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1. INTRODUCTION 

 
The long term management and 

planning of a catchment require the accurate 
knowledge of heavy rainfall and drought regimes 
for flood protection and water resource 
conservation, which are driven by the climatic 
variability and trends; the same applies to the 
planning of agricultural practices (irrigation, crop 
types and yields), civil and industrial water 
supply and so on. 

The climate system is forced by natural 
factors (solar energy output, volcanic ash and 
aerosols, internal dynamics and feedbacks) and 
anthropogenic forcings (emission of greenhouse 
gases and aerosols, land use changes), as 
stated for instance in the Third Assessment 
Report (TAR) of the IPCC (Houghton et al., 
2001). While there is general agreement at least 
on the sign (positive) of the thermal response of 
the climate system, the surface and the 
atmosphere, to the current anthropogenic 
forcings, yet with large uncertainties concerning 
the warming rate (e.g. Houghton et al., 2001), 
the chance of abrupt warming resulting from 
temporary heat storage in large natural 
reservoirs, especially the deep oceans (Pielke, 
2003), the effects of the land use, vegetation 
and carbon cycle feedbacks (Jones et al., 2003; 
Rial et al., 2003) and of the water vapor 
feedbacks (Del Genio, 2002), much uncertainty 
is left even on sign of the changes in the 
intensity of the hydrological cycles in the 
warming climate. Yang et al. (2003), in a recent 
very interesting work, demonstrated that the 
average global annual precipitation change is 
almost linearly dependent upon surface 
warming, and that in case of small surface 
warming, connected to small sea surface 
temperature (SST) variations, i.e. small 
sensitivity to CO2 increases, the changes in 

precipitation are small or even negative (Fig. 2 in 
Yang et al., 2003). The key factor affecting this 
behavior is the leading mechanism maintaining 
equilibrium atmospheric temperature, i.e. the 
balance between radiative cooling and 
condensational heating. Yang et al. (2003) state: 
“for the case of a temperature perturbation 
initiated by a reduction in radiative cooling (e.g., 
due to an increase in CO2), a possible pathway 
for the atmosphere to adjust toward a new 
steady state of higher temperature is by a 
decrease in condensational heating and a 
corresponding reduction in precipitation. On the 
other hand, for the case of a temperature 
perturbation initiated by an enhancement in 
condensational heating, for instance, due to 
increased sea surface temperatures (SSTs), the 
atmosphere can adjust itself to a new steady 
state through an increase in radiative cooling. 
For both cases, although the new steady-state 
atmospheric temperature is higher, the changes 
in the hydrological cycle are in opposite 
directions ”. 

Rial et al. (2003) show a comprehensive 
picture of the interrelations, nonlinearities and 
feedbacks in the climate system, which can lead 
to abrupt and sudden transitions between very 
different near-equilibrium states even in the 
absence of significant external forcings, and can 
anyway be triggered by such perturbations, 
today estimated at their maximum since several 
hundred thousands years. 

Global surface temperature, heat 
content in large natural reservoirs and global 
hydrological cycle are not the only quantities and 
features affected by climate change and 
variability; recent evidences show significant 
impacts also to other natural physical and 
ecological systems, few of which, affecting 
directly the regional hydrological regimes, are 
shortly described in the following. 

According to Chen et al. (2002), the 
Hadley meridional and Walker zonal overturning 
tropical circulations have strengthened in the 
1990s, associated to stronger equatorial and 
monsoonal upwelling (convection patterns) and 
stronger downwelling (drying) in the subtropics 
(along with higher upward longwave fluxes). This 
agrees with predictions of enhanced monsoon 
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precipitations over some areas (e.g. over the 
West Africa, see Maynard et al., 2002). 

Chang & Fu (2002), on the basis of the 
global NCEP-NCAR atmospheric and surface 
reanalyses (Kalnay et al., 1996; Kistler et al., 
2001), showed that the northern hemisphere 
winter storm track intensity has increased since 
early 1970s, both the Pacific and the Atlantic 
branches, and the related work by Harnik & 
Chang (2003), after the comparison of the 
NCEP-NCAR reanalyses with unassimilated 
radiosonde data, confirmed this result, but 
limited the significant increase to North Atlantic, 
and showed that decadal timescale variations 
were most effective to decrease the correlation 
between the Atlantic and Pacific storm track. 

Gulev et al. (2002) analyzed, among the 
other, the linear trends of the intensity of 
synoptic-scale processes in the North Atlantic at 
various time scales of variation (6 hours to 30 
days), finding that the winter synoptic variability 
patterns increased from 1958 to 1998 over the 
northern North Atlantic and diminished over 
lower latitudes and the western Mediterranean, 
following trends in the low level atmospheric 
baroclinicity and the Northern Hemisphere 
Annular (NAM) mode or the North Atlantic 
Oscillation (NAO, e.g. Hurrell, 1995). 

Hoerling et al. (2001) showed with great 
evidence, for the first time, the links between the 
gradual warming of the tropical oceans, mainly 
the Indo-Pacific area, and the North Atlantic 
winter climate change since 1950; their 
statistical and numerical  analyses demonstrated 
that the forcing produced by the increasing SST 
in the global tropical oceans forced the long term 
increase of the phase of the winter NAO, that the 
extra-tropical SST don’t show a relevant 
feedback to the NAO-like circulations, and the 
tropical Atlantic SST exert only a marginal 
impact; since the warming of the sea surface in 
the tropics is likely to be mainly a result of the 
changes in atmospheric composition, the 
changes of the North Atlantic climate can be 
considered a clear anthropogenic signal. 

On the other hand, Hurrell and 
Folland (2002) found a significant increase in 
summertime sea level pressure over the north-
eastern North Atlantic and a corresponding 
northward shift of the mean storm track (Fig. 2 of 
Hurrell and Folland, 2002); such variations, 
affecting mostly the latitude belt 45N-70N and 
impacting mostly central and northern Europe 
and the arctic latitudes of the Atlantic, could be 
linked to the patterns of organized atmospheric 
convection over the tropical Atlantic and the 
west Africa, mainly through an atmospheric 
bridge mechanism similar to that over the Pacific 
sector during El Niño – Southern Oscillation 
(ENSO): lower than normal precipitation over the 

Sahel is connected with higher than normal sea 
level pressure over the northeastern North 
Atlantic and central Europe. 

A recent study (Gillett et al., 2003) 
shows evidence for anthropogenic impact on the 
sea level pressure trends over large portions of 
both hemispheres (mostly in the northern 
hemisphere), with large increases at low to mid-
latitudes and decreases at higher latitudes, 
which especially agrees with the wintertime 
growing trend of the NAO. 

Santer et al. (2003) compared the 
contributions of anthropogenic and natural 
forcings to the recent tropopause height 
increase, and found that the anthropogenic 
contribution to the ongoing warming of the 
troposphere and cooling of the stratosphere 
prevailed over natural forcing; a rising 
tropopause is likely to impact the chemical, 
dynamical and convective processes in the 
underlying troposphere. 

2. GLOBAL AND REGIONAL VARIABILITY OF 
THE HYDROLOGICAL CYCLE AND 
MECHANISMS 

2.1 Precipitation variability and trends 
 
As a result of a variety of forcings (the 

anthropogenic ones likely to prevail since few 
decades), internal feedbacks and inherent 
nonlinearities, all affecting the climate system, 
the hydrological cycle itself undergoes significant 
changes in time, over a variety of time and 
spatial scales; Yang et al. (2003) pose the issue 
of the global hydrological cycle response over 
solid foundations. 

Groisman et al. (1999) analyzed the 
trends of the summer daily rainfall regimes in 
eight countries worldwide, altogether covering 
about 40% of the global land mass: Canada, 
USA, Mexico, former Soviet Union, China, 
Australia, Norway and Poland. The observations 
show that the average monthly precipitation 
increased everywhere about 5% during the 20th 
century except in China; the frequency of rainy 
days didn’t increase significantly, thus the 
average precipitation increase was due mostly to 
increased precipitation intensity: the heaviest 
rainfall events (daily rainfall exceeding area-
specific thresholds) increased by about 20%, 
much more than the average precipitation. This 
increase of the intense summer precipitation is 
associated to a relevant increase of average 
tropospheric water vapor and low to mid-
tropospheric temperature, thus suggesting an 
intensification of the hydrologic cycle, and in 
particular that the increase of the extreme 
precipitation will likely be much higher than the 
average seasonal precipitation. 
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Working over the Italian area, Brunetti et 
al. (2001) considered 67 sites during 46 years 
(1951-1996) where daily precipitation data were 
available, analyzing the frequency of rainy days 
and precipitation intensity, both at single stations 
and over large areas. Among the relevant 
results, it’s worth mentioning: 
− the annual number of rainy days decreases 

significantly, with most of contribution from 
winter; 

− the daily average rainfall intensity increases 
significantly in all seasons but winter; 

− in northern Italy, the increase of the 
precipitation intensity is mainly contributed 
by the extreme rainstorms, while in the south 
it is due to global increase of the average 
daily rainfall; 

− the precipitation events over high thresholds 
show a definite increase since 1970s’, the 
opposite of events below low thresholds, 
getting the highest and the lowest 
frequencies, respectively, since about 
120 years. 

The reduction of the frequency of rainy 
days agrees with the shifts of the atmospheric 
winter circulation regimes in the last 50 years, 
while the increase of the precipitation intensity 
agrees with other observational and modeling 
studies (e.g. Groisman et al., 1999). 

In a more recent study, Brunetti et 
al. (2002) extended the Italian daily precipitation 
series to year 2000, showing that while the 
extreme annual or seasonal events don’t show 
significant trends, probably due to their rarity, 
while the increasing trend is clear when more 
data are included, in particular the precipitation 
events over high thresholds. 

Several recent studies have concerned 
the evaluation of the likely changes of the 
meteorological and climatic extremes associated 
with the climate change.  

Palmer & Ralsanen (2002), on the basis 
of the integration of multiple Atmosphere-Ocean 
coupled General Circulation Models (AOGCMs), 
forced by increasing levels of CO2 and sulphate 

aerosols, found that while the winter average 
precipitation moderately increases over central-
northern Europe and decreases over southern 
Europe, the probability of extremely wet winters 
grows over most of Europe at the time of CO2 
doubling. 

In another work, Christensen & 
Christensen (2003) showed that along with a 
likely decreasing trend of summer precipitation 
over central Europe and part of southern Europe 
(with significant exceptions over northern Italy 
and eastern Spain) during the current century, 
the probability of extreme events (precipitation in 
five consecutive days above the 99th percentile) 

could undergo significant increases, well over 
the local increase of the average seasonal 
precipitation. 

Hegerl et al. (2003) compared the global 
distributions of the changes of precipitation at 
the time of CO2 doubling as percentages with 
regard to present climate, as produced by the 
models CGCM1 of the Canadian Centre for 
Climate Modelling and Analysis (CCCma) and 
HadCM3 of the Hadley Centre for Climate 
Prediction and Research; the annual average 
and the wettest day of the year were taken into 
account. The changes resulted much higher for 
the wettest day of the year, and in greater 
agreement at the middle and higher latitudes 
than at the lower latitudes. The two models 
agreed, for example, to predict lower annual 
average precipitation and lower peak 
precipitation over the Iberian peninsula, a 
moderate increase of extreme events over 
central and northern Europe and no significant 
agreement over Italy. 

2.2 North Atlantic Storm track variability and 
trends 

 
The baroclinic storms bring most of the 

precipitation, especially to the lower mid-latitude 
areas in at least fall, winter and spring (Chang & 
Fu, 2002), and are also significantly correlated 
with summer precipitation, especially at the 
higher mid-latitudes and high latitudes (Hurrell 
and Folland, 2002). They are also responsible 
for a significant amount of the meridional 
transport of heat and moisture, thus contributing 
to sustain the global circulation. Substantial 
evidence exists of a decadal intensification of 
the winter storm track over the North Atlantic 
and Europe (Harnik and Chang, 2003), 
confirmed also over a longer (secular) period 
(Chang and Fu, 2003) and preliminary evidence 
exists of a northward shift of the summer storm 
track over the North Atlantic (Hurrell and 
Folland, 2002). 

Diagnosing the storm track strength by 
means of the 300-hPa meridional wind variance, 
computed using a 24-h difference filter (Wallace 
et al., 1988; Chang & Fu, 2002; Harnik & 
Chang, 2003), and using the NCEP-NCAR 
reanalysis data (Kalnay et al., 1996; Kistler et 
al., 2001), we have computed the average and 
differences of this field over North Atlantic, 
Europe and Mediterranean in recent periods. 
Fig. 1 shows the averages in the period 1981-
2000 and the changes of the winter and summer 
storm tracks in recent decades (1981-2000 vs. 
1961-1980 and 1991-2000 vs. 1981-1990). 

The intensification and northward shift of 
the winter storm track is apparent and relevant in 
the longer period mostly over the North Atlantic, 
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and in the last 20 years mostly over Europe,  
consistently with the observed north-eastward 
shift of the centers of action of the North Atlantic 
Oscillation along with the prevalence of its 
positive mode (Hurrell et al., 2003). 

The summer storm track is far weaker 
than its winter counterpart, consistently with the 
reduced meridional baroclinic instability; it shows 
an intensification at very high latitudes (60-70N) 
in the last 40 years, and a significant reduction 
at the high mid-latitudes (50-65N) in the last 
10 years, when a moderate increase appeared 
farther south, around 35-45N and east of 20W, 
whose origin is still unknown. The evolution of 
the storm track strength at high latitudes should 
be linked to a northward shift of the baroclinic 
instability. 
 

(a) (b) 

(c) (d) 

(e) (f) 
Fig. 1. Storm tracks over the North Atlantic and 

Europe (units m2/s2): average in 1981-2000, in winter 
(a) and summer (b); difference in 1981-2000 vs. 1961-
1980 in winter (c) and summer (d); difference in 1991-

2000 vs. 1981-1990 in winter (e) and summer (f) 
 
Fig. 2 shows the averages in the period 

1981-2000 and the changes of the storm tracks 
in the transition seasons, spring and fall, in 
recent decades (1981-2000 vs. 1961-1980 and 
1991-2000 vs. 1981-1990). 

In spring, the long term intensification at 
very high latitudes was partially offset by the 
weakening in the most recent decade, when 
storms moderately intensified at lower latitudes; 
in fall, the relevant long term intensification at 
mid-latitudes (roughly 35-60N) has partially 
reduced in the last decade, while it continued 
over the western Mediterranean. 

The links between the variability of the 
storm tracks and the simultaneous variability of 
the precipitation over the Arno River Basin, Italy, 
will be shown below. 

 

(a) 
 

(b) 

(c) (d) 

 
(e) 

 
(f) 

Fig. 2. Storm tracks over the North Atlantic and 
Europe (units m2/s2): average in 1981-2000, in spring 
(a) and fall (b); difference in 1981-2000 vs. 1961-1980 

in spring (c) and fall (d); difference in 1991-2000 vs. 
1981-1990 in spring (e) and fall (f) 

2.3 Recent features and trends of the 
Mediterranean average precipitation climate 

 
The Global Precipitation Climatology 

Centre (GPCC) 1° Lat-Lon monthly gridded land 
precipitation data (Schneider, 1993; Xie and 
Arkin, 1996) were used to produce large scale 
maps of the average seasonal precipitation 
during 1986-2002, which are shown  in Fig. 3.  
The wettest season over northern Mediterranean 
and Italy is fall, followed by spring, summer 
(mostly limited to the Alps), and winter. 

Fig. 4 shows the seasonal linear 
tendencies of the precipitation since 1986, 
limited to the Mediterranean area: the reduction 
in winter precipitation over most of northern 
Mediterranean land areas agrees with the 
weakening of the storms in the same season; 
the spring drying is more confined to the north-
eastern areas and cannot be easily linked to 
shifts of the storm track; the weak but significant 
summer wetting is instead easily traced back to 
the recent intensification of the atmospheric 
transients over the Mediterranean; the 
precipitation increase in fall over the western 
Iberian peninsula, southern France, central and 
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northern Italy and western Balkans is apparently 
linked to the intensification of the storm tracks 
over the same areas. 

(a) 

(b) 

(c) 

(d) 
Fig. 3. Seasonal land precipitation maps over a large 
area comprising the Eurasian continent, central and 

northern Africa, during 1986-2002 (units mm), in 
winter (a), spring (b), summer (c), and fall (d) 

 

 (a) 

 (b) 

 (c) 

 (d) 
Fig. 4. Seasonal land precipitation maps over a large 
area comprising the Eurasian continent, central and 

northern Africa, during 1986-2002 (units 
mm/10 years), in winter (a), spring (b), summer (c), 

and fall (d) 
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2.4 Mechanisms underlying the 
Mediterranean summer average precipitation 
climate variability 

 
In the normally semi-arid summer 

climate of the central and western 
Mediterranean, the occasional baroclinic storms 
which penetrate from the North Atlantic bring 
relevant widespread precipitation and relief from 
local and regional droughts, while the local 
scattered and short -life thunderstorms triggered 
in daytime over heated land areas bring locally 
relevant rainfall, especially to elevated hills and 
mountains. 

The identification and the climatic-scale 
prediction of mechanisms driving the average 
circulation, the North Atlantic storm track and in 
particular the precipitation input is therefore 
critical, at least to the drought, low river 
discharge and forest fire risks assessment, and 
could also be useful to seasonal forecasting 
systems and climate scenario evaluation. The 
impact of the summer diabatic processes over 
the tropical Atlantic and the monsoon circulation 
over west Africa on the eastern North Atlantic, 
central Europe and, with special focus, on the 
Mediterranean high summer climate, are 
documented and investigated by Baldi et 
al. (2003); they found that the sea surface 
temperature anomalies (SSTAs) over the Gulf of 
Guinea, which are among the most effective 
drivers of the west Africa monsoon and in turn of 
the African easterly waves, also impact 
significantly the sea level pressure, mid-
troposphere geopotential heights, Atlantic storm 
tracks at their exit regions in central Europe and 
western Mediterranean, and the precipitation 
patterns. Most notably, cold SSTAs over the Gulf 
of Guinea produce relevant geopotential height 
anomalies over the western and central 
Mediterranean and weaker baroclinic storms in 
late summer. 

While some works suggest the dominant 
role of the Asian monsoon on the sub-tropical 
and mid-latitude summer climate of the North 
Atlantic and Mediterranean (e.g. Rodwell and 
Hoskins, 2001), others attach a role also to the 
West African monsoon (e.g. Hurrell and Folland, 
2002). All authors demonstrate that the 
connection to the sub-tropical and mid-latitude 
climate works by means of “atmospheric 
bridges” made up mainly by propagating Rossby 
waves. 

We have computed the composite 
differences of several atmospheric and surface 
fields over North Atlantic, Europe and 
Mediterranean, between years with strong Asian 
and West Africa monsoons and years with weak 
monsoons, in turn identified by means of the 
outgoing longwave radiation (OLR) anomalies. 

The results concerning the geopotential 
height at 500 hPa, the storm track strength (both 
computed on the basis of the NCEP-NCAR 
reanalyses) and the precipitation (based on the 
data from the Climatic Research Unit at the 
University of East Anglia (CRU-UEA), gridded at 
2.5° latitude by 3.75° longitude resolution 
(Hulme, 1992), during the high summer months 
(July-August), are shown in Fig. 5. Both the 
Asian monsoon and the West Africa monsoon 
show relevant effects to the European and 
Mediterranean climate. The Asian monsoon 
seems to produce a Rossby wave train that 
propagates from the far north-east top the sub-
tropical south-west of the domain, revealed in 
the geopotential height pattern: the low south-
west of British Isles is particularly deep (Fig. 5a). 

The West African monsoon seems to 
produce a Rossby wave train that propagates 
from the Mediterranean, where a zonally 
elongated high is revealed, to the high mid-
latitudes with a relatively deep low perturbation 
belt, to the far north-west of the domain 
(Fig. 5b). 

Corresponding to the geopotential 
anomaly patterns, the stronger than average 
Asian monsoon produced enhances the 
baroclinic transients over the North Atlantic just 
west of France, and reduces them over central 
Europe, while little effect is produced over the 
Mediterranean (Fig. 5c); the stronger West 
African monsoon enhances the baroclinic storm 
track from west of the British Isles to the far east 
of the domain, with a weak or moderate increase 
over central and northern Italy too, and reduces 
them over the high latitudes (from the entrance 
region over eastern Canada) and also 
(moderately) west of the Iberian peninsula 
(Fig. 5d). It could be argued that a very strong 
West African monsoon could further shift the 
storms northward, far from the Mediterranean,  
along with the positive geopotential height 
perturbation. 

The effects of the anomalies of the 
monsoons strength on the precipitation over 
remote areas should not be limited to those 
associated with the dynamics of the changes 
produced to the regional atmospheric circulation 
patterns (a role could be played for instance by 
the changing aerosol loading of the air masses 
advected to those regions, in turn impacting the 
cloud and precipitation microphysics), yet a 
signature of the dynamical variability can be 
found in the precipitation variability. 

The most relevant feature of the 
European average precipitation climate 
associated with the stronger Asian monsoon, in 
July-August, is the drying of part of Scandinavia 
and north-eastern Europe, which is only partially 
associated with the changes of the storm track 
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but is well connected with the geopotential 
height increase, with little effect on the 
Mediterranean areas (Fig. 5e). The weak wetting 
of central Europe, which apparently opposes  
the coincident storms weakening, could be due 
to the warm and moist southern inflow (mostly 
from the Mediterranean), associated with the 
concurrent  actions of the low geopotential 
anomaly south-west of British Isles and the high 
anomaly over northern Europe (which persist at 
lower levels, e.g. 700 hPa; not shown), favoring 
convection. The wetting of northern Portugal and 
Spain, of western France, Wales and Ireland 
should be due to the direct effect of the same 
low anomaly and the corresponding storm 
activity. 

The stronger West African monsoon is 
connected with heavier precipitation over north-
eastern Europe and moderately reduced 
precipitation over most of western and central 
Mediterranean and central-eastern Europe 
(Fig. 5f). While the drying of western 
Mediterranean should be linked partly to the 
reduced storminess in the near Atlantic and 
partly to the mid-level subsidence which inhibits 
the moist convection, the wetting of north-
eastern Europe and the drying of central-eastern 
Europe are not directly linked to changes in 
storminess, but appear as consequences of the 
northward shift and intensification of the warm 
and moist inflow from the Atlantic mid-latitudes, 
due to the concurrent effects of the positive 
height anomaly belt in the south and negative 
anomaly farther north, favoring convection. 

Such results are suggestive of 
potentially dramatic consequences for the 
summer precipitation regime and drought 
intensity and recurrence over the Mediterranean 
land areas and a part of western and central 
Europe, if the West Africa monsoon, in 
particular, should intensify, as some climate 
scenarios predict (e.g. Maynard et al., 2002). 

Clearly, deeper insights into the 
mechanisms linking average circulation and 
transients anomalies to regional precipitation 
variability, and into the impacts of “extreme” 
monsoons on the average European summer 
climate, is needed. 

2.5 Other regional forcings of the water cycle 
variability in the western Mediterranean 

 
The recent history of few basic surface 

and atmospheric forcings for the regional water 
cycle over western Mediterranean will be 
described in the following. 

The sea surface temperature (SST) is a 
basic forcing, since it is known to force a 
significant part of the average and above all 
extreme precipitation regime over the 

Mediterranean land areas in both  statistics 
(Xoplaki et al., 2003) and modeling studies 
(Pastor et al., 2001); warmer SSTs, in particular, 
concur to increase the intense rainstorms in the 
warm season over the northern Mediterranean 
land areas. 

Moreover, the Mediterranean SSTs 
closely follows the larger scale atmospheric 
forcing in a wide spectrum of time scales, 
shorter in the warm season (several days to few 
weeks) and longer in the cool season (months to 
several years or decades), thus being an 
important indicator of regional warming. 

 

(a) (b) 

(c) (d) 

(e) (f) 

 
 

(g) (h) 
 

Fig. 5. Composite difference of the geopotential height 
at 500 hPa (a, b), the storm track strength (c, d), the 
GPCC gridded precipitation (e, f) in the period July-
August, obtained subtracting the respective average 

in the years with stronger than average Asian 
monsoon (a, c, e) and West African monsoon (b, d, f). 
The Asian monsoon and West Africa monsoon areas 

are represented in (g) and (h), respectively 
 

Fig. 6a shows the time series of 
seasonal average SST based on the COADS  
gridded data (Woodruff et al., 1998) over the 
western Mediterranean area represented in 
Fig. 6b. The summer warming is apparent and 
very fast, at least in the last two decades, the 
spring warming is moderate and continuous in 
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the last 10-15 years, in winter the warming has 
been more abrupt during very few years in the 
late 1980s’, after which a new “equilibrium state” 
seems to have been reached; in fall, no 
apparent trend is detectable. The regional 
warming is thus apparent and relevant, both in 
the average temperatures at the decadal time 
scale and in the extreme high summer 
temperatures. 

 

(a) 

(b) 
Fig. 6. Seasonal s ea surface temperature (SST) time 

series in the four seasons from January-March (a), 
over the western Mediterranean (b) 

 
The evolution of the air temperature at 

the pressure levels of 850 hPa and 500 hPa is 
relevant as forcing of the water cycle for the 
water vapor holding capacity of the atmosphere 
and its convective instability linked to the vertical 
lapse rate, especially in the warm season.  
Figs. 7a-d show the time series of seasonal 
average air temperature at the two pressure 
levels (based on NCEP-NCAR reanalyses 
gridded data) over the area represented in 
Fig. 7e. 

The warming is apparent at both 
pressure levels in all  seasons: it is faster in the 
last two decades, generally faster at 850 hPa 
than at 500 hPa (similar only in fall); at 500 hPa 
it is faster in winter and spring than in summer 
and fall while at 850 hPa it is weaker in fall than 
in all other seasons; consequently, the vertical 
temperature lapse rate increases in spring 
(gradually and continuously) and summer (with 
an abrupt step in early 1980s’). In the warm 
season, the regional atmosphere shows an 
increasing water vapor holding capacity and, in 
principle, an increased convective instability. 

The evolution of the total columnar 
precipitable water (PW) and average relative 
humidity (RH) from the surface up to 500 hPa 
are relevant as forcings of the water cycle for the 
highest precipitation potential and precipitation 

efficiency, respectively, especially in the warm 
season.  

(a) 

(b) 

(c) 

(d) 

(b) 
Fig.7. Seasonal air temperature time series at 
850 hPa and 500 hPa in the four seasons from 

January-March (a-d), over the area shown in (e), 
where the Arno River Basin boundaries are bold 

green 
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Figs. 8a-d show the time series of 
seasonal average PW and RH (based on NCEP-
NCAR reanalyses gridded data) over the same 
area represented in Fig. 7e. 

 

(a) 

(b) 

(c) 

(d) 
Fig.8. Seasonal precipitable water (PW) and average 
relative humidity (RH) time series in the four seasons 

from January-March (a-d) 
 

In winter, both PW and RH undergo a 
fast decrease since early 1980s’, coincidentally 
with the northward retreat of the storm track and 
the Atlantic south-westerlies; such trend has 
stopped since few years. In spring, while both 
PW and RH decreases continuously since the 
1970s’ to mid 1990s’, in the last few years the 
PW shows an increasing trend and the RH is 
approximately stationary, a likely response to the 
accelerated warming and ideal background for 
the increase of intense rainstorms. In summer, 
the descending trend of both quantities is 

apparent since early 1970s’, along with the 
recent short and moderate growth in late 1990s’; 
while intense rainstorms could be favored by this 
recent trend, it’s interesting to note how, in the 
recent extremely hot summer of year 2003, the 
relative humidity dropped to very low values, 
consistently with the strong persistent 
subsidence, while the precipitable water didn’t 
drop significantly, likely response to strong sea 
surface warming and evaporation. In fall, 
notwithstanding the apparent increase of 
atmospheric storminess also over the western 
Mediterranean, a long term decrease of both PW 
and RH is shown, the PW trend realized mostly 
since mid-1980s’ to early 1990s’ and the RH 
trend during the 1970s’ and early 1980s’, whose 
origin should be studied in more detail; a recent 
stationary or weakly growing trend is also shown 
in the data. 

What is common to all the above time 
series is the long term drying trend, apparently 
stopped or even reversed in the last few years, 
suggestive of a new tendency towards wetter 
climate or at least faster water cycle, especially 
in spring and fall. 

3. CASE STUDY: ARNO RIVER BASIN, ITALY 

 
The project “Climate reanalysis and 

prediction over the Arno river basin”, funded by 
the Arno River Basin Authority (Italy), aims at 
providing quantitative information concerning the 
past, current and future variability and trends of 
heavy rainfall and drought occurring over the 
Arno River Basin, Italy (about 9200 km2; 
Fig. 9a,b). The broad scope is the support to the 
periodic update of the distributed constraints 
system around the basin, to the design and 
management of flood protection works, to the 
targeting of the local weather forecasting 
system, and to the water quality and 
conservation policies. 

The ongoing project is based on the 
historical series of in-situ rainfall data, the GPCC 
(Schneider, 1993; Xie and Arkin, 1996), GPCP 
(Xie et al., 2003) and CRU-UEA (Hulme, 1992) 
gridded precipitation products, the NCEP/NCAR 
global atmospheric and surface reanalyses 
(Kalnay et al., 1996; Kistler et al., 2001), and the 
climate scenarios produced by the CCCma 
(Flato et al., 2000; Flato and Boer, 2001). 

The in-situ data have been analyzed 
during at least 50 years in the past, till 
year 2000, to feature the seasonal inter-annual 
variability and trends of the frequency of rainy 
days, precipitation totals and average daily 
intensity, the frequency of local and basin-scale 
rainfall events above few thresholds; local and 
basin-scale depth-duration-frequency curves 
have been derived. The significance of any trend 
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has been evaluated by means of the Mann-
Whitney test (Kendall & Ord, 1990). 

The same analyses concerning the 
historical in-situ data were performed on the 
climate scenarios provided by the CCCma, on 
the (coarse) grid cell covering the Arno River 
basin. 

(a) 

(b) 
Fig. 9. Location of the Arno basin (dark green 

boundaries) in Europe (a); orography and rain gauges 
around the basin (b) 

 
An advanced atmosphere-land surface 

coupled model, the Regional Atmospheric 
Modeling System (RAMS; Pielke et al, 1992; 
Pielke, 2002) is used in a double perspective. 
First, since most of the distributed constraints 
and the design of the flood protection works 
around the Arno river basin are based on the 
floodplain analysis of the catastrophic events 
occurred in November 1966 and October 1992 
(estimated as the 100-year and 30-year events, 
respectively), these same events are reproduced 
both in the “observed” environment and in 
idealized regional climate change scenarios, 
where RAMS is initialized by means of the 
NCEP/NCAR reanalyses and the sea surface 
temperatures (SSTs) over the Mediterranean 
Sea are perturbed according to the CCCma 
warming scenarios at several lead times in the 
future. 

Second, the RAMS is performing the 
dynamical downscaling of the CCCma climate 
change scenarios with the aim to fill the gap 
which separates the very coarse resolution of 
the global scenarios and the sub-grid scale 
regional and local phenomenology. The RAMS 
has proved its ability to accurately represent the 

rainstorms of 1966 and 1992 when executed at 
very high spatial horizontal resolution, initialized 
by means of the NCEP-NCAR reanalyses 
(Soderman et al., 2003; Meneguzzo et al., 
2003). 

Among the relevant results of the 
analysis carried on so far, the following are 
worth to be mentioned. 

 

(a) 

(b) 

(c) 
Fig. 10. Annual precipitation time series over the Arno 

River Basin: (a) Arno river basin (green), CRU grid 
cell (blue) and GPCC grid cells (red); (b) total annual 
precipitation; (c) annual frequency of rainy days and 
average daily precipitation intensity over the lower 

portion of the Arno River basin 
 
The total annual precipitation, evaluated 

on the basis of the CRU and GPCC gridded data 
(respective grid cells shown in Fig. 10a) and rain 
gauge data, has not changed significantly since 
1951 (Fig. 10b), but the frequency of rainy days 
has decreased until early 1980s’ and the year-
round average daily rainfall intensity has 
increased significantly in the last 30 years 
(Fig. 10c). The average annual precipitation 
climate has not become drier, but the water 
cycle has shown a significant acceleration. 
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In winter, the total precipitation 
decreased significantly until mid-1990s’ 
(Fig. 11a), consistently with the changes in the 
seasonal storm tracks and the moisture 
availability. In spring, the total precipitation 
increased in the 1980s’ and didn’t change in 
recent years (Fig. 11b), likely following the 
increased vertical lapse rate in the low to mid-
troposphere; most of the increase is ascribed to 
the increasing average daily rainfall intensity. 
The summer precipitation time series show a 
strong inter-annual variability from the 1960s’ to 
the 1980s’, and a smoother behavior in the 
1990s’, with no apparent wetting in the last 10 
years (Fig. 11c), as the moderately increased 
storminess could suggest (Fig. 1f), probably 
inhibited in this by the limited atmospheric 
moisture content (Fig. 8c); the spatial variability 
is also greater in summer: the total precipitation 
has decreased over the upper mountainous 
portion of the basin and the average daily rainfall 
intensity has significantly increased elsewhere 
(not shown). In fall, the 1990’s were significantly 
wetter than the 1980s’, approximately as the 
1960s’ (Fig. 11d) and likely associated with the 
relevant increase of storminess. 

The daily precipitation events exceeding 
given thresholds, relevant for local flash-floods 
and floods, are growing in frequency both locally 
and averaged over the sub-basins, so that they 
are today more frequent than ever, at least in the 
last 150 years: such frequency, evaluated during 
subsequent decades each sharing 9 years with 
the previous, has increased from about 20% in 
the upper portion of the basin to about 150% in 
the lower portion (Fig. 12a-c); the tendency to 
heavier rainstorms seems to follow the 
atmospheric and sea surface warming (Fig. 6a),  
and the increase in the vertical lapse rates. 

The extreme annual precipitations have 
increased, but only at very short durations 
(1 hour and 3 hours, not shown). 

The future climate around the Arno river 
basin has been preliminary analyzed by means 
of the gridded data provided by the Canadian 
Centre for Climate Modelling and Analysis 
(CCCma) on the basis of the simulations 
performed by means of the global coupled 
climate model CGCM2 under the emission 
scenarios A2 and B2 (Flato and Boer, 2001),  
over the grid cell of size 3.75° Lon 
3.71° Lat around the Arno River basin. 

Fig. 13 shows the warming trend of the 
sea surface temperature over the same area 
represented in Fig. 6b, simulated by the 
CGCM2-A2 climate scenario. 

The simulated SST series are in close 
agreement with the observations shown in 
Fig. 6a, in the period 1961-2000, at least with 
regard to the long term trends, which allows 

more confidence with the future trends. The sea 
surface warming is also likely to lead to 
increased intense rainstorms in view of 
theoretical arguments, of the past decadal joint 
trends (Fig. 6a and Fig. 12a-c) and an analysis 
of the joint inter-annual variability of SST and 
average rainfall intensity over the Arno river 
basin (not shown). 

 

(a) 

(b) 

(c) 

(d) 
Fig. 11. Annual precipitation time series over the Arno 
River Basin: (a) winter; (b) spring; (c) summer; (d) fall 

 
Fig. 14 shows the annual and seasonal 

precipitation time series simulated by the 
CGCM2-A2 and CGCM2-B2 climate scenarios in 
the period 1961-2100 (the same scenario till 
1990), along with the time series from the CRU 
(1961-1985) and GPCC (1986-2002) datasets, 
over the respective grid cells represented in 
Fig. 15. 
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(a) 

(b) 

 (c) 
 

Fig. 12. Frequency of rainy days over high thresholds: 
(a) Lower Arno River basin; (b) Rain gauge in the 

upper Arno River basin; (c) Rain gauge in the medium 
Arno River basin 

 

 
Fig. 13. Seasonal sea surface temperature (SST) time 
series in the four seasons from January-March, from 

the CGCM2-A2 climate scenario, over the area 
represented in Fig. 6b 

 
A relevant underestimation of the 

precipitation volumes is apparent, nevertheless 
the annual simulated precipitation trends closely 
agree with the observed ones (Fig. 14a), and the 
next 30 years or so are predicted moderately 
wetter then the past ones, after which the 
probability of extremely dry years abruptly 
increases and the average annual precipitation 
slowly decreases to very low values around the 

end of the 21st century; the two climate 
scenarios appear quite close one another. 

The winter precipitation, which is 
simulated in very close agreement with the 
observations even with regard to the absolute 
values, is predicted by both climate simulations 
to increase slowly for many decades to come. 
The spring precipitation, simulated reasonably 
well in the past, is predicted to increase slowly 
and moderately for several decades to come, 
along with a greater inter-annual variability and 
an higher chance for extremely wet seasons, 
until a gradual drying could occur near the end 
of this century. The summer precipitation is 
simulated quite well in the past with regard to the 
long term trends, but the high inter-annual 
variability is quite underestimated, which could 
suggest the failure of the model to explain some 
basic leading mechanisms (see Sect. 2.4); a 
moderate increase of summer precipitation is 
predicted by the A2 scenario for several 
decades to come, while no significant trend is 
predicted by the B2 scenario; the chance for 
very wet summers is predicted to increase, till 
the slow drying toward the end of the 21st 
century. The simulated fall precipitation shows a 
relevant underestimation with regard to both the 
absolute values and the inter-annual variability, 
but not with regard to the past trends; it is 
predicted to increase moderately by the A2 
scenario for several decades to come, with 
higher chance for very wet fall seasons, while no 
significant trend is predicted by the B2 scenario; 
a slow drying is predicted toward the end of the 
21st century. 

The simulated precipitation time series 
produced by the A2 scenario show a further 
increase of the frequency of excessive daily 
rainfalls until at least 2015, henceforth it should 
remain constant, about 30% higher than in the 
current climate; such frequency was evaluated 
during subsequent decades each sharing 
9 years with the previous (Fig. 16). The 
increasing chance for extremely wet spring, 
summer and fall seasons appears to be linked 
more to the intensification of the rainstorms than 
to more frequent rainy days. 
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(a) 

(b) 

(c) 

(d) 

(e) 
Fig. 14. Annual and seasonal precipitation time series 

over the Arno River Basin, from CRU, GPCC, 
GCGM2-A2 and CGCM2-B2: (a) annual; (b) winter; 

(c) spring; (d) summer; (e) fall 
 
 
 

 
Fig. 15. Arno river basin (green), CRU grid cell (blue), 
GPCC grid cells (red) and CGCM2 grid cell (purple) 

 

 
Fig. 16. Annual time series of the frequency of rainy 
days over the threshold of 20 mm around the Arno 

River basin (1961-2100), simulated by means of the 
CGCM2-A2 scenario (CCCma) 

 

4. CONCLUSIONS 

 
The results shown in this work, yet 

partial and related to an ongoing research, offer 
a comprehensive view of the ongoing climatic 
decadal variability and tendencies over the large 
North Atlantic, European and Mediterranean 
scale, along with the regional decadal and inter-
annual tendencies of the climatic features 
related to the water cycle over the 
Mediterranean and the Arno River basin, Italy; 
few remote leading processes are shown too, 
especially for the summer season. 

The variability of the storm tracks, of the 
air masses and the Mediterranean sea surface 
temperatures, in turn mutually linked, are shown 
to produce large effects on the basin-scale 
precipitation average and extreme regime. 

The intense rainfall hazards are shown 
to be increasing over the Arno River basin, and 
are predicted to do so even in the next few 
decades. 

The water cycle over land areas, along 
with the soil and vegetation conditions, are also 
very sensitive to the temperature variability and 
trends, and the predicted strong warming, faster 
in summer than in any other season (as 
observed in the recent past), could by itself 
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increase the drought hazards, especially in case 
of very dry summer seasons. The chance of 
extreme summer droughts is predicted quite 
stationary in the next few decades; anyway, if 
the available climate models should be missing 
some important mechanisms driving the summer 
Mediterranean climate, and such regimes should 
shift to new states, unfavorable to summer 
precipitations over the western and central 
Mediterranean, the recurrent extreme drought 
events could lead to potentially dramatic 
emergencies with regard to water quality and 
availability in next decades. 

The regional climate of late spring and 
summer 2003 in the central and western 
Mediterranean has been a very large outlier with 
regard to precipitation (in the lowest 5th 
percentile of the last 150 years) and temperature 
(May-August anomaly more than 3°C above the 
1961-1990 climatological average), much higher 
than any past record and largely exceeding the 
inter-annual variability simulated by the CCCma 
climate scenarios: further research is needed to 
understand its connection to remote processes 
such as the West Africa monsoon, which has 
been far stronger than the average. 
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