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ABSTRACT

In the last half of the twentieth century, the precipitation regime on the Spanish east coast showed an
overall pattern of reduction in precipitation totals. This work presents the results from a novel procedure
to disaggregate the precipitation series in the Valencia region on the basis of their meteorological origin.
Important differences are found between specific trends and changes in the contributions from 1) Atlantic
frontal systems, 2) convective—orographic storms, and 3) easterly advections over the Mediterranean Sea
(backdoor cold fronts). The series for the three components are then used to analyze the evolution,
variability, and spatial distribution of the region’s rainfall and to determine the correlations with the North
Atlantic Oscillation (NAO) index. The results establish significant differences between inland areas, with a
trend toward decreasing precipitation and thus increasing aridity, and coastal areas, with increasing pre-
cipitation that tends to be progressively more torrential in nature. Likewise, the correlations with the NAO
index also change and show opposite signs for the different components.

1. Introduction

a. Background

Climate variability, especially in relation to global
change, monopolized the interest of many climatolo-
gists in the last decades of the twentieth century. But in
spite of the numerous studies published, some ques-
tions are still pending in-depth analysis. This is largely
due to the difficulty of connecting the variations ob-
served in specific climate parameters to a generalized
climate change. Available studies on seasonal and an-
nual precipitation and their trends at local and global
scales show important variations from one area to an-
other are. Thus, whereas it is possible to speak in gen-
eral of a positive precipitation trend for northern Eu-
rope, the trend is clearly negative for the countries in
southern Europe (Houghton et al. 1996, 2001; Schon-
wiese and Rapp 1997).

Works by Brizio and Mercalli (1992), Lamarque and
Jourdains (1994), Quereda et al. (1996), Di Napoli and
Mercalli (1996), Buffoni et al. (1998, 1999), and Bru-

Corresponding author address: Dr. M. M. Millan, Fundacién
CEAM, Parque Tecnoldgico, C/Charles R. Darwin, 14, 46980 Pa-
terna (Valencia), Spain.

E-mail: millan@ceam.es

© 2005 American Meteorological Society

netti et al. (2001) seem to confirm a northerly displace-
ment of the Mediterranean front, resulting in a negative
precipitation trend south of the 40°N parallel. This sta-
tistical generalization supports the general concept of a
rainfall reduction in the Mediterranean basin from the
last third of the twentieth century, and similar conclu-
sions have been derived from the analysis of larger-
scale climatic phenomena, that is, the El Nifio—
Southern Oscillation (ENSO; Mariotti et al. 2002b),
and the North Atlantic Oscillation (NAO; Hurrell 1995;
Marshall et al. 2001; Mariotti et al. 2002a).

Studies specific to the Iberian Peninsula suggest pre-
cipitation reductions in its southern half, which become
increasingly more pronounced southward and eastward
(Sales Martinez et al. 1982; Raso Nadal 1996; Mont6n
and Quereda 1997; Martin Vide 1987). Other studies do
not show a clearly marked trend in the evolution of
precipitation totals for the whole of Spain but do show
a noticeable increase in interannual variability during
the latter years of the twentieth century (Almarza
2002). Similar conclusions have been derived from ana-
lyzing the reconstructed precipitation series from 1864
to the present for eastern and southeastern Spain
(Chazarra and Almarza 2002). Finally, recent studies
on the Spanish east coast (Pefiarrocha et al. 2002) show
an increase in both the number of torrential events and
their precipitated amounts.
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The implication of all these observations is that the
variations in precipitation totals could be related to
changes in event type, in frequency, and in precipitation
intensity by event and/or in any combination of these.
Thus, we asked the following questions: 1) could the
increases in interannual variability or the trends in pre-
cipitation totals, or both, mask changes in the partition-
ing of the precipitation totals with respect to the me-
teorological situations producing them, and 2) could
these changes also include important regional varia-
tions and seasonal differences between the specific ten-
dencies in each region?

b. This study

This work attempts to answer the aforementioned
questions for the Valencia region of Spain in the west-
ern Mediterranean. The approach has been to analyze
the daily precipitation data for the period 1959-2000 in
the light of the mesometeorological information ob-
tained from various European research projects (from
1983 to present). These projects have documented the
diurnal cycles of Mediterranean atmospheric processes,
including their seasonal evolution and their marked
orographic dependence (Millan et al. 1992, 1997). Re-
sults derived from other climatic applications of the
same mesometeorological information and datasets
were also used (Milldn et al. 1995, 1998; Estrela et al.
2000; Pastor et al. 2001; Pefiarrocha et al. 2002).

The study area and the Spanish rain regime from an
orographic perspective are presented first. This is fur-
ther expanded to categorize the meteorological situa-
tions that produce precipitation in the Valencia region
and to select disaggregation criteria for processing the
precipitation data in terms of the main synoptic types.
The resulting criteria, and the weather maps for the
period 1959-2000, are then used to reduce the available
daily precipitation data. The series for the three pre-
cipitation types, their time evolution, and spatial pat-
terns are analyzed and correlated with the NAO index,
and the work ends with a discussion of the results.

2. The setting

a. The Iberian Peninsula

The Iberian Peninsula is the physical interface sepa-
rating the central Atlantic from the Mediterranean Sea
and is located approximately between 36° and 43°N.
The lay of the land is illustrated in Fig. 1. The main
structure consists of two high plateaus with average
heights ranging from 500 to 1000 m MSL. The upper
plateau is limited in the north by the Cantabrian Moun-
tains, aligned east to west, and in the south by the Cen-
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FIG. 1. The lay of the land: the Iberian Peninsula and Valencia
region.

tral Mountains, which run approximately southwest to
northeast and separate the two plateaus. The lower pla-
teau has no clearly defined southern boundary and ends
more or less at the edge of the Guadalquivir River
valley.

The Iberica, Betica, and Penibetica Mountains con-
stitute one of the main structures in the peninsula, that
is, the Iberian Cordillera system. Together, these sys-
tems form a large arch, facing west, which stretches
from the Cantabrian Mountains in the north and forms
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the southwestern wall of the Ebro valley. This arch
continues to the south and eventually runs west forming
the southern edge of the Guadalquivir River almost to
Gibraltar. The Ebro valley is an entity unto itself, pro-
viding lowland that extends almost all the way from the
Mediterranean to the Atlantic at the Cantabrian Sea. It
is aligned in a general northwest—southeast direction
and is confined in the north by the Pyrenees Mountains.

On the northern edge of the peninsula, the coastal
plains are either very narrow or nonexistent, with me-
dium-to-large estuaries. Along the Mediterranean coast
all the way to Gibraltar, the coastal plains, formed by
various river flood plains, are more extensive. They
tend toward the shape of an irregular triangle, and in
some areas their apex can extend inland as far as 50 km
from the coast. Their inland edges tend to end abruptly
at the steep slopes of the coastal mountains.

Along the southwest and west coasts, the valleys
show a more gradual entry into the sea, but their aspect
also varies from south to north. The Guadalquivir val-
ley is the largest and lowest valley, followed by the
Guadiana and Tagus valleys, which become progres-
sively narrower and steeper. The Duero River drains
the upper plateau and drops almost directly down to
the sea, and the Mifo River watershed is confined
within the northwestern corner of the peninsula.

b. The Valencia region

Located on the east coast of the Iberian Peninsula at
about the center of the arch formed by the Iberian
Cordillera system (Fig. 1), the Valencia region is char-
acterized by very complex orography (Mateu Bellés
1982). The coast is occupied by a series of coastal plains
(Rossell6 Verger 1969). The high terrain in the south
and southwest is formed by the Betica Mountains.
Their easterly extension, that is, the Pre-Betica range,
reaches directly into the sea with cliffs and ridges of
more than 700 m MSL in height near the cape of San
Antonio. The highest peak inland (Aitana) is 1558 m
MSL. To the north and northwest are the Iberian
Mountains with a high ridge (Javalambre) and exten-
sive mesas (Gudar), both just over 2000 m MSL. Al-
most exactly due west of the city of Valencia, the moun-
tains are lower, with the highest points reaching only
1100 m MSL, and they provide a direct and almost
ridgeless rise from the coast to the lower plateau.

The climate of the region is semiarid with annual
precipitations between 300 and 500 mm. The extreme
south is more arid with precipitations below 300 mm
(Pefiarrocha 1990, 1994). There are two areas with an-
nual precipitations above 800 mm. One, the “wet
nucleus,” is located south of the Valencian Gulf at the
extreme east end of the Pre-Betico system, and the
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other is located in the upper regions of the Iberian
system at the northwestern edge of the territory. Thus,
from the spatial point of view, the whole area has been
traditionally considered a region of well-marked cli-
matic variations (Pérez Cueva 1994).

3. Meteorology in the Iberian Peninsula:
Orographic perspective

a. Traveling depressions

The airsheds in the two plateaus are essentially open
to the Atlantic and closed inland by the mountain
ranges. Frontal system effects depend to a very large
extent on the relative orientation of the surface flow to
the orographic features. If the depression tracks lie
north of the peninsula (higher than ~43°N), the
surface flow will converge over the northwestern quad-
rant of the peninsula, including the Cantabrian and
Pyrenees Mountains. This results in precipitation along
the north- and northwest-facing slopes and fohn-type
effects on the inland-facing slopes, that is, the southern
slopes and piedmont areas.

A similar situation occurs along the northern slopes
of the Central Mountains with a corresponding fohn
shadow along the southeastern slopes. In general, by
the time these systems reach the southern half of the
peninsula, there is little moisture left, and fair weather
dominates. The surface flow becomes channeled along
the Ebro valley, and precipitation occurs mainly on the
northwest-facing slopes of the valley’s southern wall.
Hot and gusty fohn winds tend to dominate over the
east (Mediterranean) coast.

This situation changes significantly when the depres-
sion centers approach the peninsula below approxi-
mately 40°N. Then, the main convergence takes place
along the west coast and the southwest-facing slopes of
the same Central Mountain chain, while fohn effects
occur along the northern slopes, particularly over the
northern (Atlantic) coast. Precipitation develops along
most of the west-facing slopes of the Iberian and asso-
ciated mountain systems, and intense fohn effects take
place on the other side of these mountain chains, in-
cluding all of the east coast and Ebro valley where the
winds are also strongly channeled toward the Mediter-
ranean.

Finally, when the depression tracks approach the
peninsula below ~37°N, all the south- and southwest-
facing slopes receive rain, especially those in the south-
ern half of the peninsula. The same occurs for the west-
facing slopes of the Iberian system, in particular the
ones in the Betico and Penibetico systems. Under some
conditions [see section 4d(2) below], these lower-track
depressions also produce some convergence along the
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FIG. 2. (a) Penetration of the combined sea breeze and up-slope winds shown by the relative humidity
measured with an instrumented aircraft. (b) Corresponding section of the wind obtained by modeling
(see also Fig. 3). The vertical component of the speed has been multiplied by 10. The data and modeling
results indicate that the drier air mass observed in (a) results from compensatory sinking inland of the

coastal circulatory cell.

mountain chains inland from the southeast coast, caus- b. Late spring and summer conditions
ing rain over the slopes facing southeast. But, in gen-
eral, the east coast tends to suffer a fohn effect with hot, In summer, the Iberian Peninsula becomes relatively

gusty winds and little or no rain.

isolated from traveling depressions and their frontal
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systems. An anticyclonic ridge of high pressure be-
comes established over the Cantabrian Sea while me-
someteorological circulations, with marked diurnal
cycles, develop over the peninsula. In particular, the
Iberian thermal low (ITL; Barry and Chorley 1987) de-
velops during the day when a number of local circula-
tions grow and merge into a self-organized circulatory
system at peninsular scale.

Along the coasts, the sea breezes and upslope winds
combine with their return flows aloft and their compen-
satory subsidence over the sea to create vertical recir-
culations, as shown in Fig. 2. This has been documented
in several European research projects (Millan et al.
1996, 1997). The strongest local circulations develop
along the Mediterranean coast because of the early on-
set of solar heating on its east- and south-facing slopes.
These surface flows can travel distances of the order of
140-160 (+) km during the day and reach the tops of all
the mountain ridges in the Iberian Cordillera system
with the exception of some areas in the Ebro valley. In
this context, therefore, any mountain range located less
than approximately 100 km from the sea can be con-
sidered a “coastal mountain.”

Moreover, modeling with the Regional Atmospheric
Modeling System (RAMS; Pielke et al. 1992) has shown
(Fig. 3) that the surface flows coalesce into several con-
vergence lines locked to some of the main orographic
features. On the coastal side, these lines mark the final
reach of the combined sea breeze and upslope winds.
Deep orographically aided convection (up to 5 + km)
takes place along these lines, even under dry conditions
(Fig. 2). Of particular importance is the fact that com-
pensatory subsidence occurs not only over the colder
peripheral seas, but also over some of the inland areas
surrounded by convergence lines. The point is that un-
der strong summer insolation in semiarid terrain one
would expect deep convection over these inland areas;
however, as the circulations become self-organized, lo-
cal convection can become confined vertically by the
compensatory subsidence to the deep convective—
orographic activity along the surrounding mountains.

During the late afternoon, storms tend to develop at
the leading edges of the coastal circulations, that is,
over the convergence lines following the ridges of the
coastal mountain ranges, near the heads of the main
watersheds, or even before reaching them. Afternoon—
evening storms can also develop over the Central
Mountains.

c. Late summer and autumn conditions

By late summer, the formation frequency of the Ibe-
rian thermal low decreases with the shorter days and
coincides with the southerly displacement of the de-
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FIG. 3. Modeled surface streamlines resulting from the forma-
tion of the ITL on 20 Jul 1989: (a) for the Iberian Peninsula (10
km X 10 km grid) and (b) for the Valencia region (2 km X 2 km
grid). Streamlines appear in areas inland and along the valley axes
as a result of compensatory subsidence to the vertical injections
along the surrounding mountain ridges. The dotted line in (b)
marks the vertical plane for the airborne measurements and mod-
eling data in Fig. 2.

pression tracks over the central Atlantic. By this time
nights are longer, the European continent becomes
progressively cooler, and the migration of warm-core
anticyclones from the central Atlantic toward central
Europe begins. By this time also, the Mediterranean
Sea has reached its maximum annual temperature, and
the northeasterly-to-easterly flows along the southern
flanks of the migrating anticyclones begin to advect in-
creasingly colder continental air over a much warmer
Mediterranean Sea.

Under these conditions, intense instability develops
over the Mediterranean Sea. This is associated with a
vigorous moisture-recharge mechanism driven by the
temperature differences between the sea surface and
the advected air mass, and the result can be very intense
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1200 UTC 2 April 2000, 500 hPa

0600 UTC 2 April 2000, Surface

1800 UTC 2 April 2000, Surface

F1G. 4. Synoptic conditions typical of an Atlantic frontal system crossing the Iberian Peninsula.

precipitation events. The term Mediterranean cyclo-
genesis has been broadly used to describe a wide vari-
ety of processes related to these and other flows (see
special issues of Atmos. Res., 2001, vol. 56, no. 1-4, and
2003, vol. 67-68, special issue). In general, the area af-
fected by precipitation at a specific time and place will
depend on both the direction of the advected air mass
(Meteorological Office 1962; Barry and Chorley 1987)
and the distribution of the large warm water pools
along its path (Millan et al. 1995).

Advections from north/northwest to north, through
the Carcassone Gap and/or the Rhone valley, reinforce
the cyclogenesis to the lee of the Alps (Genoa depres-
sions) and affect mainly Italy and parts of northern
Africa (Tunisia). The Spanish Mediterranean coast and
southern France are affected by flows from the north-
east to the southeast. Moreover, precipitation amounts
in these regions have been shown to be highly sensitive
to changes in the Mediterranean sea surface tempera-
ture (Pastor et al. 2001). We consider the results of
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FIG. 5. Development of the ITL on 22 Jun 1994.

these advections to be examples of “backdoor (cold)
fronts” (Hushke 1959; Bluestein 1993) and, accord-
ingly, this term will be used in the present work.

4. Mesometeorology of Valencian precipitation

a. Precipitation from frontal systems

The last orographic barrier encountered by traveling
Atlantic depressions and their frontal systems before

moving onto the Mediterranean Sea is the coastal
mountains. Except for the cases discussed below, pre-
cipitation from these fronts occurs mainly on the wind-
ward (west) side of these mountains and is followed by
a fohn-type effect over the Spanish east coast (Millan et
al. 1998). The resulting winds are locally known as “Po-
nientes,” that is, from where the sun sets. The observed
precipitation patterns show significant values at the sta-
tions facing inland, that is, on the west side of the
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F1G. 6. Development of the ITL on 27 and 28 May 1982, with the formation of an upper trough (pool of cold
air aloft).

coastal mountain ridges, and little or no precipitation at  b. Convective-orographic (summer) storms
the stations on the coastal side. The criterion selected to

disaggregate this component from the daily precipita- In this region, summer storms are associated with the
tion data is the passage of a frontal system during the final stages of development of the combined sea breeze/
rain event, as illustrated in Fig. 4. upslope winds, and they tend to form on the east-facing
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F1G. 7. Evolution of the synoptic conditions during the torrential rain event of 25-27 Oct 1993.
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Fi1G. 8. Synoptic conditions resulting in intense precipitation on 10 Aug 1997. Note the presence of the ITL at
1200 UTC on the day of the event and the advection of Atlantic air while a combined breeze still developed along

the Mediterranean coast.

slopes of the coastal mountain ranges in mid- to late
afternoon. The sea breeze brings moisture evaporated
over the Mediterranean Sea, and additional moisture is
provided by evaporation and evapotranspiration along
the path of the combined breeze. For a storm to de-
velop, this process has to overcome both the dry(er) air
incorporated by the (converging) surface flows on the
inland side of the coastal circulations (illustrated in

Figs. 2 and 3), as well as the anticyclonic subsidence
that tends to inhibit the vertical development of the
convection.

The maturing of storms at the front line of the coastal
circulations is favored by the presence of colder air
aloft. Furthermore, if a large pool of colder air aloft
forms, the storms tend to become more generalized,
mature earlier in the afternoon, and can also recur for
















































