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Abstract. The objective of this study is to investigate the
relationship of orography over Greece with prolonged dry
spells, as represented by the maximum number consecutive
dry days (CDD index) during an extremely dry summer. For
this purpose a simulation experiment was conducted with the
aid of the regional climate model RegCM3.1 using a spatial
resolution of 10 km. It was shown that a significant precip-
itation regime formed over the mountainous areas of con-
tinental Greece and Crete during this dry summer, due to
orographically forced precipitation, consequently influenc-
ing the length of dry spells. Furthermore, the CDD appears
spatial variations over the maritime areas, despite the zero
or insignificant precipitation. The sensitivity test that was
performed with the elimination of orography demonstrated
the important role that orography plays in the distribution of
CDD, since significant lengthening of extreme dry spells was
found over the mountainous areas.

1 Introduction

Precipitation regime in Greece is highly irregular on spatial
and temporal scale, being controlled by atmospheric circu-
lation as well as by complex orography, sea surface tem-
perature distribution and land/sea interaction (Xoplaki et al.,
2000; Bartzokas et al., 2003; Maheras et al., 2004). The
largest amount of winter precipitation is recorded in west-
ern Greece, as imposed by the longest mountain range of the
mainland (Pindos Mountain) and the eastern Aegean islands
while during summer the maximum amount of precipitation
is noted mainly over the Pindos mountain range, and the min-
imum over the southern Aegean and Ionian Sea (Lolis et al.,
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1999). The longest summer dry periods are found in cen-
tral and south-eastern Aegean Sea (Anagnostopoulou et al.,
2003; Maheras and Anagnostopoulou, 2003).

Over the marine areas, both duration and precipitation
amount present their maximum value during January and
their minimum, in summer. In north-western Greece, the
intra-annual variation of precipitation duration presents two
maxima, in December and February. Over the northern main-
land areas, there are also two maxima, the first from late Oc-
tober to early December and the second around late May.
Over western Greece, western Crete and the eastern Aegean
the spatial distribution of precipitation amount presents max-
ima from mid November to late March, while over the south-
ern marine and coastal areas, the intra-annual variation of
precipitation amount and duration is simple, with one broad
maximum from mid December to early February (Bartzokas
et al., 2003).

While the relationship between precipitation extremes
with atmospheric circulation over Greece has been explored
in previous studies (Maheras et al., 2004; Tolika et al., 2007;
Houssos et al., 2008; Hatzaki et al., 2009; Oikonomou et al.,
2010), the role of orography has not been investigated ex-
tensively, mainly due to its local scale, creating a growing
demand for downscaling applications. For this purpose, a
useful tool is a regional climatic model (RCM), since it can
represent in detail topographic features, such as mountain
barriers, and consequently reveal regional climatic character-
istics (Schmidli et al., 2006; Alpert et al., 2008; Zanis et al.,
2009a, b) while, at the same time, being able to capture the
climate processes and reproduce climatic fields on a seasonal
scale effectively and synoptically, unlike mesoscale models
which require much computational time and produces a large
amount of output meteorological data on a daily scale that are
not needed in this climatological study.
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Fig. 1. Locations of the rain gauge stations employed in this study. 
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Fig. 1. Locations of the rain gauge stations employed in this study.

Within this context, the objective of this study is to in-
vestigate the relationship of orography with the distribution
of prolonged dry periods in Greece, during an extremely
dry summer, with the aid of the Regional Climate Model
RegCM3.1.

2 Data and methodology

In order to identify the extreme dry spells, the climatic index
CDD was employed, which is defined as the maximum num-
ber of consecutive dry days on a seasonal basis. Dry day is
defined as the one with daily precipitation amount less than
1 mm. The simulation was performed for the summer pe-
riod (June, July, August) of 1993, when the CDD value in 20
stations in Greece and 1 station in FYROM exceeded the cor-
responding 0.95 percentile for the period 1958–2000, as was
found by Oikonomou et al. (2010). The value of the CDD
index was estimated between 20 days (Tripoli) and 92 days
(Agrinio), while the 0.95 percentile for each station ranges
from 58 days (Tripoli) to 72 days (Agrinio). The station
data were obtained through the European project STARDEX
(STAtistical and Regional dynamical Downscaling of EX-
tremes for European regions) (Fig. 1).

In order to perform the regional climatic simulations,
the third generation hydrostatic Regional Climate Model
RegCM3.1 was employed (Pal et al., 2007), that was orig-
inally developed at the National Center for Atmospheric
Research (NCAR) and has been widely used in studies of
regional climate and seasonal predictability (Giorgi et al.,
2006). This model version shows a noticeable improvement
in the representation of the surface hydrological cycle in
mountainous regions. The simulation area extends between
24–51◦ N and 8–38◦ E, while the study focuses on the Greek
area (33–42◦ N and 18–28◦ E) (Fig. 2).

The model was driven by the NCEP NNRP2 Reanaly-
sis datasets (2.5◦ × 2.5◦ grid, L17 level) comprised of the
air temperature, geopotential height, relative humidity, wind

Fig. 2. (a)The simulation area;(b) the examined area.

variables, surface pressure and mean sea level pressure. The
10 min resolution terrain (GTOPO30) and land-use Global
Land Cover Characterization (GLCC) datasets were used to
constrain the surface. The elevation data used derive from
the United States Geological Survey (USGS). As for the Sea
Surface Temperature input data, the 1◦ weekly resolution
SST dataset (OIWK) was employed. For the estimation of
convective precipitation, the MIT-Emanuel Convective Pre-
cipitation Scheme was selected, since Zanis et al. (2009a)
demonstrated that it is more effective at convective precipita-
tion during the warm season in southeastern Europe.

The simulation experiment employs the topography of the
examined area shown in Fig. 3 (hereafter will be referred as
“real experiment”). Then a sensitivity test was performed
where the orography in the examined area was removed
(hereafter will be referred as “flat experiment”). Both sim-
ulation experiments were conducted with grid resolution of
10 km and a spin-up time of 1 month, for the period June–
August 1993, producing daily precipitation amounts. CDD
values were then estimated on a seasonal basis with the aid
of the statistical language R.

3 Results and discussion

The model was initially validated against station data, by es-
timating the biases of the model outputs at the nearest grid
point to corresponding station for both mean daily precipi-
tation amount and CDD index during the summer of 1993.
It should be noted here that the altitude of the station loca-
tion was, in general, different from the corresponding of the
nearest grid point. However, small biases were estimated at
all stations, except of two stations, that are located at coastal
areas being very close to mountain ranges (Agrinio, Kala-
mata). It was found that the model performs well during
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Fig. 3. Orography map of the examined area for the “real experiment”.  
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Fig. 3. Orography map of the examined area for the “real experi-
ment”.

the examined period, with an overestimation of precipitation
in West Greece and a slight underestimation in the Aegean
Sea and Crete. Of course, it should be noted that the pre-
cipitation amount is very low during summer, thus affecting
the performance of all regional climatic models over the ex-
amined area (Zanis et al., 2009b). Furthermore, the model
underestimates significantly the maximum duration of dry
spells over the central continental area. These biases are
more likely attributed to inadequate representation of orog-
raphy and the islands, as well as to parameterization errors
of convective precipitation over mountainous areas (Bergant
et al., 2007; Dimri and Ganju, 2007). The root mean squared
error (RMSE) of the model for the estimation of mean daily
precipitation and CDD was 0.76 mm/day and 31 days, re-
spectively.

The summer of 1993 was mainly characterized by the
prevalence of the Persian Gulf trough over Eastern Mediter-
ranean being combined with an extended anticyclone over
Southern Europe (see Fig. 4a), causing the establishment
of northerly component winds over the Aegean Sea, the so
called “Etesians” (Metaxas and Bartzokas, 1994). At 500
hPa (see Fig. 4b), a large scale trough dominates over Turkey
and Levantine Sea, resulting in the formation of an intense
height inversion, preventing the development of large scale
precipitation (Rodwell and Hoskins, 1996) while a large
scale ridge affects much of Greece.

The results of the “real experiment” have demonstrated
that precipitation occurs over continental Greece, while there
was insignificant or no precipitation over the seas (Fig. 5a).
This distribution is consistent with the climatological precip-
itation regime that was described by Bartzokas et al. (2003)
for summer. Moreover, in our case, since the prevailing wind
blows from the Aegean Sea, the moist air is forced to lift the
mountain barriers along eastern mainland and Crete, produc-
ing enhanced convective precipitation upwind the mountain,
even near the coast depending on the height of the lifting con-
densation level (Kotroni et al., 1999; Roe, 2005). The precip-
itation in northern Greece could be attributed to occasional
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Fig. 4. Mean distribution for summer 1993 of: (a) mean sea level pressure in hPa and (b) 500 

hPa geopotential height in gpm (source: NOAA/ESRL Physical Science Division). 
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Fig. 4. Mean distribution for summer 1993 of:(a) mean sea level
pressure in hPa and(b) 500 hPa geopotential height in gpm (source:
NOAA/ESRL Physical Science Division).

passage of upper level troughs in June and July, associated
with cold air masses (Spanos et al., 2003) and the develop-
ment of thermal convective precipitation (Sioutas and Flocas,
2003). On the contrary, precipitation is lower in the western
mainland, except in the area of Pindos, where it is associated
with dynamic instability of the humid air being carried by the
sea breeze in the western coast and forced by the mountain
(Metaxas, 1978; Fotiadi et al., 1999).

During the “flat experiment” the precipitation amount is
distributed uniformly over the mainland, without significant
variations, as was expected, due to the absence of the com-
plex orography (Fig. 5b). Moreover, a substantial reduction
of the precipitation amount is evident in the whole examined
area (Fig. 5c), which is greater over mountainous areas that
are resolved by the model, of about one third compared to
the “real experiment”.

Consistent with the precipitation distribution, in the “real
experiment” CDD values are reduced over mountainous ar-
eas, while maximum values prevail over the south-eastern
Aegean Sea (Fig. 6a). Furthermore, southern continental
area exhibit longer extreme dry spells than the northern part
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Fig. 5. Model output of mean daily precipitation amount (mm/day) for the summer of 1993 

for: (a) “real experiment”, (b) “flat experiment” and (c) Precipitation bias (“flat” minus “real 

experiment”). 

 14

Fig. 5. Model output of mean daily precipitation amount (mm/day)
for the summer of 1993 for:(a) “real experiment”,(b) “flat experi-
ment” and(c) Precipitation bias (“flat” minus “real experiment”).

of the mainland, in accordance with the climatological pat-
tern of precipitation duration in summer (Bartzokas et al.,
2003). However, CDD distribution in Fig. 6a is character-
ized by individual features that are related to the sea effect.
More specifically, CDD is characterized by smaller values in
the northern Aegean Sea and southern Ionian Sea, suggest-
ing that some wet days exhibit very small daily precipitation,
due to local instability conditions that shorten the length of
dry spells. This is consistent with the large variability of pre-
cipitation amount in the southern Ionian Sea during summer,
as identified by satellite data (Hatzianastasiou et al., 2008).

In the “flat experiment”, the CDD distribution is not as
uniform as the precipitation one (Fig. 5b). CDD generally
increases over the areas where the main mountain ranges
are located (Fig. 6b), following the corresponding precip-
itation reduction. This is especially evident along western
and northern Aegean Sea coasts (Fig. 6c). On the contrary,
there is reduction in other maritime areas. The most sig-
nificant reduction was found in central Aegean Sea (of al-
most 38% as compared to the “real experiment”), that is
combined with a simulated weakening of the strong north-
easterly winds, probably reflecting the channelling effect of
the orography along Greece and western Turkey (Repapis et
al., 1978; Arseni-Papadimitriou et al., 1988; Kotroni et al.,
2001).

4 Conclusions

The relationship of orography with precipitation and pro-
longed dry periods was investigated over Greece, during the
extremely dry summer of 1993, with the aid of the regional
climate model RegCM3.1. The validation of the model dur-
ing the examined period demonstrated that the model per-
forms well in the Aegean Sea, but there is an overestimation
of precipitation in the continental areas, and consequently an
underestimation of the maximum number of consecutive dry
days (CDD).

It was found that during the extreme dry summer, pre-
cipitation occurred in mountainous areas of Greece, but es-
pecially in the eastern side of the continental area, being
favoured by the northerly component winds prevailing over
the Aegean. On the contrary, minimum or no precipitation
amount was noted in the maritime areas. The distribution
of CDD follows the precipitation amount distribution: max-
imum values over southeastern Aegean Sea and smaller val-
ues over the mountainous areas. However, there are spatial
variations of CDD over the seas.

When orography is removed, the precipitation amount is
reduced and the extreme dry periods are lengthened in the
mountainous areas of Greece, suggesting the important role
of the orographic lifting, even in the summer period when the
precipitation amount is small, as compared to the other sea-
sons (Maheras et al., 2004; Tolika et al., 2007). Inversely,
the duration of extreme dry periods decreases over north-
ern Aegean Sea, probably reflecting the canalising effect of
orography between Greece and western Turkey on prevailing
north-easterlies, as was noticed by previous studies.

Apart from the role of the orography during summer, this
numerical study implies the contribution of the sea effect, as
expressed by the development of local instability, associated
with land/sea interaction and/or thermal fluxes and should be
further explored. It is worthy to note that although the results
refer to one summer, they could be considered representative
when similar conditions of atmospheric circulation prevail.
It can be supported that the model RegCM3.1 seems to be
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Fig. 6. Model output of CDD values in number of days for the summer of 1993 for: (a) “real 

experiment”; (b) “flat experiment” and (c) CDD bias (“flat” minus “real experiment”). 
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Fig. 6. Model output of CDD values in number of days for the
summer of 1993 for:(a) “real experiment”;(b) “flat experiment”
and(c) CDD bias (“flat” minus “real experiment”).

a valuable tool for studying regional climate in the Eastern
Mediterranean region, provided that the model limitations
concerning the parameterization of physical processes and
the representation of the real terrain and orography are re-
duced.
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