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part of a planetary-scale phenomenon that spans the
entire North Atlantic–Mediterranean sector. Thus,
Mediterranean rainfall variability is related not only to
local pressure anomalies (implied by Fig. 12), but also
to modulations of the North Atlantic meridional pres-
sure gradient, with which the mid-latitude westerlies
are dynamically consistent. While the Mediterranean–
North Atlantic teleconnectivity is not essential for
physically explaining Mediterranean climate variabil-
ity, it is essential for predictability. It forms the foun-
dation of the statistical forecasting model for eastern
Mediterranean rainfall variability developed by ECF0,
whose skill under stringent validation clearly demon-
strates the robustness and reproducibility of this
teleconnection.

5. SUMMARY AND MAIN CONCLUSIONS

This paper reviews two relatively recent theories of
Mediterranean climate variability. The two comple-
mentary theories challenge the emphasis of previous
theories on longitude-independent subsidence associ-
ated with the Hadley circulation as the primary cause
of Mediterranean aridity. Instead, the theories attribute
both the climatological summer aridity and winter cli-
mate variability to redistribution of heat by the prevail-
ing lateral and vertical air motions. The winter theory
attributes eastern Mediterranean rainy (dry) winters to
winds blowing into it from the south (north), where the
air is considerably warmer (cooler). Both theories em-
phasize basin-scale longitude-dependent processes;
while the summer theory appeals to the location of the
Mediterranean, midway between the intensely-heated
Asian Monsoon region and the cooler North Atlantic,
the winter theory stresses the North Atlantic origin of
the north–south wind anomalies. Finally, the winter
theory provides a powerful predictive tool, whose skill
on interannual timescales is demonstrated by ECF0.
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