Chapter 1
The climate of the Eastern Mediterranean
and Greece: past, present and future *
1.1 Introduction
During the four and a half billion years of our planet’s history, the parameters that determine
the Earth’s climate have varied considerably. When the composition of our planet’s atmosphere
started to come close to its present-day characteristics, some three billion years ago, alternating
warm and cold glacial and interglacial periods began to take place. The most recent geological
period, the Holocene began 11,500 years ago, i.e. after the last ice age (18,000 years ago) and
continues to this day. During the current interglacial period, the air temperature began to rise and
almost reached present temperature levels in the 11th century A.D. (Luterbacher et al., 2011).
This period was also marked by the so-called ‘Little Ice Age’ from the 15th to the 19th century,
during which substantially lower temperatures prevailed both at middle latitudes and in Greece,
with estimates showing that temperatures were 1.5ºC lower than today (Repapis et al., 1989;
Zerefos et al., 2010; Zerefos, 2007; Zerefos, 2009; Luterbacher et al., 2006; 2010; 2011).
Since the end of the 19th century, a warming of the atmosphere, with some variations, has
been ongoing. The average rate of warming of the Earth’s atmosphere during the 20th century
was 0.7ºC per 100 years (IPCC, 2007). The international scientific consensus is that a significant part of this warming is attributable to a change in the atmosphere’s composition caused by
human (anthropogenic) activity. This is commonly referred to as the ‘anthropogenic component
of climate change’ or simply ‘anthropogenic global warming’. In fact, this period is often
described, quite accurately, as the ‘anthropocene’ a term originally coined by Eugene F. Stoermer and later popularised by Prof. Paul Crutzen. As estimated by Jones and Moberg (2003), the
increase in air temperature averages in the Earth’s land areas in the course of the 20th century
was 0.78ºC per 100 years. It should be noted that the increase was not constant throughout the
20th century: a warming was recorded in 1920-1945 and from 1975 onwards, while many studies have tried to explain the cooling observed between 1945 and 1975, which, it was concluded,
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could be attributed to the sun’s light being blocked by anthropogenic atmospheric aerosols and
volcanic dust (global dimming). In any case, the recent upward trend in temperature is statistically significant at a confidence level of 95% in almost all inhabited areas of the planet and,
according to the World Meteorological Organisation, the 1995-2005 period was the warmest
decade on record in the last 500 years (WMO, 2006).
According to the Intergovernmental Panel on Climate Change (IPCC, 2007) the atmospheric
temperature is projected to continue to rise throughout the 21st century in most areas of the
planet. In particular, on the basis of average results over a number of climate model simulations,
the average atmospheric temperature is expected to increase by 1.8-4ºC by 2100, depending on
developments in the concentration of greenhouse gas emissions. The increase in temperature is
expected to be greater at higher latitudes and in continental regions as opposed to the oceans
(IPCC, 2007). Global warming is expected to cause a decline in sea and land ice cover, and an
increase in the mean sea level. In fact, in many regions the observed and expected increase in
atmospheric temperature is also accompanied by an increasing frequency of extreme weather
events, as mentioned in the Special Report on extreme weather events of the Intergovernmental
Panel on Climate Change (IPCC, 2012). Future precipitation is more difficult to estimate because
local factors including terrain affect the amount of rainfall. In the 20th century, the amount and
the distribution of rainfall in continental areas tended on average to increase in a large part of
middle and high latitudes, whilst, by contrast, tending to decrease in tropical regions. Similar patterns are expected in the amount of rainfall in the 21st century, according to results of climate
model simulations. Precipitation is generally expected to increase at mid and high latitudes and
also in the Intertropical Convergence Zone, and to decrease at tropical latitudes (IPCC, 2007).
Southern Europe and the wider Mediterranean region have been identified as vulnerable to
the impact of anthropogenic climate change (Hulme et al., 1999; Giorgi, 2006; ΙPCC, 2007),
because these regions are situated at the edge of semi-arid zones; as a result, a northward shift
of baroclinic instability due to climate change could bring about drastic changes, particularly in
the balance of precipitation in the Mediterranean. In particular, as shown by the results of a
series of climate model simulations under various emission scenarios for the Mediterranean
region, temperatures are projected to rise significantly by the end of the 21st century, while precipitation is projected to decrease (Gibelin and Déqué, 2003; Pal et al., 2004; Giorgi and Bi,
2005; Giorgi and Lionello, 2008; Zanis et al. 2009; Kapsomenakis, 2009; Douvis, 2009).
Recent studies by Gao et al. (2006), Hertig and Jacobeit (2007), Zerefos et al. (2010), using statistical downscaling methods, concluded that precipitation is projected to decline substantially
in SE Mediterranean regions, mostly from October to May. Other studies focusing on changes
in temperature and rainfall extremes project that heat stress (Diffenbough et al., 2007; Kuglitsch
et al., 2010) and the duration of drought periods (Goubanova and Li, 2007) will drastically
increase in the Mediterranean region in the future, leading, inter alia, to a significant rise in for2
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est fire risk (Giannakopoulos, 2009a). These changes are expected to have a significant impact
on the region’s ecosystems, as well as on a number of sectors and implications of human activity (health, agriculture, tourism, energy demand, natural disasters, loss of biodiversity, etc.). The
following sections present a more detailed analysis of climate change in the Eastern Mediterranean and in various regions of Greece, at different time scales in the past, present and future.

1.2 Paleoclimatic changes
At the beginning of the Eocene, fifty-five million years ago, the Earth’s climate was warmer
than it is today (The Geological Society, 2010), with deep-sea paleotemperature estimates
derived from the analysis of benthic foraminifera oxygen isotopes (Zachos et al., 2001; Miller
et al., 2005) suggesting that temperatures were about 6ºC higher. Evidence also points to a subsequent long-term downward trend in temperature over the last 50 million years (Zachos et al.,
2001). Antarctic ice sheets formed 34 million years ago (Barrett, 1996), while Northern Hemisphere glaciation started 2.6 million years ago (Maslin et al., 1998). This marked the beginning
of the Quaternary, i.e. the most recent geological period, characterised by alternations between
relatively short interglacial periods (lasting 10-30 thousand years), and prolonged glacial ones.
The sequence of alternating glacial/interglacial periods became distinctly more intense, but also
less frequent during the last one million years (Middle and Late Pleistocene).
In brief, climate is determined by both external and internal factors (Bradley, 1999; Alverson et al., 2003). External factors include Earth-Sun orbital parameters, i.e. eccentricity, obliquity and precession, as well as solar activity. Internal factors include volcanic activity, feedback
processes between the hydrosphere – atmosphere – lithosphere – biosphere – cryosphere (e.g.
albedo, cloud cover, etc.), variations in ice-sheet volume, changes in speed and circulation of
ocean currents, changes in atmospheric greenhouse gases (e.g. CO2, CH4) and their impact on
incoming and outgoing thermal radiation, and anthropogenic forcing.
The impact of variations in the Earth’s orbital parameters on long-term climate change was
first described by Adhemar (1842), Croll (1875) and Milankovitch (1941); since then, numerous
studies have documented the effect of the three orbital parameters, occurring at periodicities of
400 and 100, 41 and 19-21 thousand years (ka), on various paleoclimatic indices. Astronomical
solutions and calculations of the Earth’s orbital parameters in the past (Berger and Loutre, 1991)
and the future (Berger et al., 1998) are important tools in a range of paleoclimatic studies. For
instance, they allow for comparisons between the current interglacial period ―which started 11.5
thousand years before present (ka BP)― and past ones marked by similar orbital parameters and,
then, for an estimate of the current phase of the climate cycle, as well as of its future development. According to estimates from the 4th IPCC assessment report (2007), at least 30 thousand
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Figure 1.1

Alignment of past isotopic records, based on precession and obliquity
parameters, with those of the present and the future. Comparison of the two
alignment schemes

The bottom horizontal axis (in black) refers to a 100-ky interval in the past, namely 350-450 ka (MIS 11) (according to Masson-Delmotte et al., 2006). The upper horizontal axis (in red) refers to the past 50 ka, but also extends 50 ka into the future (ages in parentheses denote thousand years after present, ka AP). Left panel shows synchronization of the precession signal between MIS 1 and 11
and right panel synchronization of the obliquity signal. (a) precession index (Berger and Loutre, 1991); (b) obliquity (Berger and Loutre,
1991); (c) δ18Οbenthic record from the LR04 stack (Lisiecki and Raymo, 2005); (d) Deuterium (δD) composition of ice in EDC ice core (EPICA
Community Members, 2004). The EPICA data in this figure are plotted on the EDC2 timescale used in the EPICA Community Members
(2004) paper. Chart from Tzedakis (2010).

years would have to pass before the Earth’s orbital configuration would favour the occurrence of
very cold summers in the Northern Hemisphere, similar to the ones that occurred 116 ka BP at
the beginning of the last glacial period). However, the scientific community remains sceptical
today both about which specific past interglacial period to choose for comparison with the current warm period, and about which analogue to use for such a comparison. For instance, if we
were to compare the current interglacial period (isotopic stage 1, or MIS 1) with MIS 11 (~ 400
4
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Figure 1.2

Alignment of past isotropic records, based on precession and obliquity
parameters, with those of the present and future. Comparison of the two
alignment schemes

The bottom horizontal axis (in black) refers to a 60-ky interval in the past, around 800 to 750 ka BP (MIS 19). The upper horizontal axis
(in red) refers to the past 30 ka, but also extends 30 ka into the future (ages in parentheses denote thousand years after present, ka
AP). (a) Precession index (Berger and Loutre, 1991); (b) obliquity (Berger and Loutre, 1991); (c) δ18Οbenthic(‰) record from the LR04
stack (Lisiecki and Raymo, 2005); (d) δD composition of ice in the EDC ice core, Antarctica (Jouzel et al., 2007), plotted on the EDC3
timescale; (e) atmospheric CH4 concentration from the EDC ice core (Loulergue et al., 2008), plotted on the EDC3 timescale.

ka BP) ―which had a long duration (28 ka) and similar insolation and CO2 values― and if we
aligned the precession curves of the two interglacial periods, we would probably deduce that the
current interglacial period must be nearing its end (Figure 1.1) (Loutre and Berger, 2000; 2003;
Ruddiman, 2007; Tzedakis, 2010). However, the alignment of the obliquity curves of the two
warm periods (Masson-Delmotte et al., 2006; Broecker and Stocker, 2006) indicates that the current warm period should continue another 12 ka, before conditions could favour the onset of the
next glacial period (Figure 1.2). On the other hand, if we compare the current MIS 1 period with
ΜIS 19 (~770 ka BP), which also has similar orbital parameters, then we would deduce that the
current warm period could last another 9 ka (see Loutre and Berger, 2000; and Figure 1.2).
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Figure 1.3

Reconstruction of solar activity based on

10

Be and

14

C

The 10Be production rate was derived from 10Be concentrations measured in the GRIP ice core, Greenland (Vonmoos et al., 2006). The
14
C production rate was calculated with the Bern3D dynamic ocean carbon cycle model (Müller et al., 2006) by prescribing the treering records of both hemispheres (Reimer et al., 2004; McCormack et al., 2004). Chart from Wanner et al. (2008).

Climate variability can, depending on the observed frequencies of variability, be broken
down into (a) periodicities of 400 to ~20 thousand years, closely associated with astronomical
forcing, (b) periodicities of 1,500 years and its multiples (i.e. 3,000 years, etc.), related to rapid
global cooling events, known as ‘Dansgaard-Oeschger events’ and non-periodical ‘Heinrich
events’ and, lastly, (c) shorter decadal or even annual periodicities, attributable to interactions
between the atmosphere – biosphere – cryosphere – hydrosphere, such as ‘El Niño’, the North
Atlantic Oscillation, the Arctic Oscillation, the Quasi-Biennial Oscillation, etc.
Measurements of solar activity based on sunspot number observations date back to the 17th
century and show periodic variations at cycles of 11, 22 and 75 years. Solar activity in the historical and geological past can be reconstructed using such proxies as changes in cosmogenic
isotope concentrations (10Be in polar ice cores and 14C in tree rings, where strong production
rates of isotopes are associated with lower solar irradiation). Reconstructions of this sort were
made by Wanner et al. (2008) for the past 6,000 years and by Vonmoos et al. (2006) for the past
10,000 years. The discrepancies between 10Be and 14C records over the last 6,000 years are visible in Figure 1.3
The scale of solar activity impacts on climate variability is also suggested by the correlation
of changes in cosmogenic isotopes with changes in various climate proxies, such as oxygen isotopes (Karlén and Kuylenstierna, 1996; Bond et al., 2001; Fleitmann et al., 2003; Wang et al.,
2005). Scafetta and West (2006) calculated that 75% of the global warming during the period
1900-1980 came from solar contribution, a proportion that falls to 30% for the following two
decades (1980-2000). Others, like Wanner et al. (2008), are more sceptical both about how to
6
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physically interpret the climatic impact of solar activity and about how marked the effect of
solar activity variations may have been on Quaternary climatic change (glacier advances and
retreats) and on current global warming (Bard and Frank, 2006), claiming that the effect of solar
activity is probably only secondary. It is, in other words, possible that solar activity may contribute to small climatic variations on a timescale of a few centuries (Steinhilber et al., 2009),
like the climatic variations that took place over the last millennium, e.g. the medieval climate
anomaly (a relatively warm period between 900 and 1400 A.D.) and, the ‘Little Ice Age’ (15001800 A.D.). Given the considerable uncertainty within the scientific community as to the impact
of solar activity at small timescales, solar activity will not be discussed further in the present
study (IPCC, 2007).

1.3 Climate change in the Holocene
The high-resolution study of the climatic evolution over the last 11.5 thousand years
(Holocene) is important for estimating the trends, patterns, ranges and rates of change in various climate proxies. The climate regime of the elapsed part of the Holocene is comparable to
today’s and provides high-resolution sediment records containing potentially valuable biological and paleoclimatic indicators. The dating of these records can, depending on the case, be
achieved quite accurately, using either absolute dating (e.g. radioactive isotopes 14C, 210Pb) or
relative dating methods (e.g. tephrostratigraphic markers, sapropel stratigraphy, etc.). The availability of high-resolution records of climate parameters (e.g. temperature, salinity, precipitation)
either from instrumental measurements (for the last two centuries) or from sediment records (on
a millennial or centennial timescale) point to a strong variability on a decadal and centennial
timescale. Meanwhile, adequate instrumental climate measurements are available only for the
past 150 years, while the combination of various parameter datasets from tree rings, ice cores,
speleothems, historical records, etc. barely covers the last two millennia in the Mediterranean
(e.g. Luterbacher et al., 2011).
The present and following two sub-chapters aim to compare the duration, range and rate of past
climate change with present-day data, focusing primarily on the Eastern Mediterranean and Greece.
The Holocene, the most recent warm interglacial period, is currently in its final stages. However, a significant number of studies point to substantial climatic variability, in the form of
abrupt global cooling events. It is absolutely essential to determine the characteristics (duration,
intensity, and rate) of these events, as well as the driving forces behind them, and to compare
the findings with respective data for the last millennial-to-centennial timescale. Mayewski et al.
(2004) in their extensive review of global Holocene proxy records identify six major periods of
rapid climate change, i.e. cooling events within a generally warm period.
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The first severe climatic disruption of the Holocene occurred 9-8 thousand years ago. Also
called the ‘8.2 ka event’ (Alley et al., 1997), this cooling event coincided with:
• at least one large pulse of glacier meltwater into the North Atlantic (Barber et al., 1999),
probably enhancing the production of sea ice, providing a positive feedback on climate cooling;
• a decline in summer insolation;
• no clear evidence of variations in solar activity (10Be remains unchanged in ice cores, while
the pronounced depressions in ∆14C probably reflect a change in thermohaline circulation
because of increased meltwater production) and high rates of SO4, suggesting a possible contribution of volcanic eruptions to both cooling in the Northern Hemisphere and aridity in low
latitudes (as a result of weakened Afro-Asian monsoons circulation).
The 9-8 ka event was followed by other abrupt climate events that occurred during the time
periods 6-5 ka BP, 4.2-3.8 ka BP, 3.5-2.5 ka BP, 1.2-1 ka BP and 600-150 a BP (Mayewski et
al., 2004). The climate regime and the driving forces associated with these cooling events are
different from the ones of the earlier 9-8 ka BP event, in the sense that these later (post 9-8 ka
BP) cooling events provide no evidence of massive freshwater releases or significant ice growth
in the Northern Hemisphere. Also, there are no systematic changes in the concentrations of volcanic aerosols and atmospheric CO2. Although during 9-8 ka BP event, Northern Hemisphere
glaciers still played a significant role in climate change, some of the more recent events seem
to be largely determined by solar variability. Cooling at high latitudes in the Northern Hemisphere generally coincides with aridity at low latitudes (Mayewski et al., 2004; Staubwasser and
Weiss, 2006), including the Mediterranean. More specifically, the 6-5 ka BP and the 3.5-2.5 ka
BP intervals are associated with:
• a decline in solar output, as suggested by the maxima in the 10Be and ∆14C records; and
• a steady rise in atmospheric methane concentrations after ~5 ka BP .
The subsequent abrupt climate events of 4.2-3.5 ka BP and 1.2-1 ka BP are more difficult to
attribute to specific forcing mechanisms: the 4.2-3.5 ka BP interval, for instance, coincides with
a maximum in 10Be, but only little change in ∆14C to suggest a solar association. On the other
hand, the aridity at low latitudes may be attributable to the southward displacement of the
Intertropical Convergence Zone (ITCZ, Hodell et al., 2001), which would be consistent with the
strengthening of the westerlies over the North Atlantic. The drought of the 4.2-3.5 ka BP period
seems to have been a factor in the collapse of the Akkadian civilisation (deMenocal et al.,
2000a). The 1.2-1 ka BP event coincides with a slight increase in atmospheric CO2 and the
drought-related collapse of Maya civilisation (Hodell et al., 2001). Under cooler conditions,
tropical aridity may result from a variety of factors, including the weakening of the monsoonal
system, reduced evaporation from cooler oceans, and weakened thermal convection over tropical landmasses (Mayewski et al., 2004).
8
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The most recent cooling interval (<600 years BP) is characterised by low temperatures at
high latitudes together with increased moisture at low latitudes. It has seen a drop in CO2 and
a rise in CH4, suggestive of wet conditions. High levels of volcanic aerosols at early stages
of this event may have contributed to its onset. Moreover, a distinct peak in 10Be and ∆14C
(Beer, 2000; Stuiver and Braziunas, 1989; 1993) suggests that solar variability had a major
influence on climate during this interval (Bond et al., 2001; Denton and Karlén, 1973;
Mayewski et al., 1997; O’ Brien et al., 1995) and may be associated with the solar activity
minimum (Spörer Minimum) of the 15th century A.D. A sequence of sunspot minima, such
as the Wolf Minimum (1280-1350 A.D.), the Spörer Minimum (1460-1550 A.D.), the Maunder Minimum (1645-1715 A.D.) and the Dalton Minimum (1790-1820 A.D.), can be regarded
as representing the cold interval known as the ‘Little Ice Age’, during which volcanic activity is estimated to have contributed to a further drop in temperature (Gao et al., 2008).
Between the Oort minimum (1040-1080 A.D.) and the Wolf Minimum (1280-1350 A.D.),
there was an interval of nearly 200 years marked by higher solar activity, which coincides
with the Medieval Climate Anomaly.
The most important conclusions to be drawn from this brief presentation are that the abrupt
climate change events of the Holocene (more frequent from the Middle Holocene onward) were
the result of a combination of climate forcing mechanisms and therefore did not take place at
the same time or with the same intensity across the globe. Each cooling event is the outcome of
a distinct and unique combination of climate forcing mechanisms (Mayewski et al., 2004).

1.4 Past rates of increase in atmospheric temperature and the role of
carbon dioxide
Current climate change has been estimated to account for a temperature increase of about
1ºC (ground surface temperature) in the last 500 years (Pollack and Smerdon, 2004; Huang et
al., 2000) and of 0.76ºC in the last 100 years (IPCC, 2007). Temperatures in the second half of
the 20th century were, as estimated, very likely to have been higher than during any other 50year period in the last 500 years, and likely the highest in the past 1,300 years (IPCC, 2007).
However, uncertainty remains considerable as to whether the last 100 years have had a higher
incidence of climate extremes than the last 400 years, due to the accuracy margin of paleoclimate data derived from paleoclimatic proxy indicators and historical records for the last 400 to
500 years BP, and to the fact that these data are not sufficiently calibrated and bridged with the
instrumental records available for the last 150 years (Xoplaki et al., 2005).
Although it is difficult to assign specific numbers to the change and rate of change in global
temperatures, given the considerable differences between regions, a number of temperature estiThe environmental,
economic and social impacts
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Table 1.1

Global temperature change and rate during sub-periods of the present
interglacial, along with the respective data sources

Time period
100 a BP
500 a BP

ΔΤ (°C)
+ 0.7

ΔΤ rate (°C/years)

+1

18 ka-11 ka BP*

Source

IPCC (2007)
Pollack and Smerdon (2004)

+ 1/100

North Atlantic foraminifera

18 ka-11 ka BP

+ 0.6–0.8/100

Pollen from France

18 ka-11 ka BP

+ 1.7–2/100

Coleoptera from Britain

6 ka BP
900-1350 A.D. (Middle Ages)
Cold periods in the 19th century
Cold periods in the 17th century (Little Ice Age)
1980-1999 – 2090-2099

+ 0.4/100
+1

Greenland ice

- 0.6-0.7

Dahl-Jensen et al. (1998)

- 0.5

Dahl-Jensen et al. (1998)

+ 1.8-4.0

IPCC (2007)
(Meehl and Stocker, 2007)
climate projections

* ka: thousand years, BP: before present.

mates have been advanced by the scientific community for different periods of the geological
past, quoted below in chronological order and also summarised in Table 1.1.
The global mean surface temperature during the last interglaciation (125-120 thousand years
ago, or ka BP), is estimated to have been higher (by 0ºC to 4ºC, and by 2ºC to 3ºC for northern
Europe) than today (Otto-Bliesner et al., 2006). Temperature variability from the end of the last
glaciation (21-18 thousand years ago) to the beginning of the current warm period (11-10 thousand years ago) is estimated to have been in the order of 4ºC to 7ºC (Jansen et al., 2007). In the
course of the current warm period (i.e. the last 11,500 years), estimates show that the midHolocene (between 9 and 4 thousand years ago) experienced a warm peak, with temperatures
1-3ºC higher than present levels (based on surface and ice-core data, Dahl-Jensen et al., 1998;
Masson-Delmotte et al., 2005). As shown by Greenland ice-core data, temperatures during the
Medieval Warm Period (900-1350 A.D.) were 1ºC higher than in the hundred-year period from
1880 to 1980 (Vinther et al., 2010). All reconstructions indicate that the Middle Ages were
warmer and the Renaissance and Enlightenment periods were colder, and that the 20th century
presents particularly high rates of temperature increase. It should, at any rate, be noted that the
maximum temperatures in the Middle Ages, for instance in Greenland, were close to 1950 A.D.
temperature levels (Kobashi et al., 2010).
The rates of temperature increase during the transition from the last glaciation (21-18 thousand years ago) to the beginning of the Holocene warm period (11,500 years ago) have been
estimated at around 1ºC/100 years based on data from deep-sea foraminifera in the North
10
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Atlantic (Austin and Kroon, 1996), 0.6-0.8ºC/100 years based on the analysis of pollen time
series from France (Guiot, 1987) and 1.7-2ºC/100 years based on the analysis of coleoptera
remains from Britain and France (Atkinson et al., 1987; Ponel and Coope, 1990). Even higher
rates of temperature increase have been advanced on the basis of the Greenland ice sheet, with
the temperature estimated to have increased by 5-10ºC in less than 1,500 years (Severinghaus
et al., 1998) and in some extreme estimates even by as much as 5-10ºC/100 years (Alley, 2000).
The rate of temperature increase in the Mid-Holocene (6 thousand years ago) is estimated to
have reached no more than 0.4ºC/100 years at mid-latitudes.
At this stage, it should be noted that, as estimated by the Intergovernmental Panel on Climate Change, the anthropogenic component in the temperature increase over the next 80 years
is projected to be between 1.8ºC and 4.0ºC (IPCC, 2007).
The high temperatures, the glacier retreat and the rise in sea level to higher-than-current levels during the Early- to Mid-Holocene are consistent with higher insolation, which peaked at
the beginning of the Holocene (~11 ka ΒΡ) and then began to trend downward. Given that current insolation levels are low, one would expect temperatures to be lower and glacier volume to
be greater than the observed values. Furthermore, the rates of temperature increase of 0.6-0.8ºC
and 1ºC/100 years mentioned above concern the transition from a glacial to an interglacial
period, during which higher rates of increase can be expected, whereas the current rate of
increase of 0.76ºC/100 years likely corresponds to the final stages of the current interglacial
period.
The global warming of the last 150 years has been largely attributed to the increase in
anthropogenic greenhouse gas emissions (Hegerl et al., 2011). As for the changes of the last few
decades, human forcing, e.g. air pollution, but also natural variability and processes in the
atmosphere-hydrosphere system have played their part (IPCC, 2007). As noted by The Geological Society of London in a recent report (November 2010), evidence from the geological record
is consistent with the physics that shows that adding large amounts of CO2 to the atmosphere
causes the temperature to rise (‘greenhouse effect’), which in turn leads to higher sea levels,
changed patterns of rainfall (Alverson et al., 2003), increased acidity of the oceans (Barker and
Elderfield, 2002; Caldeira and Wickett, 2003) and decreased oxygen levels in seawater (Keeling et al., 2010).
As shown by the analysis of air bubbles trapped in the Antarctic ice sheet, atmospheric CO2
concentrations have fluctuated over the last 800 thousand years. Temperature and CO2 concentration time-series evolved in parallel during earlier glacial-interglacial cycles of the Quaternary, with CO2 concentrations ranging from 180 to 280 ppm, respectively. However, since the
end of the previous glacial period, the increase in CO2 has been lagging behind the rise in temperature by a few centuries, more likely suggesting that CO2 is not the only culprit in climate
change during this interval. Scientists believe that the continued global cooling from the end of
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the Eocene (34 million years ago) to the Holocene is probably associated with a decline in CO2
values from ~1000 ppm to 180-280 ppm during the Quaternary. CO2 is currently at 390 ppm,
having increased by almost 35% in the last 200 years, with half of this increase having occurred
in the last 30 years. As mentioned in the aforementioned report of The Geological Society of
London (2010), similar rates of increase in CO2 have been found for 183 million years ago
(Lower Jurassic) and for 55 million years ago (Paleocene-Eocene), although the calculations of
the rate of CO2 increase are fraught with considerable uncertainty (sediment dating, rate of sedimentation, estimates of total CO2). Similarly high CO2 levels are estimated to have existed during the Pliocene (at times between 5.2-2.6 million years ago), with CO2 concentrations in the
atmosphere reaching 330-400 ppm. During those times, global temperatures were 2-3ºC higher
than now (Seki et al., 2010), and the mean sea level was higher than today by 10-25 m.
Evidence preserved in a wide range of geological settings (e.g. ice sheets, marine and lake
sediments, speleothems, etc.) has helped to establish that the Earth has undergone a number of
warming periods in the past. Each warming event/episode can be explained by, or related to,
geological events, such as orbital forcing, the breakdown of methane hydrates beneath the
seabed, changes in ocean circulation, variations in volcanic activity, continental displacement
and changes in the energy received from the sun. The concern about current global warming
(since 1970) stems from the fact that it cannot be related to anything recognisable as having a
geological cause, like the events mentioned above. For one, a rise in temperature as a result of
internal climate variability (e.g. El Niño) should cause regional rather than global warming
(Hegerl et al., 2007). The recent increase in temperature coincides with a sharp increase in
anthropogenic CO2 emissions which, based on geological analogues and physical theory, is
likely to raise global temperatures (Solomon et al., 2007). It has been estimated that a doubling
of CO2 concentrations in the atmosphere translates into a temperature increase in the order of
2ºC to 4.5ºC, with a best estimate of about 3ºC (climate sensitivity).

1.5 Paleoclimatic changes in the Eastern Mediterranean during the Holocene
The Mediterranean climate is influenced by the subtropical high pressure system over the
arid zones of North Africa’s deserts, the westerlies from central and northern Europe, the
African and Asian monsoons (Lionello and Galati, 2008), the Siberian High Pressure System,
the North Atlantic Oscillation (NAO) and the Southern Oscillation (SO) (Lionello et al. 2006;
Xoplaki, 2002). Apart from atmospheric circulation in the Mediterranean, the NAO can also
have an impact on river runoff and thermohaline circulation in the region (e.g. Tsimplis et al.,
2006). Specifically, according to the patterns of at least the last 500 years (Luterbacher et al.,
2006), a negative ΝΑΟ index is associated with wet (low-pressure anomalies) and usually
12
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cooler conditions in the Mediterranean, whereas a positive ΝΑΟ index is linked with strong
westerlies at high- and mid-latitudes and dry (anticyclonic), warm conditions in the Mediterranean. Heavy rainfall from the African and Asian monsoons contributes to the inflow of freshwater, mostly into the Eastern Mediterranean, from the Nile and other river systems, while precipitation variability is also affected by the El Niño Southern Oscillation (ENSO); Alpert et al.
(2006); Brönnimann et al. (2007); Karabörk and Kahya (2009). Thus, the reconstruction of the
Mediterranean paleoclimate and interpretation of climatic changes, whether gradual or abrupt,
often involve correlating with variations in monsoon intensity, periodicity of the Earth’s orbital
parameters, solar activity, as well as the North Atlantic Oscillation (ΝΑΟ).
The main physico-geographical factors that determine climatic conditions in the Mediterranean region are atmospheric circulation, latitude, altitude/orography, Atlantic and Mediterranean sea surface temperatures, land-sea interaction (distance from the sea), as well as smallerscale processes. Oceans have a direct influence on the atmosphere, through the continuous
exchange of heat and moisture, and through the significant role they play in the atmosphere’s
chemical balance. Sea Surface Temperature (SST) is an important geophysical parameter, capable ―via the air-sea interaction mechanism― of shaping local weather conditions, but also of
affecting the long-term climate (IPCC, 2007).
Both the marine geological record (paleotemperature reconstruction using e.g. foraminifera,
coccolithophores, alkenones) on a multi-millennial to centennial timescale and the proxy-based
reconstruction of temperature, precipitation and atmospheric pressure for the past 500 years
point to the existence of different climatic sub-regions in the Mediterranean, the clearest demarcation being between the Eastern Mediterranean, on one hand, and the Western and Central
Mediterranean (Luterbacher and Xoplaki, 2003). Thus, winter air temperature in the Eastern
Mediterranean appears to be negatively correlated with the ΝΑΟ index, in contrast with the
Western and Central Mediterranean where there seems to be a small positive correlation. Evidence of these regional differences is also found in the geological record in the paleotemperatures of marine surface waters estimated from long-chain alkenones (i.e. the Uk’37 index) in the
coccolithophorid Emiliania huxleyi that blooms in spring. According to Emeis at al. (2003), sea
surface temperatures over the last 300 ka are estimated to have ranged between 9ºC and 21ºC
in the Western Mediterranean and between 17ºC and 25ºC in the Eastern Mediterranean. Comparable sea surface temperature data for the past 90 thousand years are graphically represented
in Figure 1.4 (Almogi-Labin et al., 2009).
A combined analysis of the fossil coral record from the northernmost Red Sea and of simulations using the coupled atmosphere-ocean climate model ECHO-G reveals an impact of the
NAO on both seasonal variability and on inter-annual long-term mean values during the Late
Holocene (2.9 ka BP) and the previous interglacial (122 ka BP) in the Eastern Mediterranean
and the Middle East (Felis et al., 2004).
13

Figure 1.4

Sea surface temperatures (SST) derived from alkenones

(a) From the Eastern Mediterranean, (b) from the Western Mediterranean. Figure taken from Almogi-Labin et al. (2009).

Present-day winter conditions in the Aegean are influenced by dry polar/continental northelies that are orographically channelled through the Axios, Strymon and Evros river valleys, lowering the SSTs to 12-14ºC in the Northern Aegean and to 16ºC in the Southern Aegean
(Theocharis and Georgopoulos, 1993; Poulos et al., 1997). The SST range in the Mediterranean
is 3.6ºC in spring (from 16.6ºC to 20.2ºC) and 3.4ºC in winter (from 13.9ºC to 17.3ºC)
(Brasseur et al., 1996). The temperature difference between the Western and the Eastern
Mediterranean is in the order of 2-3ºC (Emeis et al., 2000).
Paleoceanographic data from the Aegean suggests that short cooling events during the
Holocene are associated with intense northerly winds superimposed on the tropical/sub-tropical
influence on the regional hydrography and ecosystems (Rohling et al., 2002b; Casford et al.,
2003; Gogou et al., 2007; Marino, 2008). These findings suggest that the NE Mediterranean climate was more variable during the last climate cycle than generally believed.
After the last glacial maximum (LGM, 21 ka BP) and until 13 ka BP, Mediterranean SSTs
averaged 11-15ºC based on the alkenone Uk’37 index (Emeis et al., 2000), while the total tem14
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perature change during the transition to the ‘warm’ Holocene (11.5 ka BP) is estimated at about
10ºC (Emeis et al., 2003). Significant during this period was the brief episode with relatively
high SSTs (e.g. 22.9ºC in the Northern Aegean; Gogou et al., 2007), between 15 and 13 ka BP
and corresponding to the Bølling-Allerød event (Bar-Matthews et al., 1997; Geraga et al., 2000;
Sbaffi et al., 2001). Distinct and abrupt cold events, known as the Older and Younger Dryas,
then followed between 14.7 and 11.7 ka BP, with SSTs as low as 13-14ºC at ca 14 ka BP in the
Ionian Basin (Emeis et al., 2000) and 14.5ºC in the Northern Aegean (Gogou et al., 2007) and
throughout the Mediterranean (Vergnaud-Grazzini et al., 1986; Rossignol-Strick, 1995; Geraga
et al., 2000; Sbaffi et al., 2001; Asioli et al., 2001; Aksu et al., 1995; Bar-Matthews et al., 1997;
Zachariasse et al., 1997; De Rijk et al., 1999).
During the early to mid-Holocene, the enhancement of Northern Hemisphere monsoons,
resulting from orbitally induced changes in the latitudinal and seasonal distribution of insolation created substantially wetter conditions over much of NE Africa (Jolly et al., 1998). This
resulted in a periodic intensification of the African summer monsoon, with increased precipitation along the northern African and the Sahel and possibly an increased discharge of freshwater from the Nile (Rossignol-Strick, 1985; Rohling et al., 2002). At the same time, the northern
fringe of the Mediterranean may also have experienced increased precipitation in autumn/winter (Tzedakis, 2007) due to significant regional atmospheric pressure variations (Duplessy et al.,
2005). The greater discharge of freshwater into the Eastern Mediterranean affected thermohaline circulation and inhibited deep water formation processes. This resulted in bottom water
oxygen depletion and stagnation, which, combined with increased organic material productivity and deposition on the sea floor, led to the formation and preservation of the most recent
sapropel,1 S1 (Rohling and Hilgen, 1991; Rohling, 1994). In the Aegean, sapropel formation
began at ca 10-9.6 ka BP (Perissoratis and Piper, 1992; Aksu et al., 1995; Zachariasse et al.,
1997; De Rijk et al., 1999; De Lange et al., 2008) and continued until ca 6.5 ka BP, with an
interruption between 7.9 and 7.3 ka BP (see e.g. Figure 1.7).
The period preceding sapropel S1 formation, i.e. before 9 ka BP, was characterised by low
SSTs. More specifically, the SST has been estimated at 13-14ºC in the Ionian Basin at ca 11 ka
BP (Emeis et al., 2000), 17ºC in the SE Aegean between 10.8 and 9.7 ka BP (Triantaphyllou et
al., 2009a, b) and ~16ºC in the Northern Aegean at 10.5 ka BP (Gogou et al., 2007) (Figure 1.7).
During sapropel S1 formation (9.5-6.6 ka BP), the SST reached 16-19ºC in the Eastern, Central
and Western Mediterranean (Emeis et al., 2000, Figures 1.5 and 1.6) and 17.5-22.9ºC in the
Northern Aegean (Gogou et al., 2007, Figure 1.7). A characteristic interruption in sapropel S1
formation is signalled by the global cold event of 8.2 ka BP, with markedly lower SSTs (Ger1 Sapropel is a dark-coloured sediment, rich in organic material and thought to develop during episodes of reduced oxygen
availability.
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Figure 1.5

Sea surface temperature (SST) estimates derived from alkenones

Emeis et al. (2000).

Figure 1.6

Sea surface temperatures (SST) derived from alkenones in cores ODP 967 in the
Levantine Basin and KC01 in the Ionian Sea

Emeis et al. (1998).

aga et al., 2008) in the Eastern Mediterranean (de Rijk et al., 1999; Geraga et al., 2000; 2005)
and arid conditions, as suggested by the sedimentary record of the Aegean sea (e.g. Rohling et
al., 2002; Triantaphyllou et al., 2009a, b). This cold dry event has also left archaeological
imprints, for instance in Knossos (Crete), where a Neolithic age settlement between ca 9.8-8 ka
BP, as confirmed by pottery finds, seems to have been partly abandoned between 9 and 7.5 ka
BP (Efstratiou et al., 2004). The absence of material remains from human activity during this
period has also been noted in a number of other locations, such as the Cyclops’ Cave in the
Northern Sporades, the Theopetra Cave (Thessaly), Sidari (Corfu, Berger and Guilaine, 2009)
and elsewhere in the Mediterranean.
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Table 1.2

Sea surface temperature (SST)* and its rate of change during various time
intervals (ka BP)** in Greece

Time period
13 ka

9.8 ka

SST rate of change
(°C/yr)
+ 8/1000

- 1.6/91

9.7 ka

- 2-3/70

8.2 ka

- 2/50

9.7 ka
2.8 ka
2.9 ka

1500-1850 A.D.
1860-2000, with 1961-1990
as reference period

SST (°C )

from 14 to 22

- 4/~250

-2

Ionian Sea (Emeis et al., 2000)

SE Aegean (Triantaphyllou et al., 2009)
SE Aegean (Triantaphyllou et al., 2009)

+ 3/92

+ 6/~250

Region

SE Aegean (Triantaphyllou et al., 2009)
from 16 to 22
from 20 to 16

0.9/90

Southern Aegean (Rohling et al., 2007)
Ionian Sea (Emeis et al., 2000)
Ionian Sea (Emeis et al., 2000)
Sicily (Silenzi et al., 2004)

IPCC (2001)

* Based on alkenones (except for Silenzi et al., 2004, which is based on Vermetidae shells).
** ka BP: thousand years before present.

Following the S1 sapropel deposition (less than 6.6 ka BP), SSTs ranged around 20ºC in the
Ionian Sea and Levantine basin, reaching a maximum of 24ºC (Emeis et al., 2000) at ca 6 ka
BP and averages of 19ºC in the Northern Aegean (Gogou et al., 2007), i.e. levels similar to the
current annual SST (Worley et al., 2005) at the same location. The Mid-Holocene (4.9 ka BP)
saw the highest SST recorded in the SE Aegean, i.e. 25ºC (Triantaphyllou et al., 2009).
The abrupt changes in Holocene SSTs in the Eastern Mediterranean are summarised in Table
1.2. Specifically, during the Allerød period (ca 13 ka BP) core RL11 in the Ionian Basin (Emeis
et al., 2000) saw a sharp increase in SST from 14 to 22ºC in less than 1,000 years, followed during the Younger Dryas by a decrease in SST over the next 1,000 years (Figure 1.5). This variation may be associated with seawater density changes and a shift of intermediate and deep water
formation to the Ionian Basin during the Younger Dryas. At 9.8 ka BP, core NS-14 in the SE
Aegean (Figure 1.7) saw a decrease of 1.6ºC in SST within 91 years, followed at 9.7 ka BP by
a rise of 3ºC within 92 years. The fact, however, that these high-amplitude and abrupt changes
are not observed throughout the Aegean underscores the importance of local hydrologic and
bathymetric conditions. Subsequently, during the cold and dry ‘8.2 ka event’ and based on paleotemperature proxies (e.g. oxygen isotopes and foraminifera concentrations), temperatures in
the LC21 core in the Southern Aegean dropped by 2ºC in roughly 50 years (Rohling et al.,
2002a, b), likely associated with fierce NW polar winds prevailing in the area. According to the
LC21 record, the decrease in temperature continued for about 150-250 years, while several centuries elapsed before temperatures resumed an upward trend. Rohling and Pälike (2005) note
that the 8.2 ka BP cold event was part of a longer anomaly spanning 400-600 years (based for
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Figure 1.7

Sea surface temperatures (SST), Uk/’37 index

Derived from the alkenone Uk/’37 index, (a) in NS-14 core, south of Nissyros (Triantaphyllou et al., 2009), left panel, and (b) in MNB3
core in the Northern Aegean (Gogou et al., 2007), right panel.

instance on records from Asia), but in Greenland lasted only 150 years (based on temperature
records derived from ice cores).
At about 2.9-2.8 ka BP, records from the RL11 sediment core in the Ionian basin (Emeis et
al., 2000) indicate that SSTs dropped sharply from 20ºC to 16ºC, and then rose from 16ºC to
22ºC in less than 500 years (see Figure 1.5). A decrease in SSTs (from 21-24ºC to 18.5ºC) is
also recorded in the NS14 core in the Southern Aegean (Triantaphyllou et al., 2009a, b) during
the same period.
As can be seen in Figure 1.8 representing the annual anomalies of Northern Hemisphere sea
surface temperatures relative to the 1961 to 1990 mean, the decadally smoothed annual values
indicate a total temperature deviation of about 1.0°C within 150 years. This rate of change does
not seem to exceed estimated paleotemperature SST changes (e.g. a drop of 2-3ºC in 70 years
at 9.7 ka BP, or a rise from 21ºC to 23.4ºC in 72 years at 5 ka BP, Triantaphyllou et al., 2009a,
b), derived from alkenone measurements for specific periods in the Aegean.
18
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Figure 1.8

Annual sea surface temperature (SST) deviations relative to the 1961-1990
reference period in the Northern Hemisphere

Source: IPCC, 2007.

Table 1.3

SST variation (°C)
2-6

Total range of change in sea surface temperature (SST) in the Mediterranean
during the Holocene (11.5 ka BP until before the industrial revolution)
Region

References

E Mediterranean

Emeis et al. (2000, 2003), Triantaphyllou et al. (2009)

N Aegean

Gogou et al. (2007)

SE Mediterranean, north of
the Nile

Castaneda et al. (2010)

4

W Mediterranean

Cacho et al. (2001)

5

Tyrrhenian Sea

Sbaffi et al. (2001)

8
4-12

As shown by the recapitulation in Table 1.3, Holocene climate variations are reflected in
SST variations of about 2-6ºC in the Eastern Mediterranean (Emeis et al., 2000; 2003; Triantaphyllou et al., 2009a, b), up to 8ºC in the Northern Aegean (Gogou et al., 2007), 4-12ºC in the
SE Mediterranean (north of the Nile; Castañeda et al., 2010), 4ºC in the Western Mediterranean
(Cacho et al., 2001; Figure 1.9) and about 5ºC in the Tyrrhenian Sea (Sbaffi et al., 2001).
There are indications that the periodicity of these changes was 2,300 years for the Aegean Sea
(Rohling et al., 2002a, b) and ca 730 years for the Western Mediterranean (Cacho et al., 2001).
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Figure 1.9

Sea surface temperatures (SSTs) in the Western and Central Mediterranean

Source: Cacho et al., 2001.

Estimates about the variation in temperature and rainfall during the Holocene have been
made possible by analysing the calcite formations (speleothems) of karstic caves in the Eastern
Mediterranean for stable oxygen and carbon isotope ratios (δ18O and δ13C). The Soreq Cave in
central Israel, situated at an altitude of 400 m and 40-50 m below ground, has been the focus of
many paleoclimate investigations, such as the ones by Bar-Matthews et al. (2003) and ΒarMatthews and Ayalon (2005). The analysis of these stable isotope data revealed a similarity in
temperature variation between sea surface water (Emeis et al., 2000; McGarry et al., 2004) and
atmospheric air, while a reconstruction of precipitation for the past 10 ka showed that there was
50% more rainfall at the beginning of the Holocene than today. The 8.2 ka BP cold event corresponds, at low latitudes, to an arid period within a humid period (i.e. the African humid period
of 15-5 ka BP, deMenocal et al., 2000a, b). Maximum rainfall values prevailed until 7 ka BP,
20
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while 6-5 ka BP marks the end of the tropical African humid period (Gasse, 2000; 2001), with
evidence of a gradual decrease in precipitation in the Eastern Mediterranean at ca 6.2 to 5.8 ka
BP (Bar-Matthews et al., 1997; 2003; Frisia et al., 2006) and increased aridity in the Aegean
(Rohling et al., 2002a, b). A period of increased precipitation followed between 5 and 4 ka BP,
reflected in a sapropel-like layer, possibly younger than S1, called SMH (sapropel mid
Holocene) and found in the Southern Aegean (Triantaphyllou et al., 2009a, b).
Subsequently, between 4.6 and 4.2 ka BP, precipitation levels in northern Italy (Drysdale et
al., 2006), the Levant (Bar-Matthews et al., 1997; Enzel et al., 2003) and the northern Red Sea
(Arz et al., 2006) decreased significantly from 600 to 400 mm and then remained below current
levels for a long period of time. The late Holocene (from 4 ka BP to present) is characterised
by a general cooling trend, coupled with progressive aridity (Cacho et al., 2001; Sbaffi et al.,
2001; Marchal et al., 2002; Rohling et al., 2002a, b). The arid period is in line with the general
aridity trend, suggested by theory, for North Africa and the Middle East, more likely driven by
earth orbital variations (e.g. precession), (deMenocal et al., 2000a).

1.6 The last millennium
A series of distinct climatic episodes have occurred during the last millennium in the
Mediterranean, including the Medieval Warm Period (also known as the Medieval Climate
Anomaly, 900-1350 A.D.), the cold Little Ice Age (1500-1850 A.D.) and other cold events of
shorter duration. The latter, which comprise the Late Maunder Minimum (LMM, ca 1675-1715
A.D.) and the Spörer Minimum (SM, ca 1460-1550 A.D.), appear to be associated with solar
activity minima, although there remains considerable scepticism among the scientific community about long-term solar irradiance changes (Jansen et al., 2007, etc.). Atmospheric circulation during the LMM, for instance, was also affected by volcanic activity, internal climate variability and changes in the North Atlantic Ocean circulation (Luterbacher et al., 2001; Luterbacher and Xoplaki, 2003).
Turning to Greece, documentary data (historical documents, manuscript monastic sources)
provide evidence of severe winter extremes during the period 1200-1900 (Repapis et al., 1989).
Repapis et al. conclude that the coldest periods occurred in the first half of the 15th century
(concurring with the cold period reported by Mayewski et al., 2004), the second half of the 17th
century and the mid-19th century. Indices of temperature, precipitation, drought and flooding
for Greece and Cyprus during the period 1675-1830 have been reconstructed on a monthly discontinuous basis (Xoplaki et al., 2001). The wettest weather during the Little Ice Age was
recorded during the periods 1650-1710 and 1750-1820 (Figure 1.10), while the SST, based on
the δ18Ο analysis of vermetid reefs (formed by thermophilic gastropods) in NW Sicily (Silenzi
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Figure 1.10

Reconstruction of low-frequency temperature and precipitation variations in
winter

Mean values (for every 31 years) of winter temperatures (grey line) and precipitation (black line) in the Mediterranean during the
1500-2002 period (Luterbacher et al., 2006).

et al., 2004), is estimated to have been 1.99±0.37ºC lower during the Little Ice Age than today.
As can be seen from Figure 1.11, the SST based on the reconstruction by Silenzi et al. (2004)
was higher in the early 1500s A.D. than today, an observation also corroborated by the SST
records from the Bermuda Rise in the Sargasso Sea (Keigwin, 1996).
Evidence dating back to the Middle Ages and the beginning of the Little Ice Age in the Eastern Mediterranean has been collected by the University of Thessaloniki, the Patriarchal Institute for Patristic Studies and Utrecht University.
It should be noted that the period between 1500 and 1900 saw intense volcanic activity
throughout the Mediterranean, but also across Europe.
Regarding the last few centuries, there is a considerable shortage of high-resolution (annual,
seasonal) SST data for the Mediterranean, due to a lack of appropriate indices (such as the coral
reef indices available for tropical-subtropical seas). One exception, though, is the annually-banded
coral reefs of the Red Sea (Felis and Rimbu, 2010). New paleoenvironmental indicators are being
sought in vermetid reefs (for the last 500-600 years; 30-50 year resolution; Silenzi et al., 2004;
Montagna et al., 2008; 2009; Sisma-Ventura et al., 2009), non-tropical corals (for the last 100-150
years; seasonal to weekly resolution; Montagna et al., 2009) and deep-water corals (similar to non22
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Figure 1.11

Comparison of paleotemperature indices

(a) Vermetid δ18O records from Sicily (Silenzi et al., 2004), (b) δ18O records from the Red Sea, and (c) sea surface temperature (SST) in
the Bermuda area, Sargasso Sea (Keigwin, 1996).

tropical corals; Montagna et al., 2006; McCulloch et al., 2010). These new records could complement the paleoclimatic database derived from such key climate indicators as foraminifera,
alkenones, dinoflagellates, nannofossils, as well as serpulid overgrowth in submerged
speleothems (Antonioli et al., 2001). The above-mentioned marine indicators provide low-resolution information (i.e.100-200 years between samples), with the exception of areas with a high sediment accumulation rate (>80 cm/ka), such as the Southern Levantine basin, where the time resolution over the last millennium reaches 40-50 years between samples (Schilman et al., 2001). The
stable isotope composition of foraminifera in this high-resolution sedimentary record clearly
delimits the Medieval Warm Period from the Little Ice Age. Kuniholm and Striker (1987) conducted a large number of dendrochronological investigations, mostly in Greece and Turkey, in
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Table 1.4

Published papers on the paleoreconstruction of sea surface temperatures (SST)
(Based mostly on the alkenone Uk/'37 index and for the Eastern Mediterranean
in particular during the Quaternary)

Triantaphyllou et al.
(2009)

Location

Paleotemperature
index

Age range
ka BP

Nissyros (SE Aegean)

alkenones

(3) 4.5-12.7 ka

Gogou et al. (2007)

Skyros (N Aegean)

alkenones

(1.5) 6-10.5(14.5) ka

Emeis et al. (1998)

Levantine,
Ionian basins

alkenones

7.69 ka-3 ma

KS8230,967,RL11

Emeis et al. (2000)

alkenones, planktonic
oxygen isotopes

16 ka

M40/87, RL11, 964,
M40/71, 969, M40/67,
967

Alboran, Ionian,
Levantine basins

Emeis et al. (2003)

alkenones

340 ka

alkenones

25 ka

Core/location
NS-14
MNB-3

ODP967D
ODP964
KC01/01B

BS7933,
BS7938,MD952043,
M39008
9509,
9501

GeoB 7702-3
BS79 38/33/22, MD 952043, GISP2, GRIP

Reference

Cacho et al. (2001)

Alboran, Ionian,
S Aegean,
Levantine basins
Tyrrhenean,
Alboran Sea,
Gulf of Cadiz

Almogi-Labin et al. (2009)

N and S
Levantine Basins

alkenones

0.240-86 ka

McGarry et al. (2004)

Peqiin cave, Israel

speleothemes

0-140 ka

Castaneda et al. (2010)

E Mediterranean,
north of the Nile

alkenones and TEX86

27 ka

Forams, pteropods,
d18O, alkenones

0-34 ka

Sbaffi et al. (2001)

North of Sicily,
Alboran Sea, Greenland

order to date archaeological sites. The various investigations of tree-ring data from Turkey showed
that drought periods typically lasted 1-2 years and rarely more than three. By combining the
results of different studies, it appears that 1693, 1735, 1819, 1868, 1878, 1887 and 1893 were the
driest years in the Eastern Mediterranean basin (Akkemik and Aras, 2005; Büntgen et al., 2008;
2010; Till and Guiot, 1990; Serre-Bachet et al., 1992; Glueck and Stockton, 2001; Esper et al.,
2007; Touchan et al., 2008; 2010; Touchan et al., 2003; 2005; 2007).
The data and characteristics of leading published studies of paleo-sea surface temperature
reconstruction in the (Eastern) Mediterranean over the past 340 thousand years, based mostly
on the alkenone Uk’37 index, are recapitulated in Table 1.4.

1.7 A comparison of current climate change to earlier changes in the
Earth’s history
Comparisons of the relative and absolute changes in SST in the Mediterranean over the last
21 thousand years with current temperature changes (assuming that the current mean SST of the
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Mediterranean is 19.4ºC, within a range of 18.4-20.5ºC) reveal that, based on the alkenone
Uk’37 index for paleotemperature estimation (considered to reflect spring SSTs), lower but also
higher temperatures have been recorded in the recent geological past. More specifically, an SST
of 25ºC has been estimated for the SE Aegean at 4.9 ka BP (Triantaphyllou et al., 2009a, b),
when comparable current spring values for the Southern Aegean are <9ºC (Skliris et al., 2010).
Similarly, an SST of 24ºC has been estimated for the Ionian Basin at 6 ka BP (Emeis et al.,
2000), when current mean SSTs for the Ionian Sea are <18ºC (Malanotte-Rizzoli et al., 1997).
The Northern Aegean is estimated to have had an SST of 22.9ºC at 13 ka BP (Gogou et al.,
2007), while current spring values are <8ºC (Skliris et al., 2010), and the Ionian Basin is estimated to have had an SST of 22ºC at ca 1000 A.D. (Emeis et al., 2000), while estimates based
on oxygen isotope data from Vermetid reefs show that the SSTs in the Tyrrhenian Sea were
higher in the early 1500s A.D. than today (Silenzi et al., 2004).
The mean rate of SST change in the Mediterranean from the early-19th century to 2008 was
+0.04ºC/decade, but much lower, in the order of +0.01ºC/decade, in the Aegean (Axaopoulos
and Sofianos, 2009). However, since the mid-1980s, the SST of the Aegean has shown a much
stronger rate of increase, in the order of 0.024ºC/decade (Axaopoulos and Sofianos, 2009). As
discussed in Sub-chapter 1.5, the following rates of SST change (using alkenone-based reconstruction) have been estimated for the Mediterranean during the Holocene (11.5 ka BP): a
decrease of 1.6ºC in approximately 90 years (at 9.8 ka BP), followed by an increase of 3ºC in
92 years (at 9.7 ka BP) (Triantaphyllou et al., 2009a, b) in the SE Aegean; a decrease of 2ºC
in 50 years in the Southern Aegean at 8.2 ka BP (Rohling et al., 2002a, b); an increase of 2.4ºC
(from 21ºC to 23.4ºC) in 72 years at 5 ka BP in the SE Aegean (Triantaphyllou et al., 2009);
and an increase from 16ºC to 22ºC at 2.8 ka BP in the Ionian Sea (Emeis et al., 2000, see Figure 1.5).
As also noted in Sub-chapter 1.5, the annual deviations of mean SSTs in the Northern Hemisphere available for the period 1860-2000 relative to the reference period 1961-1990 (Figure
1.8) recorded a total change of an order of 0.9ºC in the course of a 90 year-interval (namely
1910-2000 A.D.), which is less than other changes observed during the last 21 thousand years.
However, a more recent record (1957-2006) of mean SSTs for the Mediterranean shows a
stronger change in temperature, i.e. of 1.2ºC in 28 years (Figure 1.12), which is consistent with
the rate of increase of 0.067ºC/year derived from satellite measurements for the period 19902006 (Del Rio Vera et al., 2006). Unfortunately, the inevitably low time resolution (over the last
21 ka) and poor spatial distribution of available paleoclimatic data do not allow for a more valid
comparison of current and past SST variability in the Mediterranean. Based on high-resolution
ocean circulation models, it is estimated that that SSTs could increase by 3ºC by 2100 (Somot
et al., 2006), i.e. at a rate not unheard of in the recent geological past, for instance at 9.7 ka BP
in the SE Aegean.
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Figure 1.12

Mean annual sea surface temperature (SST) in the Mediterranean during
the 1957-2006 period
(Based on Hadley climatology, Belkin, 2009)

A comparison of the global warming signal of 0.7ºC over the past century (IPCC, 2007) with
respective rates of warming during the last 21 thousand years indicates that similar or even
greater changes occurred in the recent geological past. However, these earlier cases of warming
coincided with glacial-interglacial transitions, during which higher rates of warming are to be
expected. The rate of warming during the Mid-Holocene (6-4 ka BP) dropped to 0.4ºC/100
years, i.e. a rate that reflects a period of more stable background climate state, as the climatic
transition had essentially been completed. The current rate of warming (0.7ºC/100 years) therefore exceeds that of the Mid-Holocene, despite the fact that the estimated paleotemperatures
are, in absolute terms, 1-3ºC higher than today’s temperatures.
The difference between current climate change and earlier episodes of climate warming is
that the rate of increase is now higher, when our position in the climate cycle is taken into
account. It should be noted that the projections of a temperature increase of 1.8-4.0ºC over the
next 80-90 years (Meehl and Stocker, 2007, IPCC), exceed the average warming rates recorded
in paleoclimatic data. The highest estimated rate of warming during the initial stages of the current interglacial reached the extremes of 5-10ºC/100 years; however, this estimate comes from
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Arctic ice core measurements during the transition period from 18 ka BP to 11.5 ka BP, and
therefore has limited spatial significance. The paleoclimatic record for the last 500 years in the
Mediterranean consists of an instrumental record that goes back 150 years and compilations of
proxy data for the period prior to 1860. The inconsistency and lack of homogeneity of this
record does not allow safe conclusions, as to the change in frequency of extreme weather events
during the past 100 years relative to the previous 400 years.
An overview of the paleoclimate of the last 21 ka in the Mediterranean shows that although
all regions usually experienced a similar climate change trend (i.e. warming or cooling), they
did not experience the same range or rate of temperature change (Tables 1.2 and 1.3). This is
also evidenced by the modern instrumental SST record, which shows that during the recent
warming period 1975-1990, the temperature increase was 0.8ºC in the Western Mediterranean,
0.6ºC in the Ionian Sea and almost nil in the Levantine Sea (Belkin, 2009). This suggests that
the anticipated increase in SST based on the respective scenario will vary in intensity and duration across the different sub-basins of the Mediterranean, due to their distinct hydrological, climatic and oceanographic features. For instance, Eastern Mediterranean basin SSTs display
stronger seasonal variability, most likely due to the deep water mass temperatures that are consistently lower than those of the other Mediterranean sub-basins (Berman et al., 2003). Moreover, the Eastern Mediterranean is strongly influenced by the Indian Monsoons, whereas the
Western Mediterranean is more affected by the North Atlantic climatic variability.
In conclusion, today’s rate of warming is indeed high, given the current climate background
(phase of the climate cycle), but it remains within the range observed at other times during the
past 21 thousand years. The contribution of CO2 to current global warming seems to be significant, as this increased rate of warming cannot be explained or directly associated with specific
geological events, such as changes in the Earth’s orbital parameters, breakdown of methane
hydrates, ocean circulation changes, volcanic activity, continental drift and changes in solar
activity, each one of which has, in the geological past, been a cause of global warming and climate change.

1.8 Greece’s present-day climate
1.8.1 Climate type and sub-types
The regions around the Mediterranean basin have a particular type of climate, known as
‘Mediterranean’, characterised for the most part by mild to cool wet winters and warm to hot
dry summers.
Situated at the southern end of the Balkan Peninsula (Aemos Peninsula), Greece has a complex topography which, together with the prevailing weather systems, accounts for a strong spaThe environmental,
economic and social impacts
of climate change in Greece
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tial variability of climate conditions. As a result, the climate can vary from Mediterranean to
alpine within just a few dozen kilometres. Another predominant feature is Greece’s extensive
coastline, which along with the topography influences a number of local climate characteristics,
sometimes causing significant differences from what is considered a typical Mediterranean climate. Three facts worth mentioning at this stage are the average altitude of the Greek mainland
(close to 600 m), the gradient in elevation (typically between 100 m and 200 m per km), and
―as mentioned― the impressively lengthy total coastline (16,300 km, i.e. more than a third of
the Earth’s equatorial circumference). Broadly speaking, Greece’s climate can, according to
Mariolopoulos (1938, 1982), be broken down into four main sub-types:
i) a maritime Mediterranean climate, with pleasant temperate characteristics, encountered
along Greece’s western coast and on the Ionian Islands;
ii) a lowland Mediterranean climate, found in SE Greece, part of Εastern-Central Greece,
parts of the Εastern Peloponnese, the islands and coastal areas of the Central Aegean and Crete,
with drier summers and colder winters than at respective latitudes around the Ionian Sea;
iii) a continental Mediterranean climate, over the larger part of Thrace, Macedonia and
Epirus and part of Thessaly, with some of the continental climate characteristics typical of
Balkan regions further north; and
iv) a highland Mediterranean climate, encountered in the mountain ranges running through
Greece. These mountain ranges include woodlands with a forest climate, as well as small highaltitude areas with an alpine climate during winter.
The islands of the Northern Aegean have a transitional type of climate (continental-tolowland), whereas the climate of the Dodecanese islands has temperate maritime characteristics.
1.8.2 Seasonal climate characteristics
The weather patterns over the Southern Balkans and the Εastern Mediterranean are affected
by high pressure systems (anticyclones) and low pressure systems (depressions) that determine
air mass movement. These centres of atmospheric activity, whether permanent or temporary/seasonal, are influenced by local factors and therefore take on characteristics specific to the
region they move over and whose climate they in turn also affect.
The atmospheric circulation systems and centres of atmospheric activity that directly affect
the winter weather patterns in the region are the Azores High, the Siberian High, and primary
and secondary low pressure systems in the Mediterranean. The southward movement of the
Azores High enables storm systems from the Atlantic to penetrate over the Mediterranean,
while other low pressure systems also form over the Mediterranean as a result of the interaction
between a low pressure trough in the upper atmosphere and the topography. The low pressure
systems are mostly driven by the polar jet stream, in the upper troposphere, in trajectories
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roughly corresponding to the polar front. As the polar front moves south-east in winter, the
tracks of the low pressure systems also move south-east, causing the Eastern Mediterranean to
become a centre of low pressure activity. This activity results in subtropical air masses moving
over Greece and accounts for the mild temperatures and the seasonal rainfall.
The effects that these low pressure systems moving over Greece have on the weather and
the climate depend on both the track of these systems and the topography. Because of the
presence of mountain ranges in Western Greece, the low pressure systems coming in from the
west produce large amounts of rainfall on the windward side of the ranges and lose strength
by the time they reach the Aegean; there, they gather strength again and moisture as they
rotate over the warm sea, causing new rainfall in Greece’s eastern islands and on the Asia
Minor coast. The impact of the Siberian High results in very low temperatures and severe
winter cold, due to the advection of continental polar air masses into the region. The southward movement of the high pressure systems that form over the North Atlantic and northern
Europe and the fact that they can remain stationary for extended periods of time cause very
cold, albeit sometimes sunny days.
Spring in Greece is usually short, as winter generally lasts through March, with short frequent cold spells. The onset of summerlike weather is fairly rapid, rainfall declines as the
atmospheric stability increases, especially toward end-March. From April onward, the average
air temperature increases markedly throughout the country, paving the way to a generally
warmer May, the prelude to summer.
Summer sets in during the month of June, with stable, fair and dry weather, abundant sunshine throughout the season and only brief rainy interludes in the form of thermal storms. Low
pressure systems are, of course, not non-existent, but they are usually weak. More specifically,
although the Balkan Peninsula and Anatolia are both regions where thermal low pressure systems form, the temperature of the sea at this time of the year is generally cooler than the surface temperature of the land it surrounds. As a result, the upward movement of the overheated
air, which would normally be conducive to summer rainfall, is inhibited. The summer heat is
rather intense throughout the country, with heat waves, known since ancient times, usually associated with atmospheric stability and calm.
In many areas of Greece, the heat, though severe, is tolerable due to the dryness of the air
and the cooling effect of sea and land breezes. In Eastern Greece and in the Aegean in particular, the seasonal, but intermittent strong dry winds from the North (known formally as ‘Etesians’
and colloquially as ‘meltemia’) temper the heat considerably. In Western Greece, where the
humidity is higher and the low-lying inland areas are too far for the sea breezes to cool and
where the Etesians are rare, the heat can be unbearable. The temperature in Greece’s mountainous areas, on the other hand, is quite tolerable. Summer nights are pleasant, especially in
Eastern Greece, owing to the dryness of the atmosphere mentioned previously, the light land
29

breeze and the more subdued Etesians at night. Summer weather, with its high temperatures,
often lasts through September, particularly in the southern regions and on the islands.
Autumn is one of the more pleasant seasons in Greece, especially in the southern regions
and on the islands where it can last well into December. The mean temperature is higher in
autumn than in spring. The first rains of autumn come around mid-September/early October,
when the eastward expansion of the Azores High ceases rather abruptly, and the southward shift
of the high pressure zone brings the first incursion of cold air masses. The high pressure systems that form in eastern Europe often around mid-autumn are responsible for the Indian summers with calm fair weather encountered in SE Europe, including Greece.2

1.9 Greece’s climatic parameters
1.9.1 Solar radiation
The amount of solar radiation that reaches any given spot on the Earth’s surface depends on
such factors as location latitude, season, local climate and local topography.
In theory, the geographical distribution of insolation follows the annual cycle of solar declination.3 In the Northern Hemisphere, maximum incident solar radiation occurs at the time of the
summer solstice (June 21st), and minimum incident solar radiation at the time of the winter solstice (December 21st).
However, atmospheric factors (such as absolute humidity, cloud cover, suspended particles) can account for considerable deviations from the theoretical values of incident solar
radiation. In Athens, for instance, direct solar radiation, i.e. the solar radiation energy to reach
the Earth’s surface, measured on a surface perpendicular to the sun’s beam, is stronger in
spring than in summer. The reason for this is simple: despite the fact that the sun is at its maximum altitude in summer, the amounts of water vapour and (because of the etesian winds)
dust in the atmosphere, i.e. two factors that absorb and scatter solar radiation, are greater in
summer than in spring. The mean annual cycle of global solar radiation in a given region, i.e.
the sum of the direct and diffuse radiation it receives, generally follows the annual variation
in solar altitude, with maximum values in summer and minimum values in winter. Indicatively, the mean maximum values of global solar radiation for Athens are 200-250 W/m2 in
winter and 800-850 W/m2 in summer, while diffuse radiation averages between 90-100 W/m2
in winter and 190-200 W/m2 in summer.
2 The Indian summer phenomenon is sometimes still referred to in Greece as the ‘little summer of St Demetrius’ (e.g.
Mariolopoulos, 1982; Kotini-Zambaka, 1983). Note: the feast of St Demetrius is celebrated in October.
3 Interestingly, the Greek word for climate (‘κλίµα’), derived from the verb ‘κλίνειν’ (to slope, to incline), denotes the relationship
between the angle of the sun’s rays and air temperature.
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1.9.2 Cloud cover and sunshine
Average annual cloud cover in Greece is greater in the inland regions, where the air masses
are forced upward by the orography, causing water vapour convergence and condensation to
take place. On average, maximum cloud cover (i.e. the fraction of the sky covered by clouds)
is slightly above 50% inland and progressively declines the closer one moves to the coast,
where maximum cloud cover falls below 40%. During the course of the year, cloud cover
evolves roughly in parallel with rainfall, with maximum values in winter and minimum values
in summer. In SE Greece, cloud cover is close to zero.
The number of mostly clear days (cloud cover under 20%) is rather high in all seasons, while
the number of overcast days (cloud cover over 80%) is small.
The highest average annual sunshine durations in the country (around 3,000 hours) are
recorded in the Southern Aegean, the southern coast of Crete and the Southern Dodecanese,
while durations of over 2,800 hours are recorded in the Southern Ionian, the southern coast of
the Peloponnese, the Argolis region (Eastern Peloponnese), the Saronic Gulf and the Central
Aegean. The number of annual sunshine hours progressively decreases as the distance from the
coast increases, with annual sunshine falling to its lowest levels (under 2,300 hours) in the
country’s north-western mountainous regions. As can be expected, during the course of the year,
sunshine duration varies inversely with cloud cover, with maximum sunshine of about 300-400
hours/month recorded in July and minimum sunshine of about 90-100 hours/month in winter.
1.9.3 Air temperature
Air temperature in Greece varies not only with latitude, but also with the topography. Winters are milder in regions where the mountain configuration blocks the inflow of cold winds
from the North, and much colder in areas where the geomorphology allows these cold air
masses to penetrate. The tempering influence of the sea also accounts for the milder climate
(milder winters and cooler summers) of the coastal regions and islands, compared with nearby
regions situated inland. The annual isotherms (i.e. the contour lines that connect points of equal
mean annual air temperature on a geographic map) run almost parallel to latitude, with the 19ºC
isotherm following the western coast of the Peloponnese, the 20ºC isotherm the SE coast of
Crete, and the 15ºC isotherm the lowlands of Macedonia and Thrace. The mean annual temperature is about 10ºC in the mountains of the Peloponnese and about 5ºC in the mountains of
Northern and Central Greece. The coastal areas of the Ionian and the islands of the Eastern
Aegean enjoy a milder climate than regions in Eastern Greece at similar latitudes, with differences of about 0.5-1.0ºC in mean annual temperature, while winters on the western coast are
almost 3ºC warmer. The winter isotherms again run almost parallel to latitude and temperature
differences in various regions are more pronounced than in summer, when the air temperature
is regulated by land-sea distribution.
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In high summer, i.e. July and August, the daily maximum air temperature ranges between
32ºC and 36ºC, but can climb above 40ºC, as daily absolute maximum temperatures of over
45ºC have been recorded in certain areas of Central and Southern Greece. The climate of the
Aegean is tempered by the etesian winds and summer sea breezes. In most parts of Greece, minimum air temperatures are recorded between end-January and February, indicating the prevalence of a continental climate and occurring earlier in the inland regions than on the coasts.
Daily absolute minimum temperatures of -20ºC are not unheard of in certain areas in Northern
Macedonia and Northern Thrace, as well as at high altitudes in Central Greece. From March
onwards, the air temperature gradually increases, peaking between end-July and August, later
along the coast than inland. The temperature slowly begins to drop countrywide by end-September, earlier in the north than in the south.
The mean annual temperature range (the difference between the monthly mean temperature
of July or August and the monthly mean temperature of January or February) is more than 20ºC
in Northern Greece, characteristic of a continental climate, but much smaller in the southern
regions. In the southern islands, in fact, it is typically below 15ºC. The diurnal air temperature
variation in most parts of the country reaches a high in the afternoon, at around 2 pm (a little
later in summer, at around 3 pm), and a low at around 7 am in winter (5 am in summer). The
mean daily temperature range (the difference between the mean maximum and the mean minimum daily temperature) ranges from 8ºC in summer to 4ºC in winter.
Northern Greece sees days with total frost, i.e. days when the temperatures never climbs
above 0ºC, a phenomenon quite rare for Southern Greece, especially the coastal regions and
Aegean islands. In fact, not a single day with total frost has ever been recorded in the low-lying
areas of Crete since instrumental observations began. Days of partial frost, when the air temperature dips below 0ºC at some point during the day, are common in winter and early spring.
The air temperature drops by 0.6-0.8ºC for every gain of 100 m in altitude. Ground surface temperature, like air temperature, varies on an annual and daily basis, but on a much larger scale,
as the ground heats up more than the air in summer and also cools more in winter. Ground temperature variation evens out at greater depths, and at depths exceeding 1 m daily fluctuations
are inexistent.
1.9.4 Air humidity
The annual course of absolute air humidity, i.e. the quotient of the mass of water vapour in
a given volume of air, expressed by partial water vapour pressure, follows the annual temperature cycle, with maxima in summer and minima in winter. In maritime Mediterranean climates,
the absolute humidity maxima and minima, just like the sea-surface temperature, lag slightly
behind the corresponding air temperature maxima and minima. The mean annual absolute
humidity shows maximum values of 11-12 mm Hg along the coast of Western Greece, and
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decreases as one moves inland with minimum values of 8-9 mm Hg; the values then increase
again towards the coast of Eastern Greece and on the Aegean islands, but remain lower than in
Western Greece. The daily course of absolute air humidity presents a double fluctuation yearround, just as in the case of continental climates.
Relative humidity is expressed in percentage terms as a ratio of water vapour mass in the air
to water vapour in the air at saturation (the maximum vapour mass that would be present in the
air at a given temperature) or as a percentage ratio of partial water vapour pressure (absolute
humidity) to maximum water vapour pressure (at saturation point). The concept of relative
humidity is of particular bioclimatic interest, as low relative humidity makes summer heat
waves and winter cold more tolerable. Mean annual relative humidity ranges around 60% in
Attica-Boeotia and Argolis and around 75% along the coast of Western Greece and the islands.
The climate is, generally speaking, more humid in Western Greece than in the SE regions. Relative humidity evolves conversely to air temperature on both an annual and a daily basis, as relative humidity is, by definition, inversely proportional to maximum water vapour pressure,
which depends on air temperature. Mean relative humidity shows a simple annual variability
pattern throughout Greece, with a maximum in December and a minimum in July-August. The
annual range in atmospheric water vapour content is greater in continental Greece and Crete
than that of temperate climates, approaching the typical range for continental climates; the
annual range for Western Greece is somewhere between that of continental and marine climates,
while the range for the coastal regions of the Peloponnese and Crete and the islands is close to
that of maritime climates. Similarly, mean atmospheric relative humidity presents a simple daily
variation, conversely to temperature variation, with a maximum near sunrise, between 4 am (in
summer) and 7 am (in winter), and a minimum ―almost always― at 2 pm.
1.9.5 Precipitation
Rainfall and air temperature are major determinants of regional climate. As already mentioned, the topography of Greece plays an important part in the shaping of its climate, especially
with regard to the amount of rainfall. Greece’s geographic position, the fact that the country is
on most sides surrounded by sea, together with the presence of high mountains and mountain
ranges spanning in different directions make for considerable regional differences in rainfall
distribution and levels. The rainfall pattern typical of Mediterranean coastal areas is, of course,
predominant, with dry spells in summer and a rainy season from mid-autumn to mid-spring.
Rainfall distribution throughout the year tends to be more even in Northern Greece. Mean
annual precipitation for Greece as a whole is roughly estimated at 800 mm, but the geographical distribution of the annual amount of precipitation and of the yearly rainy season generally
follows Greece’s geomorphology. As in the Iberian and the Italian peninsulas, annual precipitation in Greece generally declines from west to east and from north to south. The warm, moist,
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rain-producing air masses of depressions moving in from the west, and the warm moist air
masses coming in from the south butt up against almost perpendicular mountain ranges (the
bulk of Greece’s mountain ranges run north-south). These air masses, thus uplifted, subsequently cool and release most of their moisture on the windward side. Once over the mountain
ridges, the air masses descend and heat by compression, producing some rainfall on the leeward
side (rain shadow).
The mean annual precipitation received by Greece’s mountain ranges is as follows: >2,200
mm in the Pindos range (continental Greece); 1,800 mm in Crete’s White Mountains (Lefka
Ori); and 1,600 mm in the mountains of the Peloponnese. The lowest amounts of annual precipitation, i.e. <400 mm, are recorded in the Saronic Gulf, Argolis (Eastern Peloponnese) and
the islands of the Southern Aegean. Mean annual precipitation reaches 1,000-1,400 mm in the
Ionian Islands, 1,000-1,200 mm on the western coast of Epirus, and increases progressively
with the gain in altitude up to 2,000 m, but then decreases sharply on the leeward eastern slopes
of the mountains and on the Greek peninsula’s eastern side. Annual precipitation increases again
somewhat, further east, in Euboia and the Northern Sporades Islands, and in the mountains of
Macedonia and Thessaly, but once again decreases over the Aegean coast. Finally, annual precipitation increases over the islands and coast of Asia Minor. In Greece’s NE regions, Eastern
Macedonia and Thrace, annual precipitation increases as the distance from the coast increases,
reaching its highest level in the region’s northern mountains. Similarly, in Crete, annual precipitation declines from west to east, with levels of almost 800 mm recorded in the NW and of
below 500 mm in the SE.
The temporal distribution of annual precipitation is fairly even in the cold months of the
year, although precipitation levels increase from autumn to winter and decrease towards spring.
In summer, the scarce rainfall events to interrupt the protracted dry spell are usually brief local
thermal thunderstorms, which, without major differences between west and east, can produce
substantial amounts of rain within just a few hours. In most parts of Greece, the summer
drought begins in May, as the depressions over the Eastern Mediterranean become less frequent.
The duration of the drought increases from north to south, from 2 months (July-August) in
Northern Epirus, Macedonia and Thrace to as many as 4-5 months in the country’s SE regions.
The annual pattern of precipitation can present particularities in terms of maxima and minima
depending on proximity to the sea, altitude, latitude, etc., without ever deviating too much from
the typical characteristics of a Mediterranean climate, i.e. a cool wet winter and an arid summer. July and August are the driest months. The first autumn rains usually come in September,
first at the higher altitudes, and later (October) in the lowland regions and the Aegean islands.
The highest monthly rainfall is, on average, recorded in November and especially December.
Annual precipitation levels can vary considerably from year to year, while consecutive years of
dry or wet weather are also recorded. Annual precipitation in Athens has, for instance, ranged
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from minimums of 115.7 mm (1898), 150.6 mm (1989), 199.3 mm (1990) and 206.2 mm (1891)
to maximums of 987.3 mm (2002), 846.4 mm (1883), 713.0 mm (1885), 612.0 mm (1955) and
601.9 mm (1910). It should be noted that, based on the observations of the National Observatory of Athens, the mean annual precipitation of Athens during the period 1891-2010 was close
to 400 mm.
The spatial distribution of the annual number of rainy days is similar to the spatial distribution of precipitation amounts. More specifically, the annual number of rainy days exceeds 110
days in the western coastal regions, increases farther inland, peaks in the central mountain
ranges, and then decreases towards the Aegean coast, before increasing again in the coastal
regions of Asia Minor. The smallest annual number of rainy days (below 80) is observed in the
same region as the smallest amount of annual rainfall, i.e. in certain Cyclades islands and in the
region of Argolis and the Saronic Gulf.
The amount of 24-hour precipitation and rainfall intensity, i.e. the amount of rain divided by
its duration, are important data to be taken into consideration, especially at the designing and
construction phases of public works. 24-hour precipitation levels in excess of 150 mm are not
unheard of, even in regions with low annual precipitation: Athens has had 24-hour precipitation
as high as 150.8 mm (16 November 1899) and 160 mm (2 November 1977), when the mean
daily precipitation in November for Athens is 1.9 mm and total annual precipitation is roughly
400 mm. 24-hour precipitation and rainfall intensity have the same geographical and seasonal
distribution as annual precipitation. Mean annual rainfall intensity declines from west to east
and from north to south. Rainfall intensity in most parts of Greece is highest in October and
November.
The meteorological conditions that favour thunderstorm development are similar to the ones
that generate rainfall, except that there also has to be a high degree of atmospheric instability.
Thunderstorms occurring in the Mediterranean are generally the result of an incursion of cold
polar air masses (cold fronts), particularly in the autumn when the sea is relatively warm, and
in areas where warm, moist, tropical air masses converge (warm fronts). The orography plays
an important role, as the uplifted air masses subsequently cool and their water vapour content
condenses. In Greece, autumn and winter storms are generally more common in the coastal
regions, as the sea is warmer than the atmosphere. What are known as thermal thunderstorms
take place in summer in the continental regions, as a result of the very high ground surface temperatures and the conditions that favour instability in the free atmosphere. Such instability is,
on the contrary, negligible in the coastal regions, as the sea is cooler than the land.
1.9.6 Winds
As already mentioned, the Mediterranean winter is determined by high pressure systems
over Eurasia and the North Atlantic. These systems steer respectively cold dry or warm moist
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air masses towards the Mediterranean, thereby creating centres of cyclogenesis or rejuvenation
of low-pressure systems. This explains why winter winds are so variable in direction and intensity. The same conditions roughly prevail in autumn and spring. The predominant wind from
autumn to spring is a south-southwesterly wind, known today as livas.4 Caused by high pressure systems from the Atlantic and North Africa, this wind carries warm moist air masses and
is associated with depressions in the Mediterranean. When forced by the topography over a
mountain range, it becomes katabatic on the leeward side, warms up and moves further away
from saturation, thus giving rise to warm dry winds with Foehn characteristics, particularly
warm and dry in summer. The combination of a high pressure system over the Balkans and a
low pressure system over the Aegean gives rise to the cold northerly wind, Vardar, in the Axios
valley. As mentioned previously, winter is sometimes marked by an incursion of very cold air
masses from the North.
Whereas the wind systems prevailing in winter are complex and variable, the winds prevailing in summer, known as “Etesians” (“meltemia”) , are predominantly northerly (northwesterly in the Ionian and Greece’s western coast, north-easterly in the Northern Aegean,
becoming northerly in the Central and Southern Aegean). The intensity of the Etesians in the
boundary layer of the atmosphere (from surface to 800-1,000 m) usually peaks at midday, when
the mixing of upper and lower atmospheric layers reaches a maximum; these winds then subside, sometimes almost entirely, at night. Because of the lesser friction, the winds are generally
stronger over sea expanses. Typically of moderate intensity (4-5Β, 8-9 m/sec), the Etesians can
easily gain strength over open seas (6-7B, 10-15 m/sec or more) and occasionally reach gale
force (over 9Β, >20 m/sec). The Etesians reach their highest intensity and frequency in JulyAugust, particularly in certain channels of the Aegean, such as the one between the islands of
Naxos and Paros (Repapis et al., 1977). On summer days without Etesians, the air in the inland
areas is quite still, with light mountain and valley breezes, while the coastal areas and the
islands enjoy sea breezes at daytime, alternating with land breezes at night. The velocity of sea
breezes is of the order of 5-6 m/sec, while the velocity of land breezes is much lower.
1.9.7 Evaporation, dew, frost, fog, snow and hail
Evaporation, i.e. the amount of surface water that evaporates into the air, depends on a
combination of factors: firstly, the water temperature, but also on air temperature and humidity, as well as the wind. Evaporation in Greece broadly follows the annual and daily air temperature range, with lower rates recorded in the west and north and higher rates in the south
and east. Average annual evaporation amounts to roughly 1,650 mm in Athens and 1,350 mm
in Thessaloniki.
4 Formerly the Λιψ of the ancient Greeks.
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Dew, i.e. the condensation of water vapour on exposed surfaces in the form of liquid
droplets, is recorded almost year-round in most parts of Greece, with maximum occurrence in
winter and minimum occurrence in summer.
Frost, i.e. the condensation of water vapour on exposed surfaces in the form of tiny ice crystals, is less frequent than dew and recorded only in the cold season, when ground surface temperature is below 0ºC.
Fog, i.e. the low-lying cloud caused by the cooling and condensation of moisture contained
in the adjacent to the ground surface air layer of a moist and warmer than the ground air mass.
Fog forms as a result of the advection of warm, humid air masses over a cold ground surface or
as a result of ground surface cooling ―through radiation― during cold, fair nights. More days
with fog are observed in Northern Greece than in the southern regions.
Snowfall increases from south to north, from coast to inland and from low-lying to highlying regions. The occasional incursion in winter of north-easterly cold air masses associated
with the Siberian High is another cause of snowfall, mainly in Eastern Greece. The snow season can last from end-September to end-May in the mountainous regions of Northern Greece,
but is far shorter ―starting later and ending earlier― in the southern regions and along the
coast. Snow accounts for 0 to 20% of Greece’s total annual precipitation.
Hail, i.e. the precipitation in the form of spherical or irregular pellets of ice that falls during
thunderstorms, is an important climate phenomenon, because of the potentially substantial damage to agriculture. The annual number of days with hail decreases from west to east, but then
increases again close to the Asia Minor coast. During the cold season, hail is more common on
the coast than it is further inland, mainly due to frontal storms. Conversely, hail occurrence in
the warm season increases inland on account of thermal thunderstorms.

1.10 The climatic characteristics of Greece’s marine regions
The warm Asia Minor current that enters the Aegean Sea from the East, after flowing northward along the Eastern Mediterranean coast, and the colder current that enters the Northern
Aegean from the Black Sea through the narrow strait of the Dardanelles and then flows southward along the western coast of the Aegean explain why the sea surface temperatures (SSTs)
of the Aegean are slightly colder along the western coast than along the eastern coast
(Metaxas, 1973). SSTs are generally highest in August and lowest in February and, as is well
established, lag behind the air temperatures over land, due to the seas’ high heat capacity,
while the mean annual SST is higher than the mean annual marine air temperature (MAT).
From September through March the mean monthly SST is higher than the mean monthly MAT
(in the Northern and Central Aegean by as much as ~3ºC in January-February), whereas from
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April through August the mean monthly SST is lower than the mean monthly MAT (in the
Central Aegean by ~2ºC in July). In the Northern Aegean, the SST reaches a maximum of
~24ºC in August and a minimum of 12.5ºC in February, when the respective MAT values are
24.5ºC and 9.5ºC. In the Central Aegean, the maximum (minimum) SST is 25.0ºC in August
(14.5ºC in February), when the corresponding maximum (minimum) MAT is 26.0ºC in July
(12.0ºC in January). In the Southern Aegean, the maximum (minimum) mean monthly SST is
25.0ºC in August (15.5ºC in February), when the corresponding maximum (minimum) MAT
is 26.0ºC in August (14.0ºC in February). In the Ionian Sea, the maximum (minimum) SST is
25.5ºC (15.0ºC), whereas the maximum (minimum) MAT is 26.0ºC (13.5ºC). In the cold season, the SST of the Southern Aegean is somewhat higher than that of the Ionian, while the
opposite is the case in summer. During the months of July and August, the prevailing Etesian
winds cause cooler water at greater depths to rise to the sea surface (upwelling) in the Eastern
Aegean. The highest mean annual SST in Greece is recorded in the region of Rhodes (~20ºC),
while the lowest mean annual SST is recorded in the wider area of Alexandroupolis (~15.5ºC).
The lowest mean monthly SST in Greece is recorded in the NE Aegean, just outside the Dardanelles (~11ºC in February), while the highest mean monthly SST is recorded in the Southern Ionian (~26ºC, in August).
Mean annual sea surface evaporation is estimated at ~2,000 mm on the eastern coast of the
Aegean, at ~1,800 mm in the Southern Aegean, and at ~1,600 mm along the coasts of the Ionian and south of Crete. In both the Aegean and the Ionian seas, sea surface evaporation is generally more pronounced in the northern than in the southern parts, due to the prevalence of
northern winds. All year round, the isoevaporation lines run almost parallel to the axis of the
Aegean. The highest estimated daily values of ~7 mm/day are recorded on the eastern coast in
January (where northern winds prevail and the sea-air temperature difference is greatest along
the eastern coast of the Central Aegean), as well as in July-August, when strong Etesian winds
prevail. The lowest estimated daily values of sea surface evaporation, under 3 mm/day, are
recorded in May, due to the weak speed of winds (Metaxas and Repapis, 1977).

1.11 Urban climate and bioclimatic indexes
The settlement of human populations inevitably brings about changes to the environment.
Human activity affects atmospheric conditions in three ways: i) by modifying land surface
characteristics and land use (urbanisation, deforestation, draining e.g. of wetlands and
swamps, etc.); ii) by releasing energy into the atmosphere (industries, heating, electric lighting, etc.); and iii) by loading the air with gaseous and particulate pollutants. Man’s impact on
the atmosphere is most evident in big cities, as urbanisation results in a significant alteration
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of the urbanised environment’s climate parameters. The quality of urban air, as opposed to that
of rural air, is further degraded by the presence of various pollutants. Apart from the adverse
effects that air pollutants and suspended particulates have on health, they also reduce visibility. This often results in the formation of a “microclimate”, or “urban climate”, the characteristics of which, especially as far as air quality is concerned, largely depend on the city’s size,
population, percentage of built-up areas and green spaces, building materials, paved surfaces,
energy source use and industrial activity. The influence of all of these factors, conducive to
what is known as “urbanisation-induced warming”, is particularly evident in terms of the air
temperature, as the energy emitted by urban human activity contributes to an increase in air
temperature. The presence of buildings, pavements and roads also alters the radiation balance,
as these elements absorb and re-emit heat differently than a rural environment would. The air
is thus warmer on average in cities than in non-urbanised environments, with the size of the
deviation basically increasing with urban population size. This phenomenon is known as the
“urban heat island” effect.
Athens is a typical metropolitan area, with a high building density in the central districts and
a lower building density in the suburbs (urban fringe). According to Eurostat data, the larger
urban zone of Athens is among the eight most populated areas in the European Union, with a
population of over 4,000,000 since 2004, i.e. nearly one third of the country’s population (Note:
the true figures for the population of Athens are in fact higher, given that illegal immigrants
have not been taken into consideration). Despite decentralisation efforts made in the 1980s,
most of the country’s administrative, commercial, economic, social and cultural activities
remain concentrated in Athens. Rapid population growth and the pursuit of a better quality of
life have been the main drivers of urban sprawl, towards areas with more green space, associated with a higher quality of living index (Stathopoulou and Cartalis, 2006). During the period
1990-2000 alone, urbanised areas in Athens increased by 4.6% (Stathopoulou et al., 2009).
This, of course, is not only a Greek phenomenon. According to a report by the European Environment Agency, during the ten year period 1990-2000 the growth of urban areas and associated infrastructure throughout Europe consumed more than 8,000 km2, equivalent to complete
coverage of the entire territory of Luxembourg or Crete. By 2020, approximately 80% of Europeans will be living in urban areas, while in some countries the proportion will be 90% or more.
Greece’s growth model has led to a distorted overcrowding of both people and activities in five
major areas: the wider urban areas of Athens (with Piraeus), Thessaloniki, Patras and Herakleion and the zone between the two cities of Volos and Larissa. In the specific case of Athens,
the transfer of the main airport to Spata (some 20 kms east of Athens) and the construction of
high-speed motorways have in the past few years accelerated the relocation of Athenians to the
city fringe, mostly to the north-east and south-east. As a result, former resort/secondary residence areas have evolved into primary residence areas and have undergone a considerable
39

growth in urban activity. Today, the predominant trend sees immigrants moving into the rundown neighbourhoods of central Athens and Piraeus, while veteran city dwellers move out, in
pursuit of a better living environment in the burgeoning suburbs to the north and east. It should
also be noted that this urban sprawl has been accompanied by considerable illegal construction
activity, across all classes of society. With the continuous expansion of the urban fabric, motorways and paving, the urban environment encroaches ever increasingly upon the natural environment. This only exacerbates the urban heat island effect, as well as the changes to the climatic conditions in the area.
As mentioned earlier, the urban heat island effect is primarily due to the different thermal
properties of commonly used urban building materials, as opposed to those of the natural environment (Park, 1986). Asphalt and cement, for instance, have different thermal and reflective
properties than the natural environment. These materials alter the energy balance, as they absorb
solar radiation, instead of reflecting it, thereby causing an increase in temperature. The lack of
trees and natural vegetation in urban regions also affects the energy balance, as it inhibits evapotranspiration and the associated cooling effect provided. Moreover, air pollution, altered wind
patterns (low winds), waste heat and the geometry of a city further intensify the urban heat
island effect (Hassid et al., 2000; Santamouris et al., 2001; Livada et al., 2002; Mihalakakou et
al., 2004). The urban heat island effect is seen during both the warm and the cold season (Santamouris et al., 2001), but is much higher in intensity (expressed as the difference in maximum
air temperature between urban and rural areas) in the summer, when it approaches 10ºC in the
day and 5ºC at night. The lack of urban green areas seems to be a key culprit in the development of the urban heat island effect in Athens, given that the phenomenon is considerably mitigated in areas of the city with tall, dense vegetation, such as the National Gardens at the heart
of the city (Livada et al., 2002). The cooling effect of this public park vanishes within just a few
metres, on the adjacent avenues with their dense traffic (Zoulia et al., 2008).
As a result of the urban layout, the traffic load, waste heat and the overall balance of each
area, the temperature difference between the National Gardens and other parts of the city can
range between 0ºC and 13ºC during the day (mean temperature difference between ~7 ºC and
8ºC). The smallest temperature difference is recorded with the central pedestrian zone on Ermou
Street, as opposed to other parts of the city, such as Ippokratous Street. During the day the temperature is generally much higher in the city centre than in the suburbs (roughly 7-8ºC higher).
However, in areas with a high traffic load such as Ippokratous Street (where a monitoring station is located), the temperature difference can reach as much as 12-13ºC. The increases in temperature in the Athens are not consistent throughout the different districts, but depend on the
heat load.
Human health and well-being are directly dependent upon the weather and climate, in particular on such factors as air temperature and humidity, sunshine, wind and atmospheric pres40
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sure. According to many climatologists, a comfortable climate (for humans) corresponds to a
temperature range of 18-22ºC, with a relative humidity of 30-60% and mild winds up to 2
m/sec. A number of bioclimatic indexes have been devised to quantify human discomfort due
to various climate parameters, starting with Thom’s very simple ‘Discomfort Index’, first proposed in 1959, that provides a combined index of the air temperature and relative humidity, to
the far more elaborate ‘Physiological Equivalent Temperature’ (PET), an indicator of thermal
comfort based on meteorological parameters, but also on the energy balance of the human body.
An analysis of PET index values for Greece showed that winter afternoons in the low-lying
regions and the islands were perceived as thermally neutral, i.e. comfortable (18-23ºC), whereas
in the highland regions the bioclimatic conditions were perceived as cold (4-8ºC). In contrast,
on July and August afternoons, the thermal environment was perceived as hot (35-41ºC) in the
low-lying regions, but as slightly warm (23-29ºC) in the islands and highlands. According to
climate model forecasts, bioclimatic conditions in Greece are expected to change substantially.
Especially in the summer, the PET value for the period 2071-2100, compared with the reference
period 1961-1990, is likely to move up three levels on the physiological stress scale in the
southern regions and two levels in the northern regions. During the remainder of the year, the
PET value is likely to move up one to two levels on the physiological stress scale (Matzarakis
and Nastos, 2011). In addition, an analysis of the projected changes in the ‘humidex’ discomfort index showed a significant increase in the future in the number of days with index values
of over 38ºC (Sub-chapter 1.16, Figure 1.39).

1.12 Sources and emissions of air pollutants in Greece over the period
1990-2008
The deterioration in urban air quality as a result of human activity warrants particular interest. Air pollution can be defined as the perturbation of the atmosphere’s natural chemical composition, due to increased concentrations of some of its components and/or to the introduction
of additional substances, mainly of anthropogenic origin. Almost all megacities have some
degree of air pollution, due to the activities of their populations (industry, traffic, energy and
heat production, etc.; Gurjar et al., 2007), with pollutants classified as primary or secondary.
Primary air pollutants are emitted directly into the atmosphere from the pollutant source and can
include soot, sulphur dioxide, carbon monoxide, nitrogen oxides, hydrocarbons and other
organic gases, lead oxides and various suspended particles of organic and inorganic compounds
of anthropogenic or natural origin. Secondary air pollutants are not directly emitted as such, but
form when primary pollutants react in the atmosphere (physico-chemical transformation), especially in areas and time periods with abundant sunshine. One such secondary pollutant is troThe environmental,
economic and social impacts
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Table 1.5

Emissions of the most significant primary pollutants in Greece in kilotonnes (kt)
and statistical data on the share (%) of Greece in total European emissions, as
well as per capita emissions in kilograms per year in Greece

1990
emissions
(kt)

2008
emissions
(kt)

Percentage
change

SO2

493.0

447.6

NMVOC

255.0

Pollutant
NOΧ

20.6

Source

3.5

-9.2

7

7.6

39.9

EEA

218.0

-14.3

8

2.6

19.5

EEA

1,281.3

685.0

-46.5

8

3.0

61.0

EMEP, EEA

79.0

63.1

-20.1

14

1.7

5.6

EEA

PM2.5

49.3*

62.81

22.0

-

-

-

EMEP

PM10

26.1*

37.2

31.0

-

-

-

EMEP

NH3

356.9

Kg per
inhabitant
(2000-2008)

7

CO

296.0

Percentage
Ranking in share in total
ΕU-27 in emissions in
2008
EU-27

31.8

EEA

EEA: European Environmental Agency, http://www.eea.europa.eu/
EMEP: European Monitoring and Evaluation Programme, http://www.emep.int/
* Emissions since 2000.

pospheric ozone. Immediately below is a brief outline of the prevalent primary air pollutants
encountered in Greece (see also Table 1.5).
Nitrogen oxides – NOx

Nitrogen oxides play an important role in atmospheric chemistry, particularly in the formation and destruction of tropospheric ozone. Two of the most prevalent oxides of nitrogen
―nitrogen oxide, ΝΟ, and nitrogen dioxide, ΝΟ2― are essentially formed from the breakdown
of nitrogen gas and its reaction with oxygen during combustion processes.
Certain nitrogen oxides, for instance NO2, are particularly toxic. Short-term exposure to concentrations of less than 3 ppm can cause irritation to the respiratory tract, while concentrations
of over 3 ppm may lead to pulmonary dysfunction. Prolonged exposure to low concentrations
can affect lung tissue, causing emphysema. Certain groups, such as asthmatics and young children, are particularly vulnerable to the effects of nitrogen oxides. Nitrogen oxides also contribute to the formation of fine suspended particles and to ozone production, which costs billions of dollars on a global scale in terms of morbidity and mortality.
The main sources of NOx emissions in Greece are energy production (fossil fuel combustion) which accounts for 59% of the total, road transport (29%) and other types of transportation (11%).5 As can be seen in Figure 1.13,6 the highest ΝΟ2 emission levels are recorded in the
5 http://www.eea.europa.eu/ (see file: greece-air-pollutant-emissions-country-factsheet.pdf, 2008)
6 http://www.doas-bremen.de/
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Figure 1.13

Tropospheric column density of NO 2 over Greece in the 2003-2009 period, based
on satellite observations from SCIAMACHY spectrometer

In the colour range, blue represents the lowest values of NO2 and red the highest.

Attica Basin and in Central/Western Macedonia (Thessaloniki/Ptolemais), i.e. regions with
intense anthropogenic activity.7
From 1990 to 2008, total NOx emissions in Greece increased by 21%, putting Greece in the
7th position among the EU-27.8 It should be stressed that Greece is one of the few countries
whose NOx emissions increased, whereas emissions in the EU-27 as a whole decreased by
31%.9 For the period 2000-2008, NOx emissions in Greece were estimated to have risen by 0.9
kg/capita to reach 31.8 kg/capita.
Sulphur dioxide – SO2

Sulphur dioxide is released into the atmosphere mostly from anthropogenic activities,
although one-fourth of total emissions come from natural sources, such as volcanic activity. The
presence of SO2 in the atmosphere is important to monitor because of the compound’s high
water solubility. When combining with water, sulphur dioxide forms sulphuric acid (H2SO4), a
constituent of acid rain, the deposition of which has adverse effects on ecosystems. Sulphur
dioxide is an oxidising agent that can cause pulmonary dysfunction, especially in asthmatics. It
poses an even greater health risk when combined with increased concentrations of particulate
matter and other gaseous pollutants.
7 http://prtr.ec.europa.eu/
8 The EU-27 consists of Austria, Belgium, Bulgaria, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany,
Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxemburg, Malta, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia,
Spain, Sweden and United Kingdom.
9 http://www.eea.europa.eu/ (file: greece-air-pollutant-emissions-country-factsheet.pdf, 2008)
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Energy production, mainly from fossil fuel combustion, is the predominant source of SO2
emissions in Greece (93%), with the rest coming from non-road transport and industrial
processes.10 From 1990 to 2008, total SO2 emissions in Greece declined by 9%, which, however, was far less than the average reduction (66%) achieved by the EU-27. With annual emissions of 448 kilotonnes in 2008, Greece ranked 7th among the EU-27.11 Another fact worth noting is that Greece accounts for roughly 8% of total EU-27 SO2 emissions. Lastly, in 2008 SO2
emissions were estimated at 39.9 kg per capita.
Non-methane volatile organic compounds – NMVOC

Volatile organic compounds (VOCs), together with nitrogen oxides, are precursors of tropospheric ozone, high concentrations of which cause toxic photochemical smog with adverse
effects on vegetation and human health (Williams, 2004). In addition, volatile hydrocarbons
also have a significant effect on the oxidative capacity of the atmosphere (Vrekoussis et al.,
2004; Monks, 2005), i.e. the atmosphere’s ability to convert various gases and to cleanse itself
of air pollutants. Lastly, VOCs are primary precursors for the formation of particulate matter in
the atmosphere, as well as of cloud condensation nuclei (CCN) (Roberts et al., 2002).
VOCs are emitted into the atmosphere from anthropogenic and natural processes (Vrekoussis et al., 2009; 2010). The production of fossil fuels, the use of solvents and biomass burning
are the main anthropogenic sources, while the main biologically generated source of VOC is
isoprene, a compound released by plants. The sources of NMVOC in Greece can be divided into
four categories: energy production and consumption (26%), road transport (23%), industrial
processes (25%), while the remaining 25% comes from a number of other sources (farming, solvent use and waste management).12
Over the period 1990-2008, the EU-27 was able to reduce NMVOC emissions by a substantial 41%, while Greece, with a contribution of 2.6% to total EU-27 NMVOC emissions,
reduced its emissions by 14%. The 218 kilotonnes of NMVOC emitted in Greece correspond to
emissions of 19.5 kg per capita.13
Carbon monoxide – CO

Carbon monoxide, produced from the incomplete combustion of carbon-containing substances, is toxic to humans because it acts as an antagonist to haemoglobin, i.e. the protein in
the bloodstream that transfers oxygen from the lungs to the rest of the body. It is present in the
natural environment in very low concentrations of 100 ppbv (part per billion per volume). Emis10
11
12
13
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sions from natural sources, such as volcanoes and wildfires, are relatively low compared with
emission levels in urban centres. CO concentrations in urban areas, typically at 10 ppmv (parts
per million per volume), are 100 times higher than in non-urban areas.
Most CO emissions in the EU-27 come from road transport, followed by household activities and industrial processes.14 Between the years 1990 and 2008, CO emissions in Greece were
reduced by a substantial 47% (from 1,302 kilotonnes in 1990 to 685 kilotonnes in 2008), with
per capita emissions (2000-2008) estimated at roughly 61 kg. Greece accounts for some 3% of
total CO emissions in the EU-27.15
Ammonia – ΝΗ3

Ammonia has recently become the focus of much debate because of the effects that the
deposition of atmospheric nitrogen can have on ecosystems, thereby leading to eutrophication
and increased acidity. Ammonia is also associated with the formation of secondary particulate
matter with adverse effects on human health and the climate. Agriculture remains the major
source of ammonia emissions in Greece (96%), with the remaining 4% associated with road
transport. Between the years 1990 and 2008, ammonia emissions in Greece were reduced by
20%, with emissions in 2008 estimated at 5.6 kg per capita. Greece accounts for 1.7% of all
NH3 emissions in the EU-27.16
Particulate matter – PM

Particulate matter (PM) is a collective term used to describe solid or liquid particles suspended
in the atmosphere, such as dust, pollen, soot, smoke, liquid droplets. Distinctions are made
between coarse particulate matter (PM10) which is less than 10 microns in diameter and fine particulate matter (PM2.5) which is less than 2.5 microns in diameter, including ultrafine particulate
matter (PM1) which is less than 1 micron in diameter. Long-term exposure to high PM concentrations, especially fine particles, can cause severe respiratory and cardiovascular disorders.17
Primary particulate matter arises from both anthropogenic activity (agriculture, industry,
fossil fuel combustion) and natural processes (windblown dust, wildfires and volcanoes). Secondary particulate matter comes from the oxidation of precursor gaseous compounds, such as
nitrogen oxides, sulphur oxides, ammonia and VOCs. In the specific case of Greece, secondary
particulate matter stemming mainly from ΝΟx and SO2 account for the bulk of airborne particulate matter.18 Their main sources in 2007 were industrial processes, road transport and energy
14
15
16
17
18

http://www.eea.europa.eu/ (file: LRTAP1990-2008.pdf)
http://www.eea.europa.eu/ (file: LRTAP1990-2008.pdf)
http://www.eea.europa.eu/ (file: greece-air-pollutant-emissions-country-factsheet.pdf, 2008)
http://www.who.int/en/
http://www.ekpaa.greekregistry.eu/
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production industries. Between the years 2000 and 2008, PM emissions in Greece increased
both for fine particulate matter (PM2.5) and coarse particulate matter (PM10), by 22% and
31%, respectively.19 In contrast, EU-27 emissions decreased by ~10% in both PM categories
over the same period.20

1.13 Climate change trends in Greece
From the late 19th century to the 1970s, the mean air temperature time series for the Eastern Mediterranean and Greece has been consistent with the upward trend recorded for the
Northern Hemisphere – NH (Repapis and Philandras, 1988; see also Figures 1.14 and 1.15).
However, the cooling recorded in the NH in the period 1940-1970 was more pronounced in the
19 http://www.emep.int/
20 http://www.eea.europa.eu/ (file: LRTAP1990-2008.pdf)

Figure 1.14

Mean annual temperature time series, 1880-2000
(Values smoothed with 10-year moving average)

(a) in the Northern Hemisphere (red line), and (b) in the grid box which includes Greece (yellow line).
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Figure 1.15

Mean annual air temperature time series observed at selected Greek stations
(1950-2010)

The red line represents values smoothed with Gaussian 9.
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Figure 1.16

Time series of precipitation at selected stations in Greece, Cyprus (Nicosia) and
Turkey (Antalya)

The orange time series for Chania and the red time series for Nicosia were completed with data from adjacent stations (Souda and
Larnaca, respectively). Smooth lines were created using Gaussian filter with σ=9.
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Figure 1.17

North Atlantic Oscillation (NAO) index time series and April-October
precipitation (rainy season) time series in Western Greece, Eastern Greece and
the Eastern Aegean Islands

The bold curves represent values smoothed with Gaussian 9. The straight lines show regressions.

Eastern Mediterranean: thus, whereas mean temperatures in the NH soon rebounded and from
the early 1980s exceeded the values of the previous 100 years, in the Eastern Mediterranean
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they only began to rise again in the 1980s and 1990s (Repapis et al, 2002; Saaroni et al., 2003;
Feidas et al., 2004; Repapis et al., 2007).
In terms of precipitation levels, a clear positive trend in annual precipitation was recorded
for northern Europe, with the exception of Finland, in contrast with a clear negative trend
recorded for southern Europe and the Mediterranean (ECSN, 1995; IPCC, 1996; 2001). Rainfall in the Eastern Mediterranean decreased, with sizeable differences across regions and intense
variability from year to year, depending on the topography and the tracks of passing low pressure systems. As far as Greece is concerned, most regions experienced a negative trend in rainfall in the second half of the 20th century, statistically significant in some regions (Kandylis et
al., 1989; Mantis et al., 1997; Hatzioannou et al., 1998; Paz et al., 1998; Maheras et al., 2004;
Xoplaki et al., 2004; Feidas et al., 2007; Zanis et al., 2009).
In Greece, the negative trend in annual rainfall in the course of the 20th century ranges
from 20% in Western Greece to 10% in Eastern Greece, and can be attributed partly to the
trend observed in the North Atlantic Oscillation (see Figures 1.16 and 1.17; Zerefos et al.,
2010).

1.14 Climatic trends in the Athens region
Athens has undergone particularly acute climatic changes over the past decades, due to the
combined influence of various ―mostly anthropogenic― factors, including:
• intensified urbanisation, leading to a greater ‘urban heat island’ effect;
• global climate change, due to the greenhouse effect;
• loss of peri-urban green areas to forest fires; and
• natural climate variability.
In order to determine the climatic influence of the above factors, it is necessary to have a
continuous record of meteorological observations (time-series) that are long-term, reliable and
homogeneous. The case of Athens can be considered ideal, as the meteorological observations
(time-series) kept on record by the historic meteorological station of the National Observatory
of Athens (NOA), in the city’s central district of Thisseion, go back more than a century and
were all made at the exact same location, amid surroundings that have remained unchanged
within a radius of several hundred meters (Founda et al., 2004). The area where the NOA station is located has no urban traffic, considerable green areas, and low-density low-height construction, i.e. features that are more typical of a suburban station (Livada et al., 2002). The temporal temperature variations, as recorded at the NOA station, seem to be predominantly attributable to the combined effects of global climate change (natural and anthropogenic) and intensified urbanisation in the wider area (Philandras et al., 1999; Founda et al., 2004).
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Figure 1.18

Variation of the mean maximum and mean minimum summer temperatures
in Athens
(1900-2008/Thisseion Station, National Observatory of Athens)

Based on NOA observations, the time-series of the annual mean air temperature for Athens
has qualitatively followed the time-series for the Northern Hemisphere from the beginning of
the previous century till today, with alternating warm and cooler periods, along a generally
upward trend in the order of 0.5ºC over the long term (1900-2008). Since the mid-1970s, however, the overall trend in annual mean temperature has, despite yearly variations, been clearly
upward (+1.3ºC from 1976 to 2008). Similar and concurrent has been the overall upward trend
in annual mean maximum temperature (i.e. also starting in the mid-1970s), whereas the upward
trend in annual mean minimum temperature (night temperature) began with a lag of several
years, but has been faster paced (+1.8ºC from 1984 to 2008; Founda, 2011).
Particularly striking is the difference in temperature variation trends between the warm and
cold seasons of the year, with the marked upward trend in summer temperature largely accounting for the upward trend recorded on an annual basis (Founda et al., 2004; Founda, 2011).
Specifically, the mean summer temperature (June to August) in Athens has been trending clearly
upward since the mid-1970s, with an average increase of ~1ºC per decade. Similar has been the
overall trend in mean maximum temperature (+3.2ºC/1976-2008), whereas the upward trend in
mean minimum (night) temperature in summer once again began with a lag of several years,
The environmental,
economic and social impacts
of climate change in Greece

51

Figure 1.19

Time series of the mean, mean maximum and mean minimum temperatures in
Athens in winter and summer
(1880-2008, Thisseion Station, National Observatory of Athens)

Values smoothed with Gaussian 9.

but has been faster paced (+3.3ºC/1984-2008), most probably on account of the urban heat
island effect (Figures 1.18 and 1.19). Although many researchers associate the rise in summer
temperatures in the centre of Athens with the weakening and warming of sea breezes as a result
of higher building density (Metaxas et al., 1991; Philandras et al., 1999), interestingly similar
rates of temperature increase in the summer months have also been recorded along the coast of
Attica, for instance by the meteorological station of Ellinikon (Founda, 2011).
According to a recent study (Founda and Giannakopoulos, 2009), 1998-2007 was the
warmest decade on record for Athens in terms of maximum summer temperatures (1937-1946
was the second warmest). On the contrary, no significant trend in temperature (either positive
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Figure 1.20

Number of days per year with maximum temperature >37ºC and >40ºC
(1890-2007/Thisseion Station, National Observatory of Athens)

In 2007, the number of days with maximum temperature >37ºC exceeded 25.

or negative) has been observed during winter. According to recent records,21 2001-2010 was the
warmest decade on record for Athens in terms of annual temperature values (mean, maximum
and minimum), once again on the basis of NOA observations. Six of the warmest years on
record belong to this decade, with 2010 the warmest year ever with a mean temperature of
19.6ºC and a departure from the climatic mean of almost 2ºC. This is attributable for the most
part to the months of August and November 2010, which were respectively 3.8ºC and 3.5ºC
warmer than their climatic monthly mean.
Apart from the long-term trends in mean temperatures, another interesting change in the
climate of Athens over the past few years concerns the incidence of extreme weather events
(particularly high temperatures) in the summer months. This change in warm spells is characterised by:
• higher frequency (both in the number of separate days with extremely warm weather and
in the number of warm spells (heat waves) lasting at least three consecutive days, Figures 1.20
and 1.21, Founda and Giannakopoulos, 2009);
• higher intensity (higher absolute maximum temperatures);
21 Climatological Bulletin, National Observatory of Athens.
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Figure 1.21

Number of extreme hot spells (at least 3 consecutive days with temperatures
>37ºC) per year
(1900-2007/Thisseion Station, National Observatory of Athens)

Figure 1.22

Average duration of extreme hot spells per year for various temperature
thresholds (1900-2005/Thisseion Station, National Observatory of Athens, left
panel) and maximum daily temperatures in May (1900-2005, National
Observatory of Athens, right panel)

A shift towards earlier high temperature occurrences can be observed.
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• longer duration (persistence) (Figure 1.22, left panel; Founda, 2009); and
• first occurrences earlier in the year (Figure 1.22, right panel, Founda, 2009).
As can be seen from Figure 1.20, the number of days with temperatures above 37ºC/40ºC
has increased markedly since the mid-1990s, accounting for more than 35% of the entire time
series. The increase in heat wave incidence (i.e. at least three consecutive days with temperatures above 37ºC) has been of a similar order (Figure 1.21). According to Founda and Giannakopoulos (2009), the summer of 2007 was, in terms of air temperature, the most extreme on
record in Athens. The temperature of 44.8ºC recorded on 24 June 2007 at the NOA (>46ºC at
neighbouring stations) was an all-time high in the 150 years of NOA records, while the heat
wave of June 2007 was the earliest on record (although an even earlier, but not as extreme, heat
wave occurred in 2010). As almost half of the days had a maximum air temperature that
exceeded the 90th percentile of temperature in the reference period (1961-1990), the summer
of 2007 felt like a continuous heat wave. As shown by comparisons with climate simulation
estimates made for the future (Founda and Giannakopoulos, 2009; and Tolika et al., 2009), the
temperature conditions in the summer of 2007 were found to be similar to those projected to
occur at increased frequency in the latter part of the 21st century. The heat wave index increased
in general throughout the country over the period 1958-2000, whereas the frequency of cold
nights both in summer and in winter declined (Kostopoulou and Jones, 2005).
Although the incidence of high temperature events in Greece is mostly associated with anticyclonic conditions and circulation anomalies in the upper atmosphere (Xoplaki et al., 2003),
their effects are amplified in large urban centres by the urban heat island effect. Anticyclonic
conditions have the general effect of exacerbating the urban heat island effect throughout the
year, although less so in winter, due to cyclonic circulation and to the wind patterns that prevail
during the cold season (Livada et al., 2002; Mihalakakou et al., 2002).
As for the future of Athens’ climate over the next few decades, the outlook, based on projections, seems rather bleak. The region of the Eastern Mediterranean, to which Athens belongs,
is considered one of the most vulnerable to the anthropogenic component of climate change
(Giorgi and Lionellο, 2008). It should be noted that, even though climate model projections
developed by different research institutions often present considerable divergences, they are
generally consistent with each other when it comes to the Mediterranean region, which significantly increases confidence in the specific projections. Researchers studying the effects of climate change on extreme weather events have concluded that the climate of the Mediterranean
basin will become significantly warmer, with prolonged heat waves, less rainfall, but also more
intense extreme rainfall events (Diffenbough et al., 2007; Goubanova and Li, 2007; Tolika et
al., 2008).
After combining the results of three Regional Climate Models (RCMs) for the Athens area,
the mean maximum summer temperature is projected to increase by 2ºC in the period 202155

2050 (with respect to 1961-1990) and by 4ºC in the period 2071-2100 (Founda and Giannakopoulos, 2009). In parallel with the increase in mean temperature, the models also point to
a rise in temperature variability around the mean value, resulting in a more frequent occurrence of extremely high temperatures. According to a recent study jointly conducted by WWF
Hellas and NOA (WWF Hellas, 2009), Athens is projected to experience up to 15 more days
a year with a maximum temperature >35ºC (compared with the reference period 1961-1990)
and up to 30 more ‘tropical nights’ with lowest night temperatures >20ºC in the near future
(2021-2050).
Projecting the extreme conditions of the summer 2007 into the future, it was estimated that
the probability density function of the projected summer month maximum temperatures for the
period 2070-2100 practically coincides with the respective one for the summer of 2007 in
Athens, while similar results were obtained for minimum (night) temperatures (Founda and
Giannakopoulos, 2009). In other words, the summer of 2007 was a ‘foretaste’ of the conditions
that will prevail in the city in the future; and conditions considered today to be particularly
extreme will, in the second half of this century, be typical of an Athens summer. The same
approach, when applied to less urbanised areas around Athens, produced similar results with
regard to maximum temperatures. However, the results in terms of minimum temperatures varied, signalling the cumulative impact of the urban heat island effect in the presence of extreme
weather events, especially at night.
In addition to the above, note should also be taken of the projected expansion of the urban
fabric in the next decades, and the respective expansion and exacerbation of the urban heat
island effect.
As regards extreme precipitation events, Nastos and Zerefos (2007), after studying daily precipitation records from the National Observatory of Athens (NOA) covering the period 18912004, reported a clear overall increase in extreme precipitation events. Maheras et al. (2004)
also provide evidence that extreme precipitation events are increasing, despite the decline in
total precipitation (see also Figure 1.23).
Moreover, according to a recent study (Founda et al., 2009), a decrease in total precipitation is projected for Athens in the following decades, together with a higher occurrence
of extreme precipitation events. Lower precipitation would obviously have an adverse
effect on groundwater quality, and will become an additional factor in expected climatic
changes (Fischer et al., 2007). Decision makers must be prepared to deal with such variability
and the serious effects it is likely to have in our region, as shown by recent flooding and drought
spells. Interestingly, the Ancient Greeks had plans for such contingencies, as evidenced by surviving texts, involving for instance the construction of ditches and dams in the surrounding
mountains and of rainwater reservoirs in the cities (Aeginitis, 1908; 1926). Plato (in his Laws,
Book 6, Sections 761b, c) says that rural patrols “shall dam the outflows of their flooded dales
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Figure 1.23

Time series of annual precipitation (upper panel) and number of rainy days
(with precipitation ≥0.1 mm, lower panel)
(Thisseion Station, National Observatory of Athens)

Values smoothed with Gaussian 9 (red line). The straight line shows regressions.

by means of walls and channels, so that by storing up or absorbing the rains from heaven, and
by forming pools or springs in all the low-lying fields and districts, they may cause even the
driest spots to be abundantly supplied with good water. As to spring-waters, be they streams or
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fountains, they shall beautify and embellish them by means of plantations and buildings, and by
connecting the pools by hewn tunnels they shall make them all abundant, and by using waterpipes they shall beautify at all seasons of the year any sacred glebe or grove that may be close
at hand, by directing the streams right into the temples of the gods”.22 Similarly, Aristotle (in his
Politics, Section 1330) mentions that a city “must possess if possible a plentiful natural supply
of pools and springs, but failing this, a mode has been invented of supplying water by means of
constructing an abundance of large reservoirs for rain-water, so that a supply may never fail the
citizens…”.23

1.15 Estimating future climate variation for Greece’s 13 climate zones until
the end of the 21st century
1.15.1 Determining Greece’s different climate zones
Our first task was to divide Greece into different climate zones on the basis of climatic and
geographical criteria, the most significant of which are: (i) the mountain range running north to
south through most of the country, dividing continental Greece into a western windward area
and an eastern rain shadow area; (ii) the Eastern Aegean and the Dodecanese Islands, where precipitation levels resume an upward trend, after reaching their lowest values in the Cyclades; (iii)
the north-to-south temperature gradient, as well as the temperature difference between island
and continental regions; (iv) the topography and climatic homogeneity. These climatic and geographical considerations enabled us to identify the following 13 climate zones (see Figure 1.24):
1. Western Greece (WG); 2. Central and Eastern Greece (CEG); 3. Western and Central Macedonia (WCM); 4. Eastern Macedonia-Thrace (EMT); 5. the Western Peloponnese (WP); 6. the
Eastern Peloponnese (ΕP); 7. Attica (ΑΤ); 8. Crete (C); 9. the Dodecanese islands (D); 10. the
Cyclades islands (CΥ); 11. the Eastern Aegean (EA); 12. the Northern Aegean (ΝA); and 13.
the Ionian (I).
1.15.2 Projecting climate variation for Greece’s 13 climate zones, on the basis of
four different greenhouse gas emissions scenarios
The Research Centre for Atmospheric Physics and Climatology of the Academy of Athens
(RCAPC) has developed model simulation datasets for Greenhouse Gas Emission Scenarios
A2, A1B, B2 and B1. Table 1.6 summarises the characteristics of each scenario, as developed
22 As translated by R.G. Bury (Plato in Twelve Volumes, Vols. 10 & 11, Cambridge, MA, Harvard University Press; London,
William Heinemann Ltd. 1967 & 1968).
23 As translated by H. Rackham (Aristotle in 23 Volumes, Vol. 21, Cambridge, MA, Harvard University Press; London, William
Heinemann Ltd. 1944).
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Figure 1.24

The division of Greece into 13 climate zones

For an explanation of the initials denoting each zone, see Section 1.15.1.

Table 1.6

Greenhouse gas emission scenarios used in the present study*

Scenario Α2

Moderate increase in global average per capita income. Particularly strong energy consumption. Rapid rise in
global population. Slow and fragmented technological change, and modest to major changes in land uses. Rapid rise
in CO2 concentration in the atmosphere, to 850 ppm by 2100.

Scenario Α1Β

Rapid economic growth. Particularly strong consumption of energy, but also spread of new and efficient technologies.
Use of both fossil fuels and alternative energy sources. Small changes in land uses. Rapid rise in global population by
2050 and gradual decline thereafter. Large increase in CO2 concentration in the atmosphere, to 720 ppm by 2100.

Scenario Β2

Development of global economy at modest rates. Smaller technological change compared to Scenarios A1 and B1.
Rapid rise in global population. Increase in CO2 concentration in the atmosphere at modest but steady rates, to
620 ppm by 2100.

Scenario Β1

Large increase in global per capita income. Low energy consumption. Reduced use of conventional energy sources and
shift towards renewable energy. Rapid rise in global population by 2050 and gradual decrease thereafter. Increase in
CO2 concentration in the atmosphere at a relatively mild pace, particularly as of 2050, to 550 ppm by 2100.

* IPCC, 2007. More detailed information on the emission scenarios can also be found in the complete text on climate, in the relevant
page of the Climate Change Impacts Study Committee (CCISC) on the Bank of Greece website (www.bankofgreece.gr).

in the context of the United Nations IPCC Third Assessment Report on Climate Change
(Nakićenović et al., 2000).
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For each of the respective 13 climate zones and for the country as a whole, we estimated the
anticipated variation (based on the simulations) in the seasonal mean and the annual mean values of six climate parameters for two different periods 2021-2050 and 2071-2100, for comparison with the reference period 1961-1990. The six climate parameters are:
• mean air temperature (ºC);
• precipitation (mm/year);
• relative humidity (%);
• cloud cover (%);
• total incident short-wave radiation (W/m2); and
• wind speed at 10 m above ground (m/sec).
It should be noted that we were able to estimate the variation in all six climate parameters
only under three of the four scenarios (specifically under Scenarios Α2, Β2 and Α1Β). Under
Scenario Β1, it was only possible to estimate the variation in mean air temperature, due to the
lack of available data from high spatial resolution simulations based on Regional Climate
Model simulations (RCMs).
More specifically, the variation in the six climate parameters under Scenarios Α2 and Β2 was
assessed by analysing the results of an array of simulations with the regional climate models
(RCMs) developed under the EU-financed project, PRUDENCE.24 A recent study (Zanis et al.,
2009) presented the detailed results for Greece of nine RCMs from the PRUDENCE project, as
well as the projections of these models for the period 2071-2100 using Scenario Α2.
Datasets from 13 simulations were used for Scenario A2, and from 8 simulations for Scenario Β2. In both cases, the estimates cover 30-year time-slices for the reference climate (19611990) and for a future period (2071-2100). The horizontal resolution of the RCMs used in the
PRUDENCE project was 0.5°x0.5° (~50 km2). In the case of Scenario Α1Β: the assessment of
climate variation was based on 12 simulations, conducted as part of the ENSEMBLES project.25
The climate datasets cover 30-year time-slices for the reference climate (1961-1990) and for
two future periods, 2021-2050 and 2071-2100. The horizontal resolution of the RCMs used in
the ENSEMBLES project was 0.25°x0.25° (~25 km2). Lastly, in the case of Scenario Β1, the
variation in mean air temperature was estimated by statistically downscaling the mean values
obtained with a set of 10 simulations with Atmosphere-Ocean General Circulation Models
(ΑΟGCMs) conducted for the United Nations IPCC Fourth Assessment Report on Climate
Change (AR4). The variation of the climate parameters for Scenarios Α2, Α1Β and Β2 are based
on the ‘ensemble mean’ of the 13, 12 and 8 simulations, respectively. Detailed information on
the simulations used in the different scenarios and on the methodology used to estimate the vari24 http://prudence.dmi.dk/
25 http://ensemblesrt3.dmi.dk/
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Table 1.7.1.a

Mean values of air temperature at 2 m above ground (Τ, °C), for time periods
1961-1990*, 2071-2080, 2081-2090 and 2091-2100, as well as absolute (∆) and
percentage (%) changes in these values between the periods 2071-2080,
2081-2090, 2091-2100 and the reference period 1961-1990
Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

Τ (/C)

A2

11.85±1.13
15.85±1.50
16.40±1.54
17.08±1.56
12.24±1.39
16.29±1.74
16.84±1.80
17.52±1.81
16.37±0.65
19.63±0.76
19.85±0.63
20.56±0.69
17.98±0.35
20.97±0.44
21.20±0.40
21.91±0.45
16.76±0.81
20.18±0.92
20.46±0.92
21.15±0.89
18.62±0.41
21.75±0.52
21.99±0.46
22.65±0.57
17.50±0.62
20.81±0.96
21.13±1.00
21.86±0.86
15.02±0.95
18.81±1.18
19.26±1.25
19.90±1.22
15.94±0.98
19.83±1.49
20.29±1.55
20.94±1.47
15.41±0.85
19.17±1.26
19.64±1.28
20.31±1.24
12.94±1.52
16.92±1.76
17.52±1.82
18.24±1.87
17.11±0.73
20.24±0.81
20.51±0.80
21.29±0.83
15.69±1.14
19.26±1.40
19.72±1.42
20.44±1.42
16.17±0.68
19.58±0.80
19.93±0.82
20.64±0.80

B2

11.91±0.95
14.89±1.14
15.11±1.23
15.31±1.26
12.36±1.06
15.42±1.15
15.63±1.29
15.79±1.26
16.19±0.66
18.82±0.73
18.87±0.54
19.23±0.65
17.94±0.36
20.43±0.41
20.49±0.42
20.86±0.36
16.79±0.56
19.45±0.61
19.54±0.59
19.86±0.61
18.57±0.38
21.13±0.46
21.24±0.45
21.57±0.57
17.53±0.54
20.03±0.65
20.16±0.67
20.51±0.70
14.96±0.96
17.77±1.07
17.97±1.21
18.21±1.22
15.94±0.95
18.78±1.00
19.02±1.15
19.25±1.13
15.36±0.75
18.11±0.94
18.33±1.04
18.59±1.04
13.10±1.16
16.06±1.39
16.30±1.48
16.54±1.53
17.10±0.58
19.61±0.71
19.72±0.66
20.13±0.64
15.81±0.77
18.53±0.96
18.74±0.99
19.03±0.99
16.14±0.56
18.81±0.67
18.94±0.71
19.25±0.72

ΔΤ

(%)

A2

B2

A2

B2

4.00±1.05
4.56±1.07
5.24±1.02

2.98±0.41
3.20±0.51
3.40±0.58

34.1±10.0
38.8±10.3
44.6±9.8

25.1±3.4
26.9±4.0
28.6±4.7

4.05±1.06
4.60±1.11
5.28±1.08

3.05±0.41
3.27±0.56
3.42±0.62

33.5±9.8
38.0±10.3
43.6±10.1

24.8±4.0
26.5±4.7
27.8±5.6

3.26±0.19
3.48±0.22
4.19±0.25

2.63±0.11
2.68±0.23
3.04±0.31

19.9±1.0
21.3±1.8
25.6±1.9

16.3±0.7
16.6±2.0
18.8±2.2

3.00±0.18
3.22±0.26
3.93±0.33

2.49±0.13
2.55±0.27
2.92±0.34

16.7±1.0
17.9±1.6
21.9±2.0

13.9±0.7
14.2±1.6
16.3±2.1

3.42±0.48
3.70±0.55
4.39±0.42

2.67±0.09
2.75±0.29
3.07±0.31

20.4±3.1
22.1±3.6
26.3±2.9

15.9±0.6
16.4±1.9
18.3±2.1

3.12±0.20
3.37±0.24
4.03±0.34

2.56±0.17
2.67±0.24
3.00±0.40

16.8±1.0
18.1±1.4
21.6±1.8

13.8±0.9
14.4±1.4
16.2±2.2

3.31±0.92
3.63±0.98
4.36±0.82

2.50±0.18
2.63±0.29
2.98±0.32

19.0±5.7
20.8±6.1
25.0±5.2

14.3±0.8
15.0±1.6
17.0±1.8

3.79±1.02
4.24±1.09
4.88±0.97

2.81±0.29
3.01±0.45
3.25±0.50

25.5±8.1
28.5±8.6
32.7±7.7

18.8±2.0
20.1±2.8
21.8±3.2

3.89±1.35
4.35±1.42
5.00±1.28

2.84±0.27
3.08±0.46
3.31±0.50

24.6±9.5
27.5±10.0
31.6±9.1

17.9±2.0
19.3±2.9
20.8±3.4

3.76±1.14
4.23±1.15
4.91±1.05

2.75±0.29
2.97±0.45
3.22±0.45

24.6±8.4
27.6±8.5
32.0±7.7

17.9±1.6
19.3±2.6
21.0±2.6

3.98±1.07
4.58±1.06
5.30±1.01

2.96±0.45
3.21±0.56
3.45±0.65

31.3±10.2
35.9±10.1
41.4±9.6

22.7±3.3
24.5±3.9
26.4±4.7

3.13±0.35
3.40±0.41
4.18±0.41

2.50±0.38
2.62±0.50
3.03±0.47

18.3±2.2
19.9±2.6
24.5±2.6

14.7±2.3
15.3±3.1
17.7±2.9

3.57±0.60
4.03±0.61
4.75±0.55

2.72±0.34
2.93±0.45
3.22±0.51

22.8±3.8
25.8±3.8
30.4±3.4

17.2±1.9
18.5±2.7
20.4±3.2

3.41±0.42
3.76±0.49
4.46±0.38

2.66±0.19
2.80±0.34
3.11±0.39

21.1±2.8
23.3±3.2
27.6±2.6

16.5±1.0
17.3±2.1
19.3±2.5

Results are given as the mean value and standard deviation of 13 simulations for Scenario Α2 and of 8 simulations for Scenario Β2,
respectively, and are based on the PRUDENCE project.
* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emission scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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Table 1.7.1.b

Climate zones

Mean values of rainfall (R, mm/year), for time periods 1961-1990*, 2071-2080,
2081-2090 and 2091-2100, as well as changes in these values
between the periods 2071-2080, 2081-2090, 2091-2100 and the reference period
1961-1990
Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

R (mm/year)
A2

532.6±108.7
475.3±130.8
422.9±103.0
444.0±116.5
608.3±132.4
526.8±131.1
465.1±102.8
487.6±126.1
481.8±104.4
445.5±124.8
397.4±105.3
451.3±134.9
400.6±106.0
334.3±89.6
313.4±95.8
361.9±106.7
544.1±127.2
479.2±133.6
431.6±125.5
485.1±149.5
433.2±160.8
369.7±130.7
340.3±133.1
376.7±152.9
351.6±187.2
280.3±151.4
264.9±151.4
300.2±179.6
473.5±102.5
408.2±125.4
378.3±103.6
420.8±133.5
375.1±108.6
311.6±121.9
293.9±107.7
333.7±139.0
479.9±166.6
395.4±164.1
352.2±134.5
392.0±166.7
861.1±174.2
744.0±187.8
641.0±139.1
654.0±164.6
789.6±225.4
725.6±241.4
598.6±195.9
652.4±225.2
613.5±159.6
510.2±164.9
442±131.6
475.6±175.7
510.1±108.0
442.7±112.9
397.1±99.6
437.7±126.6

B2

561.3±101.3
530.6±124.5
521.4±110.3
555.8±144.8
663.6±115.4
625.6±137.2
599.9±116.7
652.1±159.1
500.7±118.7
496.1±135.5
470.7±117.8
532.2±151.6
411.7±125.2
400.6±110.1
379.4±122.2
436.8±138.1
546.9±133.6
526.0±129.3
500.5±127.6
582.6±160.7
428.4±188.0
416.8±183.1
401.2±174.9
450.0±207.3
315.5±144.4
287.5±127.9
268.1±115.2
297.9±130.9
490.6±100.1
461.3±110.0
449.3±114.3
483.6±132.2
388.2±84.2
363.6±97.3
342.8±100.0
381.1±108.8
517.4±171.5
469.4±176.7
440.4±149.2
483.4±177.0
912.4±102.0
842.2±148.0
804.8±97.0
842.5±165.8
775.7±242.9
740.8±242.7
711.3±233.0
767.1±287.0
629.4±120.8
568.6±112.4
540.0±114.7
584.5±146.0
524.1±113.8
497.4±108.6
475.7±109.0
525.2±138.0

ΔR

(%)

A2

B2

A2

B2

-57.3±51.2
-109.6±39.7
-88.5±53.5

-30.7±67.8
-39.9±50.7
-5.5±72.6

-11.4±10.2
-20.9±7.2
-17.1±10.1

-5.4±12.4
-7.1±9.8
-1.5±13.0

-81.5±56.6
-143.2±64.0
-120.7±57.5

-38.0±92.3
-63.7±64.7
-11.5±93.8

-13.4±8.6
-23.3±8.5
-20.1±8.6

-5.3±14.4
-9.3±9.9
-1.8±14.6

-36.3±60.7
-84.4±56.8
-30.6±87.3

-4.6±84.2
-30.0±50.5
31.5±80.2

-8.3±13.4
-17.8±10.9
-6.9±18.1

-0.4±17.1
-5.7±11.4
6.2±16.3

-66.3±32.3
-87.3±27.0
-38.7±36.9

-11.1±27.6
-32.3±36.5
25.1±36.9

-16.4±5.5
-22.4±6.3
-10.3±10.1

-1.7±6.1
-8.0±12.1
5.6±11.1

-65.0±43.4
-112.5±38.6
-59.0±63.9

-20.9±60.3
-46.4±33.7
35.7±65.3

-12.4±8.0
-21.4±7.2
-11.5±11.1

-3.4±11.1
-8.5±6.8
6.3±12.7

-63.5±40.5
-92.9±40.8
-56.5±49.5

-11.6±37.2
-27.2±22.2
21.6±65.6

-13.6±6.0
-22.0±5.5
-14.8±12.3

-2.7±7.8
-6.4±4.8
3.8±15.3

-71.3±47.0
-86.6±47.5
-51.4±50.6

-28.1±29.8
-47.5±36.3
-17.6±34.1

-18.9±7.6
-24.7±8.1
-15.6±12.2

-7.4±9.1
-14.1±7.2
-5.1±10.1

-65.2±43.3
-95.2±40.3
-52.6±72.6

-29.4±39.1
-41.3±45.8
-7.0±51.6

-14.8±9.3
-20.6±8.3
-11.9±15.4

-6.1±8.3
-8.8±10.7
-2.2±10.2

-63.5±36.7
-81.2±39.8
-41.4±60.2

-24.5±27.8
-45.3±41.3
-7.1±37.6

-18.1±9.1
-22.6±11.0
-12.7±15.8

-6.8±7.2
-12.3±11.9
-2.6±8.9

-84.5±41.4
-127.8±53.6
-87.9±70.1

-48±33.9
-77±49.8
-34±32.2

-18.7±8.1
-27.2±7.6
-19.1±13.7

-9.8±7.2
-14.8±8.9
-7.1±7.4

-117.1±86.3
-220.1±85.0
-207.1±94.4

-70.2±126.1
-107.6±92.2
-69.9±116.8

-13.8±8.9
-25.3±8.1
-23.8±10.0

-7.5±13.8
-11.4±9.7
-7.8±12.5

-64.0±83.1
-191±75.7
-137.3±89.9

-35.0±97.3
-64.5±69.7
-8.6±67.7

-9.2±11.5
-25.0±7.7
-18.6±11.9

-4.2±11.7
-8.4±9.0
-2.9±10.3

-103.2±49.2
-171.4±52.6
-137.9±73.9

-60.8±66.0
-89.4±47.4
-44.9±46.9

-17.6±8.3
-28.4±6.4
-23.5±11.9

-9.4±9.9
-14.4±8.1
-7.9±9.0

-67.4±34.6
-113.0±29.5
-72.4±51.1

-26.7±50.2
-48.4±36.4
1.1±54.5

-13.8±7.6
-22.6±5.5
-15.2±10.9

-4.6±9.8
-9.2±8.2
-0.4±11.2

Results are given as the mean value and standard deviation of 13 simulations for Scenario Α2 and of 8 simulations for Scenario Β2,
respectively, and are based on the PRUDENCE project.
* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emission scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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1 The climate of the Eastern
Mediterranean and Greece:
past, present and future

Table 1.7.1.c

Mean values of relative humidity (H, %) at 2 m above ground for time periods
1961-1990*, 2071-2080, 2081-2090 and 2091-2100,
as well as changes in these values between the periods 2071-2080, 2081-2090,
2091-2100 and the reference period 1961-1990
Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

A2

H

61.58±9.41
57.27±7.22
55.11±6.83
54.73±6.90
60.25±9.79
55.61±7.52
53.59±6.99
52.83±7.03
71.35±4.95
69.91±4.65
69.34±4.87
68.94±4.97
73.78±3.70
73.22±3.52
73.02±3.57
72.83±3.70
68.92±5.16
66.74±4.68
66.03±4.88
65.70±4.94
72.44±3.94
71.87±3.95
71.61±3.92
71.48±4.23
69.38±6.41
67.66±6.82
67.15±6.97
67.08±6.88
62.16±6.57
58.57±4.86
57.04±4.69
57.11±4.78
59.17±8.85
55.10±8.19
53.73±8.12
53.90±8.42
61.53±7.24
57.87±6.24
56.35±6.13
56.41±6.21
63.13±10.03
58.67±8.24
56.37±7.89
55.71±7.84
72.07±4.83
71.77±4.20
71.17±4.67
70.67±5.08
64.82±6.05
62.03±4.72
60.51±4.81
60.31±4.68
68.47±4.27
66.45±2.99
65.50±3.04
65.23±2.99

B2

61.82±11.51
59.83±12.43
59.14±12.47
60.2±12.23
60.32±11.43
58.07±11.70
57.12±12.28
58.45±11.97
73.52±4.68
72.39±4.99
72.38±4.82
72.73±4.68
75.21±3.40
74.54±3.57
74.60±3.26
74.87±3.34
69.97±5.22
68.86±5.43
68.72±5.73
69.39±5.43
74.04±3.14
73.70±2.91
73.62±3.02
73.97±3.03
68.66±7.71
67.71±7.68
67.42±7.75
67.97±7.83
62.52±7.93
61.03±8.36
60.37±8.36
61.29±8.16
58.29±10.00
56.41±9.66
55.36±9.54
56.62±9.59
61.65±8.00
60.12±8.06
59.26±8.36
60.35±8.19
62.86±12.61
60.58±13.20
60.00±13.50
60.61±13.11
73.67±4.18
73.40±2.84
73.53±2.91
73.39±2.47
65.35±7.49
63.81±7.88
63.22±8.09
63.90±7.75
69.49±4.63
68.42±5.02
68.14±5.03
68.68±4.80

ΔH

(%)

A2

B2

A2

B2

-4.31±5.12
-6.46±4.80
-6.84±4.88

-1.99±2.85
-2.68±2.73
-1.62±2.44

-6.5±6.2
-10.0±5.5
-10.7±5.6

-3.4±4.2
-4.6±4.0
-2.8±3.6

-4.64±5.12
-6.66±5.21
-7.42±5.21

-2.25±2.80
-3.21±2.92
-1.87±2.71

-7.2±6.3
-10.5±6.2
-11.8±6.0

-3.8±4.3
-5.6±4.3
-3.2±4.2

-1.44±0.96
-2.00±1.09
-2.41±0.86

-1.13±0.75
-1.14±0.51
-0.79±0.69

-2.0±1.3
-2.8±1.5
-3.4±1.2

-1.6±1.1
-1.6±0.7
-1.1±1.0

-0.56±0.48
-0.76±0.56
-0.95±0.57

-0.67±0.38
-0.60±0.30
-0.34±0.22

-0.7±0.6
-1.0±0.7
-1.3±0.7

-0.9±0.5
-0.8±0.4
-0.5±0.3

-2.18±2.48
-2.89±2.57
-3.22±2.33

-1.11±0.64
-1.25±0.58
-0.58±0.73

-3.1±3.2
-4.1±3.3
-4.6±3.0

-1.6±1.0
-1.8±1.0
-0.8±1.1

-0.57±0.74
-0.83±0.92
-0.95±0.86

-0.34±0.80
-0.42±0.70
-0.06±0.50

-0.8±1.1
-1.1±1.3
-1.3±1.2

-0.4±1.1
-0.6±1.0
-0.1±0.7

-1.72±4.10
-2.23±4.28
-2.30±4.15

-0.94±1.18
-1.24±0.94
-0.69±0.83

-2.4±5.4
-3.1±5.6
-3.3±5.5

-1.4±1.6
-1.8±1.3
-1.0±1.2

-3.59±4.65
-5.11±4.33
-5.04±4.52

-1.49±1.57
-2.15±1.43
-1.23±1.20

-5.4±6.0
-7.9±5.3
-7.8±5.7

-2.5±2.4
-3.5±2.2
-2.0±1.9

-4.07±5.59
-5.44±5.36
-5.27±5.53

-1.89±1.65
-2.94±1.73
-1.68±1.25

-6.5±7.7
-8.9±7.2
-8.7±7.5

-3.2±2.5
-5.0±2.7
-2.8±2.0

-3.66±4.96
-5.18±4.59
-5.12±4.86

-1.53±0.99
-2.40±1.29
-1.30±1.23

-5.6±6.6
-8.1±5.9
-8.0±6.4

-2.5±1.7
-4.0±2.2
-2.1±2.0

-4.46±5.29
-6.76±4.84
-7.42±4.91

-2.28±2.83
-2.86±2.90
-2.25±2.54

-6.6±6.5
-10.3±5.5
-11.4±5.7

-3.8±4.2
-4.8±4.1
-3.7±3.7

-0.29±1.86
-0.90±1.90
-1.39±1.97

-0.27±1.55
-0.14±1.47
-0.27±1.96

-0.3±2.8
-1.2±2.8
-1.9±2.9

-0.3±2.4
-0.1±2.2
-0.2±3.0

-2.79±3.10
-4.31±2.88
-4.51±3.02

-1.54±1.35
-2.13±1.63
-1.44±1.40

-4.1±4.0
-6.5±3.7
-6.8±3.9

-2.4±2.1
-3.4±2.6
-2.2±2.2

-2.02±2.28
-2.97±2.20
-3.24±2.09

-1.07±0.79
-1.35±0.72
-0.81±0.76

-2.8±2.9
-4.2±2.7
-4.6±2.6

-1.6±1.2
-2.0±1.0
-1.2±1.1

Results are given as the mean value and standard deviation of 13 simulations for Scenario Α2 and of 8 simulations for Scenario Β2.
and are based on the PRUDENCE project.
* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emission scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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Table 1.7.2.a

Climate zones

Total incident short-wave radiation (S, W/m 2 ),
for time periods 1961-1990*, 2071-2080, 2081-2090 and 2091-2100,
as well as changes in these values between the periods 2071-2080, 2081-2090,
2091-2100 and the reference period 1961-1990

Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

A2

183.4±19.4
186.7±17.9
189.4±17.3
189.7±18.0
181.3±18.8
185.0±17.2
187.6±16.7
187.8±17.0
192.3±20.9
194.6±20.2
196.1±19.8
195.8±20.4
204.1±22.4
206.5±21.6
208.0±21.2
207.0±21.6
200.6±21.6
203.3±20.8
205.0±20.4
204.6±20.8
209.9±22.5
212.2±21.6
213.6±21.4
213.1±21.4
207.7±23.0
210.7±21.7
212.2±21.4
210.9±21.7
192.5±20.6
195.7±19.9
197.6±19.5
197.1±20.4
198.3±21.8
201.7±21.3
203.2±21.2
202.3±21.9
198.0±20.5
202.0±19.8
204.1±19.8
203.3±20.2
182.9±20.6
187.4±19.1
190.7±18.5
191.7±18.5
188.8±19.6
191.7±19.2
194.5±19.0
194.7±18.8
195.4±19.7
199.2±18.5
201.9±18.5
201.7±18.5
196.1±20.8
199.0±19.9
201.0±19.6
200.5±20.0

S

B2

188.4±21.4
192.1±17.7
193.2±17.3
191.6±17.2
185.4±20.7
189.4±16.6
190.6±16.7
188.8±16.6
199.3±22.3
202.3±18.5
203.1±18.4
201.3±18.1
212.7±22.6
214.9±18.7
216.3±19.2
214.2±18.8
207.7±21.8
210.5±17.9
211.5±18.5
209.6±18.0
218.8±22.2
220.6±18.8
221.5±19.4
219.8±19.5
215.2±25.4
217.5±21.5
219.0±21.5
216.9±21.9
199.1±21.2
202.2±17.6
203.6±17.4
201.6±17.3
205.6±21.2
208.5±17.7
210.1±17.8
208.0±17.2
204.4±20.8
207.9±17.4
209.3±17.9
207.1±17.7
186.7±22.6
191.3±18.5
193.0±18.5
191.2±19.1
195.0±22.0
198.9±18.6
200.0±18.8
198.1±18.8
200.5±21.8
204.4±17.9
205.8±18.5
203.8±18.8
203.0±21.9
206.0±18.3
207.2±18.5
205.2±18.4

ΔS

A2

B2

A2

B2

3.2±4.9
6.0±5.6
6.3±6.6

3.7±5.6
4.8±5.5
3.2±6.3

1.9±3.2
3.5±3.9
3.6±4.4

2.3±3.7
2.9±3.8
2.0±4.1

3.7±4.7
6.3±5.6
6.5±6.6

4±5.7
5.2±5.3
3.4±5.9

2.2±3.2
3.7±3.9
3.8±4.5

2.4±3.8
3.1±3.7
2.2±3.9

2.3±4.2
3.8±4.9
3.5±5.4

3.0±5.5
3.8±5.3
2.1±6.0

1.3±2.5
2.1±3.1
1.9±3.3

1.8±3.4
2.2±3.3
1.3±3.6

2.4±3.9
3.8±5.0
2.8±4.7

2.2±5.4
3.7±4.9
1.5±5.5

1.2±2.2
2.0±2.9
1.5±2.7

1.3±3.1
1.9±2.9
0.9±3.1

2.7±4.1
4.4±4.8
4.0±5.4

2.8±5.4
3.8±4.6
1.9±5.4

1.4±2.4
2.3±2.9
2.1±3.2

1.6±3.1
2±2.8
1.1±3

2.3±4
3.7±4.9
3.1±5.1

1.8±4.4
2.7±4.1
1.0±3.8

1.2±2.2
1.9±2.7
1.6±2.8

1.0±2.3
1.4±2.2
0.6±2.0

3.0±4.1
4.5±4.9
3.2±4.7

2.3±4.7
3.8±5.0
1.7±4.4

1.5±2.4
2.3±2.9
1.6±2.8

1.3±2.7
2.0±3.0
1.0±2.5

3.3±4.2
5.2±5.1
4.7±5.4

3.1±5.3
4.5±4.9
2.5±5.5

1.8±2.6
2.8±3.2
2.5±3.3

1.8±3.3
2.5±3.1
1.5±3.4

3.4±3.8
4.8±4.8
4.0±4.9

2.9±5.1
4.5±4.4
2.3±5.3

1.8±2.3
2.5±2.9
2.1±2.9

1.6±3
2.4±2.7
1.4±3.1

4.0±4.0
6.0±4.9
5.3±5.3

3.5±5.2
5.0±4.0
2.7±4.7

2.1±2.4
3.1±3.0
2.7±3.1

1.9±3.1
2.6±2.5
1.5±2.7

4.4±4.7
7.8±5.6
8.8±7.2

4.6±6.3
6.3±5.4
4.5±5.4

2.6±3.2
4.5±4.0
5.1±5.0

2.8±4.1
3.7±3.9
2.7±3.5

2.9±4.4
5.6±4.8
5.9±6.3

3.9±5.7
5.0±5.0
3.1±5.4

1.6±2.7
3.1±3.1
3.3±4.0

2.3±3.6
2.8±3.3
1.8±3.3

3.8±4.6
6.6±5.4
6.3±6.5

3.9±5.8
5.3±4.6
3.3±5.0

2.1±2.9
3.5±3.4
3.4±4.0

2.2±3.5
2.8±2.9
1.9±3.0

2.9±4.2
4.9±4.9
4.5±5.4

3.0±5.3
4.2±4.8
2.3±5.2

1.6±2.5
2.6±3.1
2.4±3.3

1.7±3.2
2.3±3.0
1.4±3.1

All observations made in the respective position of Table 1.7.1.a, b and c also apply here.
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(%)

Climate zones

1 The climate of the Eastern
Mediterranean and Greece:
past, present and future

Table 1.7.2.b

Wind velocity (V, m/s) for time periods 1961-1990*, 2071-2080, 2081-2090 and
2091-2100, as well as changes in these values between the periods 2071-2080,
2081-2090, 2091-2100 and the reference period 1961-1990

Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

A2

V

2.53±0.88
2.42±0.79
2.44±0.83
2.45±0.83
2.80±0.72
2.77±0.70
2.82±0.75
2.85±0.78
5.59±0.65
5.55±0.62
5.62±0.65
5.68±0.68
6.64±0.92
6.73±0.94
6.83±1.00
6.87±1.00
5.56±0.80
5.62±0.71
5.71±0.76
5.75±0.75
5.96±0.85
5.92±0.84
5.91±0.86
5.92±0.84
4.99±0.84
4.96±0.72
5.00±0.73
5.03±0.75
3.22±1.03
3.17±0.97
3.22±1.01
3.23±1.02
3.30±1.18
3.31±1.19
3.38±1.23
3.41±1.26
3.42±1.31
3.35±1.21
3.39±1.25
3.41±1.27
2.38±1.05
2.31±1.02
2.32±1.04
2.32±1.05
4.51±0.75
4.32±0.68
4.29±0.67
4.27±0.69
3.62±0.76
3.52±0.70
3.51±0.73
3.51±0.74
4.72±0.66
4.68±0.60
4.72±0.64
4.74±0.65

B2

2.71±1.00
2.66±0.91
2.64±0.90
2.65±0.94
2.89±0.87
2.97±0.83
2.95±0.83
2.95±0.87
5.60±0.72
5.60±0.64
5.56±0.67
5.65±0.69
6.67±0.81
6.74±0.87
6.75±0.82
6.82±0.82
5.64±0.93
5.74±0.82
5.76±0.82
5.82±0.81
6.04±0.88
5.98±0.90
5.99±0.87
6.03±0.85
4.68±1.35
4.67±1.20
4.68±1.20
4.71±1.17
3.29±1.17
3.34±1.10
3.31±1.07
3.34±1.11
3.27±1.38
3.42±1.34
3.39±1.31
3.43±1.34
3.44±1.55
3.42±1.39
3.40±1.37
3.43±1.42
2.53±1.21
2.55±1.17
2.52±1.16
2.54±1.18
4.63±0.88
4.45±0.76
4.42±0.80
4.47±0.80
3.88±0.74
3.87±0.67
3.84±0.65
3.86±0.69
4.79±0.74
4.78±0.67
4.77±0.66
4.81±0.68

ΔV

(%)

A2

B2

A2

B2

-0.10±0.11
-0.08±0.09
-0.08±0.09

-0.04±0.13
-0.07±0.14
-0.05±0.11

-3.4±3.0
-3.1±2.8
-2.9±2.8

-0.9±4.2
-1.8±4.6
-1.6±4.2

-0.03±0.05
0.02±0.06
0.05±0.10

0.08±0.15
0.07±0.16
0.07±0.15

-1.0±1.6
0.6±2.1
1.7±3.0

3.4±6.8
3.0±7.2
2.8±6.9

-0.04±0.12
0.03±0.10
0.09±0.17

0.01±0.22
-0.03±0.16
0.05±0.16

-0.6±2.0
0.6±1.7
1.6±3.0

0.3±4.0
-0.5±3.1
1.0±3.0

0.10±0.12
0.20±0.12
0.23±0.17

0.07±0.24
0.08±0.20
0.16±0.11

1.5±1.8
2.8±1.7
3.4±2.3

1.0±3.7
1.2±3.1
2.4±1.7

0.07±0.11
0.15±0.10
0.19±0.12

0.10±0.14
0.12±0.16
0.19±0.18

1.4±1.9
2.9±1.9
3.7±2.3

2.1±2.4
2.4±3.0
3.6±3.5

-0.04±0.07
-0.06±0.05
-0.05±0.12

-0.06±0.17
-0.05±0.14
-0.01±0.13

-0.7±1.1
-1.0±0.9
-0.8±1.9

-1.0±2.8
-0.9±2.3
-0.1±2.2

-0.02±0.16
0.01±0.15
0.04±0.17

-0.02±0.21
0.00±0.21
0.02±0.22

-0.2±2.5
0.6±2.5
1.1±3.0

0.3±3.6
0.8±3.6
1.5±4.4

-0.05±0.08
0.00±0.06
0.01±0.08

0.05±0.14
0.01±0.16
0.04±0.16

-1.2±1.8
0.1±1.7
0.3±2.2

2.4±5.4
1.5±6.2
2.2±6.6

0.01±0.04
0.08±0.07
0.11±0.10

0.14±0.20
0.12±0.22
0.15±0.23

0.5±1.0
2.4±1.5
2.9±2.2

6.1±10.5
5.6±11.5
6.4±12.5

-0.07±0.17
-0.03±0.15
-0.01±0.15

-0.02±0.21
-0.04±0.25
-0.01±0.20

-1.6±2.9
-0.6±2.9
-0.2±3.4

1.2±6.0
0.7±6.8
1.0±6.5

-0.07±0.09
-0.05±0.08
-0.06±0.10

0.02±0.14
-0.01±0.14
0.01±0.15

-2.7±2.9
-2.3±2.9
-2.7±3.5

1.7±7.3
0.8±7.6
1.2±8.2

-0.20±0.28
-0.22±0.24
-0.24±0.24

-0.18±0.34
-0.21±0.31
-0.16±0.31

-4.2±5.5
-4.7±4.5
-5.2±4.9

-3.5±6.3
-4.3±5.6
-3.3±6.0

-0.11±0.12
-0.12±0.09
-0.11±0.11

-0.01±0.20
-0.03±0.22
-0.01±0.21

-2.8±2.8
-3.1±2.3
-3.1±2.8

0.1±5.5
-0.4±5.9
-0.1±5.7

-0.04±0.09
-0.01±0.07
0.01±0.11

-0.01±0.13
-0.02±0.11
0.02±0.11

-0.8±1.6
-0.1±1.2
0.3±2.2

0.1±2.7
-0.2±2.3
0.7±2.5

All observations made in the respective position of Table 1.7.1.a, b and c also apply here.
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Table 1.7.2.c

Climate zones

Cloud cover fraction (C, %) for time periods 1961-1990*, 2071-2080,
2081-2090 and 2091-2100, as well as changes in these values between the periods
2071-2080, 2081-2090, 2091-2100 and the reference period 1961-1990

Periods

1961-1990
2071-2080
Western and
Central Macedonia 2081-2090
2091-2100
1961-1990
Eastern Macedonia 2071-2080
and Thrace
2081-2090
2091-2100
1961-1990
2071-2080
Northern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Cyclades
2081-2090
2091-2100
1961-1990
2071-2080
Eastern Aegean
2081-2090
2091-2100
1961-1990
2071-2080
Dodecanese
2081-2090
2091-2100
1961-1990
2071-2080
Crete
2081-2090
2091-2100
1961-1990
2071-2080
Central and
Eastern Greece
2081-2090
2091-2100
1961-1990
2071-2080
Attica
2081-2090
2091-2100
1961-1990
2071-2080
Eastern
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Western Greece
2081-2090
2091-2100
1961-1990
2071-2080
Ionian
2081-2090
2091-2100
1961-1990
2071-2080
Western
Peloponnese
2081-2090
2091-2100
1961-1990
2071-2080
Greece
2081-2090
2091-2100

A2

C

41.0±7.7
37.2±7.4
35.3±6.8
34.5±6.7
41.3±7.7
37.1±7.4
35.3±6.7
34.6±6.5
36.0±5.5
32.1±5.6
30.8±5.1
30.4±5.2
32.6±4.3
28.5±4.4
27.4±4.5
27.7±4.5
33.3±4.3
29.0±3.9
27.7±3.7
27.5±3.6
29.0±4.8
25.1±5.1
23.9±5.1
23.9±4.9
31.2±6.1
27.4±6.1
26.0±6.2
26.6±5.9
37.2±5.7
33.1±5.2
31.7±4.8
31.5±4.9
34.2±5.5
29.8±4.8
28.8±4.8
28.9±5.1
35.7±5.4
31.1±4.6
29.7±4.5
29.7±4.5
43.6±6.7
39.1±5.9
36.9±5.5
35.7±5.2
38.6±6.0
34.9±6.4
33.0±6.0
32.1±6.3
37.6±5.3
33.2±4.8
31.3±4.7
30.8±4.5
35.8±4.4
31.7±4.3
30.2±4.2
30.0±4.1

B2

41.6±5.2
38.4±6.0
37.8±5.5
38.5±6.3
42.0±5.7
38.6±6.4
37.8±5.8
38.6±6.5
35.9±3.1
32.9±4.1
32.3±3.8
33.0±4.3
33.2±3.9
30.3±4.4
29.5±4.0
30.6±3.8
34.0±2.1
30.8±3.1
30.3±2.4
31.2±2.9
29.6±4.9
27.1±4.7
26.4±5.1
27.3±4.8
32.4±6.9
29.6±6.2
28.9±6.2
30.0±6.2
37.5±3.6
34.4±4.4
33.8±3.9
34.7±4.4
34.3±3.8
31.3±4.4
30.6±3.9
31.6±4.4
36.5±3.6
33.1±4.5
32.4±3.6
33.4±4.0
45.0±4.8
41.1±5.4
40.3±4.5
41.2±5.0
39.8±4.1
36.2±4.5
35.8±4.5
36.6±4.8
39.7±2.2
36.0±3.3
35.4±2.5
36.3±3.0
36.4±2.1
33.3±3.1
32.7±2.6
33.6±3.1

ΔC

A2

B2

A2

B2

-3.8±1.8
-5.7±2.0
-6.5±2.4

-3.2±1.6
-3.8±1.3
-3.1±2.0

-9.4±4.6
-13.9±4.3
-15.8±5.2

-8.1±4.5
-9.3±3.9
-7.9±5.5

-4.2±1.9
-6.0±2.2
-6.7±2.6

-3.3±1.8
-4.2±1.3
-3.4±2.2

-10.1±4.6
-14.4±4.5
-16.1±5.5

-8.2±4.9
-10.1±3.6
-8.2±5.6

-3.9±1.7
-5.2±1.7
-5.6±2.0

-3.0±1.4
-3.6±1.2
-2.9±2

-11.0±4.9
-14.7±4.3
-15.6±5.4

-8.8±4.7
-10.3±4.0
-8.3±5.9

-4.1±1.5
-5.2±1.6
-4.9±1.6

-2.9±1.4
-3.6±1
-2.5±1.8

-12.9±4.9
-16.3±5.5
-15.3±5.3

-9.0±4.7
-11.1±3.2
-7.6±5.1

-4.2±1.6
-5.6±1.6
-5.8±2.0

-3.2±1.5
-3.8±1.2
-2.9±2.1

-12.7±4.6
-16.9±4.2
-17.2±5.0

-9.5±4.8
-11.2±3.5
-8.4±6.1

-3.8±1.4
-5.1±1.5
-5.1±1.5

-2.5±1.2
-3.3±1.0
-2.4±1.5

-13.6±5.2
-17.9±5.7
-18.1±5.7

-8.5±4.2
-11.3±4.2
-8.0±5.3

-3.9±1.4
-5.2±1.6
-4.7±1.3

-2.8±1.4
-3.5±1.1
-2.4±1.2

-12.8±4.8
-17.1±5.8
-15.3±4.6

-8.5±4.0
-10.7±2.4
-7.3±3.3

-4.1±1.6
-5.5±1.9
-5.7±2.3

-3.1±1.4
-3.7±0.9
-2.9±1.6

-11.1±3.9
-14.8±4.0
-15.3±5.4

-8.5±4.2
-10.0±2.8
-7.8±4.7

-4.3±1.5
-5.3±1.9
-5.2±2.3

-3.0±1.4
-3.7±0.7
-2.7±1.6

-12.6±3.8
-15.6±4.5
-15.3±6.0

-9.0±4.3
-11.0±2.4
-8.0±5.0

-4.6±1.6
-6.0±1.9
-6.1±2.3

-3.5±1.4
-4.1±0.7
-3.1±1.6

-12.8±3.8
-16.9±4.2
-16.8±5.3

-9.7±4.2
-11.4±2.3
-8.6±4.5

-4.4±2.1
-6.6±2.1
-7.9±2.8

-3.8±2.0
-4.6±1.4
-3.8±2.0

-10±4.1
-15.1±3.5
-17.8±4.9

-8.7±4.8
-10.3±3.0
-8.5±4.5

-3.7±2.0
-5.6±1.7
-6.5±2.1

-3.6±1.4
-3.9±0.8
-3.2±1.6

-9.7±5.3
-14.7±4.6
-17.1±5.8

-9.1±4.0
-10.1±2.8
-8.3±4.5

-4.4±2.0
-6.4±2.1
-6.8±2.5

-3.8±1.8
-4.4±1.2
-3.5±1.8

-11.6±4.7
-16.9±4.7
-17.8±5.6

-9.6±4.7
-11.0±3.0
-8.8±4.5

-4.0±1.6
-5.5±1.7
-5.7±1.8

-3.1±1.4
-3.8±1.0
-2.9±1.7

-11.3±4.3
-15.5±4.3
-16.1±4.8

-8.8±4.2
-10.4±2.9
-8.0±4.8

All observations made in the respective position of Table 1.7.1.a, b and c also apply here.
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(%)

Mean values and standard deviation of air temperature at 2 m above ground
(T, °C) and rainfall (R, mm/year) from the 12 RCM simulations of the ENSEMBLES
project for the thirty-year periods 1961-1990*, 2021-2050 and
2071-2100 (SRES A1B)

Climate zones

Periods

1961-1990

Western and
2021-2050
Central Macedonia
2071-2100
1961-1990

Eastern Macedonia
2021-2050
and Thrace
2071-2100
Northern Aegean

Cyclades

Eastern Aegean

Dodecanese

Crete
Central and
Eastern Greece
Attica
Eastern
Peloponnese
Western Greece

Ionian
Western
Peloponnese
Greece

1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050

Τ

ΔΤ

(%)

13.94±1.56

1.61±0.44

13.3±4.2

12.33±1.52
15.90±1.71
12.91±1.35
14.51±1.36
16.39±1.53
15.82±1.22
17.33±1.15
19.04±1.25
17.58±0.81
18.91±0.94
20.51±1.00
16.83±0.91
18.27±1.04
19.97±1.17
18.26±0.70
19.58±0.81
21.22±0.90
16.35±0.91
17.73±1.01
19.47±1.21
14.48±1.37
16.02±1.41
17.88±1.58
15.32±1.19
16.86±1.24
18.69±1.44
15.72±1.13
17.19±1.21
19.00±1.38
12.28±1.25

13.8±1.40

2071-2100

15.76±1.63

2021-2050

18.59±1.01

1961-1990
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100

17.31±0.90
20.28±1.08
14.41±1.16
15.89±1.30
17.79±1.51
15.97±0.94
17.39±1.03
19.14±1.16

3.57±0.84
1.60±0.44
3.49±0.85
1.51±0.53

29.4±7.6
12.6±4.0
27.3±7.4
9.7±3.8

3.23±1.00

20.7±7.1

1.33±0.30

7.6±1.6

2.92±0.59

16.7±3.4

1.44±0.38

8.5±2.2

3.14±0.75
1.32±0.32

18.7±4.5

7.2±1.7

2.96±0.65

16.2±3.6

1.38±0.35

8.5±2.2

3.12±0.67

19.1±4.1

1.54±0.42

10.8±3.2

3.41±0.80

R

658.9±143.7
605.8±126.3

-119.8±47.8

-53.0±33.9

-7.8±4.1

651.2±169.4

-58.6±26.3

-8.2±2.9

709.8±184.7
580.4±155.6
509.7±205.6
501.4±198.8

426.9±158.4

-22.6±33.1

-4.4±6.7

-27.3±49.9

-4.2±7.7

449.5±169.2
371.4±166.3
585.3±230.6
558.1±219.6
491.3±215.3
479.4±216.8
445.0±197.8
385.1±196.9
567.8±224.3
504.7±183.3

1.28±0.37

28.4±6.3
7.4±2.1

2.97±0.63

17.2±3.8

1.48±0.40

10.3±2.7

3.39±0.74
1.42±0.38
3.17±0.72

23.6±5.1
8.9±2.4

19.9±4.7

-34.3±39.9
-94.3±29.1
-63.1±50.7

-17.1±6.0
-6.4±7.9

-21.2±7.3
-9.8±6.3

-28.1±8.0

480.5±97.9

-26.9±29.6

-5.0±4.9

507.4±111.8

9.3±2.4

3.48±0.78

-94.1±32.9

-19±8.0

-160.8±79.6

1.46±0.36

12.4±3.5

-78.2±26.8

407±164.4

353.6±97.9

1.52±0.43

-1.1±5.6

-11.9±7.0

10.1±3.0

20.9±4.6

-8.3±30.3

-18.3±4.7

-59.0±39.9

1.54±0.42

3.27±0.70

-129.4±49.2

-18±4.9

450.8±189.1

421.8±102.4

22.1±5.4

(%)

539±114.5

23.7±5.9

3.37±0.80

ΔR

379.2±108.3

302.5±94.8
479.6±81.1
442.1±79.4

-85.6±33.7
-25.5±26.7
-76.7±28.4
-37.6±20.7

-17.2±6.5
-6.6±6.3

-20.8±6.8
-7.9±4.6

371.8±82.0

-107.9±27.0

-23.0±7.0

1084.5±304.0

-100.9±41.1

-9.0±4.3

1185.4±302.9
932.4±264.7
786.6±247.8
738.6±250.4
652.0±246.2
881.1±229.7
786.5±218.6

-253.0±87.4
-48.0±35.9

-21.8±5.8
-6.6±5.3

-134.6±44.3

-18.2±6.8

655.2±202.6

-225.9±59.7

-94.7±48.1

-10.9±5.7

546.9±154.2

-38.3±27.4

-6.4±4.2

585.2±165.0
476.5±155.3

-108.7±26
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-26.2±6.0

-19.3±5.5

* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emission scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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Table 1.8.b

Mean values and standard deviation of relative humidity at 2 m above ground
(RH, %) and total incident short-wave radiation (S, W/m 2), from the 12 RCM
simulations of the ENSEMBLES project for the thirty-year periods 1961-1990*,
2021-2050 and 2071-2100 (SRES A1B)

Climate zones

Periods

1961-1990

Western and
2021-2050
Central Macedonia
2071-2100
1961-1990

Eastern Macedonia
2021-2050
and Thrace
2071-2100
Northern Aegean

Cyclades

Eastern Aegean

Dodecanese

Crete
Central and
Eastern Greece
Attica
Eastern
Peloponnese
Western Greece

Ionian
Western
Peloponnese
Greece

1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990

RH

ΔRH

(%)

65.27±7.06

-1.74±0.63

-2.6±1.0

67.01±7.21
63.53±6.59
68.57±6.25
66.93±6.24
65.25±5.80
74.20±3.85
73.26±3.86
72.52±3.88
73.93±3.08
73.64±2.96
73.48±2.66
71.75±3.82
71.01±3.91
70.14±3.68
72.75±2.79
72.50±2.75
72.32±2.41
71.56±3.69
70.79±3.68
69.95±3.85
66.68±5.93
65.43±5.85
64.06±5.54
66.51±4.32
65.28±4.26
63.98±4.04
67.50±5.48
66.50±5.59
65.31±5.45
71.38±6.17
69.92±6.23
67.96±6.18
73.16±3.56
72.84±3.72
72.47±3.72

70.55±5.2

2021-2050

69.25±5.27

1961-1990

71.40±3.71

2071-2100
2021-2050
2071-2100

67.45±5.26
70.61±3.70
69.78±3.42

-3.48±1.51
-1.64±0.46
-3.32±1.21
-0.94±0.61
-1.68±1.32
-0.29±0.41

-0.45±0.6

-0.75±0.27
-1.62±0.81
-0.25±0.32
-0.42±0.76
-0.77±0.38
-1.61±1.05
-1.25±0.58
-2.63±1.46
-1.23±0.64
-2.53±1.59
-1.01±0.49
-2.20±1.23
-1.46±0.46
-3.41±0.98
-0.32±0.44
-0.69±0.72
-1.29±0.35
-3.09±0.94
-0.79±0.25
-1.62±0.73

-5.1±2.3
-2.4±0.7
-4.8±1.8
-1.3±0.8
-2.3±1.8
-0.4±0.6
-0.6±0.8
-1.0±0.4
-2.2±1.1
-0.3±0.4
-0.6±1.0
-1.1±0.5
-2.3±1.5
-1.9±0.9
-3.9±2.3
-1.9±1.0
-3.8±2.5
-1.5±0.8
-3.3±1.9
-2.1±0.7
-4.8±1.4
-0.5±0.6
-1.0±1.0
-1.9±0.5
-4.4±1.4
-1.1±0.4
-2.3±1.0

S

ΔS

(%)

182.5±16.8

1.8±1.5

1.0±0.8

1.8±1.4

1.0±0.8

0.9±1.3

0.5±0.7

1.0±1.0

0.5±0.5

1.1±1.1

0.6±0.6

1.1±0.8

0.5±0.4

1.6±1.3

0.8±0.6

1.4±1.5

0.8±0.8

1.3±1.6

0.7±0.8

1.5±1.3

0.8±0.7

2.5±1.6

1.4±0.9

1.4±0.9

0.7±0.5

2.2±1.3

1.2±0.7

1.3±1.0

0.7±0.5

180.7±17.3
184.3±15.3
178.6±16.9
180.3±16.4
182.2±15.1
186.5±18.6
187.3±18.4
188.2±18.5
196.0±20.8
197.0±20.9
198.1±21.5
194.3±19.2
195.3±19.3
196.7±19.3
201.0±22.0
202.1±22.0
203.4±22.8
200.6±19.0
202.2±19.0
203.9±19.1
188.3±17.7
189.7±17.3
191.2±16.0
192.4±17.3
193.7±17.0
195.2±16.6
195.3±18.5
196.7±18.3
198.4±17.5
179.1±18.7
181.6±18.3
184.1±16.8
186.9±19.7
188.3±19.6
189.6±19.5
189.9±19.3
192.2±19.0
194.5±18.0
191.1±18.8
192.4±18.8
193.8±18.7

3.6±2.8

3.6±2.8

1.8±2.2

2.1±1.9

2.4±2.0

2.4±1.7

3.3±2.5

2.9±2.6

2.8±2.9

3.1±2.4

5.0±2.5

2.7±2.0

4.5±2.2

2.7±2.1

2.1±1.6

2.1±1.6

1.0±1.1

1.1±0.9

1.2±0.9

1.2±0.8

1.7±1.2

1.6±1.4

1.5±1.5

1.6±1.2

2.9±1.4

1.5±1.0

2.5±1.2

1.5±1.0

* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emission scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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Mean values and standard deviation of wind velocity (V, m/s)
and cloud cover (CC, %) from the 12 RCM simulations of the ENSEMBLES
project for the thirty-year periods 1961-1990*, 2021-2050 and 2071-2100
(SRES A1B)

Climate zones

Periods

1961-1990

Western and
2021-2050
Central Macedonia
2071-2100
1961-1990
Eastern Macedonia
2021-2050
and Thrace
2071-2100
Northern Aegean

Cyclades

Eastern Aegean

Dodecanese

Crete
Central and
Eastern Greece
Attica
Eastern
Peloponnese
Western Greece

Ionian
Western
Peloponnese
Greece

1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100
1961-1990
2021-2050
2071-2100

V

ΔV

(%)

2.88±0.81

-0.01±0.04

-0.4±1.2

0.02±0.03

0.5±0.9

2.90±0.83
2.82±0.77
3.54±0.86
3.56±0.86
3.57±0.82
6.21±0.96
6.26±0.95
6.38±0.96
6.51±1.24
6.51±1.24
6.64±1.28
5.74±1.13
5.75±1.11
5.87±1.13
6.08±0.69
6.03±0.65
6.01±0.62
4.61±1.25
4.59±1.24
4.64±1.23
3.47±1.08
3.47±1.07

-0.07±0.09

0.02±0.08

-2.1±2.7

0.9±2.0

0.05±0.08

0.8±1.4

0.01±0.06

0.1±0.9

0.01±0.05

0.3±1.1

0.18±0.18

0.13±0.12

0.13±0.12

2.9±2.9

2.0±1.8

2.4±2.0

-0.05±0.11

-0.8±1.8

-0.02±0.04

-0.3±0.9

0.00±0.03

0.1±0.8

-0.07±0.18

0.04±0.08

-1.1±2.9

0.9±1.7

3.46±1.04

-0.01±0.06

3.75±1.14

0.02±0.03

0.5±0.8

0.00±0.04

-0.1±0.9

-0.04±0.04

-1.1±1.3

3.73±1.15
3.80±1.14
4.16±1.27
4.15±1.27
4.18±1.27
3.09±1.11
3.06±1.10
3.01±1.07
4.95±0.86
4.88±0.84
4.78±0.80
3.60±1.09
3.57±1.08
3.53±1.06
5.02±0.87
5.00±0.86
5.01±0.84

0.07±0.07

0.02±0.11

-0.09±0.07

0.2±1.8

2.2±1.9

0.6±2.2

-2.5±1.7

-0.07±0.06

-1.3±1.1

-0.03±0.04

-0.8±1.1

-0.01±0.04

-0.3±0.9

-0.17±0.09

-0.07±0.07

0.00±0.07

-3.4±1.4

-2.0±1.6

0.1±1.4

CC

ΔCC

39.2±8.0

-2.2±0.6

41.4±8.3
36.7±7.8
41.7±7.5
39.4±7.3
36.9±7.1
39.2±5.9
37.0±5.7
34.7±5.7
36.5±6.3
34.2±6.4
31.8±6.4
35.6±5.5
33.3±5.4
30.8±5.3
34.6±7.4
32.2±7.4
29.7±7.5
36.6±5.9
34.1±5.5
31.4±5.2
37.9±7.5
35.8±7.1
33.5±6.8
36.9±7.0
34.7±6.6
32.5±6.3
35.3±6.7
33.1±6.3
30.9±6.1
44.9±7.9
42.4±7.6
39.4±7.6
40.6±6.0
38.3±6.0
35.5±5.9
40.8±7.0
38.3±6.7
35.4±6.6
38.0±5.8
35.8±5.7
33.3±5.6

(%)
-5.3±1.3

-4.7±1.2

-11.4±3.0

-2.2±0.5

-5.4±1.3

-4.8±1.1
-2.1±0.6
-4.5±1.1
-2.3±0.6

-11.6±3.0
-5.5±1.7

-11.7±3.1
-6.4±2.0

-4.7±1.0

-13.2±3.8

-2.3±0.5

-6.5±1.5

-4.8±1.1
-2.4±0.5
-4.9±1.1
-2.5±0.7

-13.7±3.7
-7.2±2.0

-14.7±5.0
-6.8±1.6

-5.2±1.4

-14.2±3.2

-2.1±0.6

-5.6±1.5

-4.4±1.2
-2.2±0.7
-4.4±1.3
-2.2±0.7

-11.6±3.1
-6.0±1.8

-12.0±3.4
-6.2±1.9

-4.4±1.3

-12.6±3.7

-2.5±0.8

-5.7±1.6

-5.5±1.1
-2.3±0.7
-5.1±1.0
-2.5±0.8

-12.4±2.9
-5.8±1.8

-12.9±2.9
-6.2±1.9

-5.5±1.1

-13.6±3.1

-2.3±0.5

-6±1.4

-4.8±1.0
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-12.7±3.1

* The small differences in estimates of climate parameters in the reference period 1961-1990 for the different emissions scenarios
are due to the fact that climate parameters are estimated on the basis of different sets of climate simulations for the different
scenarios.
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ation in the six climate parameters for the 13 climate zones can be found on the website pages
of the Bank of Greece dedicated to the Climate Change Impacts Study Committee (CCISC).26
Presented in Tables 1.7.1.a, b, c and 1.7.2.a, b, c are the annual mean values of the six climate parameters for the reference period 1961-1990 and for the decades 2071-2080, 2081-2090
and 2091-2100, as well as the variation in annual mean values in the case of Scenarios Α2 and
Β2 between the periods 2071-2080, 2081-2090, 2091-2100 and the reference period 1961-1990
for each of the country’s 13 climate zones. The respective estimates for the periods 1961-1990,
2021-2050 and 2071-2100 in the case of Scenario Α1Β are presented in Table 1.8.a, b, c. The
results of the assessment are discussed separately for each of the six climate parameters immediately below.
Mean air temperature

The climate simulations under all four emission scenarios (Tables 1.7.1.a, b, c, 1.7.2.a, b, c
and 1.8.a, b, c) point to an overall mean warming in Greece over the coming decades, relative
to the reference period 1961-1990. This increase in temperature is projected to be most pronounced under Scenario Α2 and smallest under Scenario Β1. Warming is also projected to be
greater in the continental regions than in the islands, and greater in summer and autumn than in
winter and spring.
Under the more extreme Scenario Α2, in the decade 2091-2100 the mean air temperature
countrywide is projected to be 3.9ºC higher in winter and spring, 5.4ºC higher in summer,
4.7ºC higher in autumn and 4.5ºC higher year-round. The increase in winter temperature is
projected to range between 4ºC and 4.5ºC in the continental regions, but will be less pronounced in the island regions where it will not exceed 3.5ºC, except in the Northern Aegean,
where it will reach 4 ºC. Spring temperatures are expected to be 4.5ºC higher in the continental regions and 3.5ºC higher in the island regions. The temperature increase in summer is
expected to be greater than in the other seasons, and is projected to range from 6ºC to 7ºC in
the continental regions and from 4.5ºC to 5ºC on the islands. Lastly, the temperature increase
in autumn is projected be more uniform across the different climate zones and should range
between 4.3ºC and 5.2ºC.
As for the somewhat milder Scenario Α1Β, the projected variation in annual mean air temperature, relative to the reference period 1961-1990, can be seen in Figure 1.25 (for the period
2021-2050 on the left panel, and for the period 2071-2100 on the right panel). As can be seen
on the left panel (a), all of Greece’s regions should have 1.5ºC higher annual mean temperatures
in 2021-2050. As mentioned earlier, the temperature increase will be greater in summer and
smaller in winter. It should also be noted that the differences in estimated air temperature vari26 http://www.bankofgreece.gr/Pages/en/klima/
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Figure 1.25

Variation in mean air temperature in (a) 2021-2050 and (b) 2071-2100,
relative to 1961-1990

Mean value of 12 RCMs from the ENSEMBLES project. Scenario A1B.

Figure 1.26

Variation across time in the average annual temperature in Greece in the course
of the 2000-2100 period under Scenarios B1, A1B and A2

Average of 10 simulations with AOGCMs.

ation presented by the various emission scenarios are small for the near future (Figure 1.26,
Kapsomenakis, 2009). During the decade 2091-2100, the mean temperature countrywide is projected to be higher than in the reference period by 3.2ºC in winter, 4.2ºC in summer and ~3.5ºC
in spring and autumn, as well as on annual basis. The increase in winter temperature will range
across the different climate zones between 3ºC and 3.5ºC, with higher values projected for
Northern Greece and lower values projected for the islands. The increase in summer temperaThe environmental,
economic and social impacts
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ture is expected to approach 4.5-5ºC in the continental regions, but should not exceed 4ºC on
the islands.
Under Scenario Β2, the annual mean warming at the end of the 21st century is projected to
be ~1.3ºC lower than under Scenario Α2. The difference in projected warming between the two
scenarios will be smallest in winter and spring (1ºC) and more pronounced in autumn (1.5ºC)
and summer (1.7ºC).
Lastly, the warming projected under Scenario Β1 will be less pronounced than under all of
the other scenarios considered. In particular, the mean air temperature countrywide for the
decade 2091-2100 will be higher, with respect to the reference period, by 2ºC in winter, 2.2ºC
in spring, 3ºC in summer and 2.4ºC in autumn as well as on an annual basis. An analysis of the
results found the differences in temperature variations across the different climate zones to be
smaller under Scenario Β1 than under the other scenarios considered.
It should be noted that under all four scenarios the warming trend increases throughout the
21st century. During the period 2071-2100 in particular, this trend is stronger under Scenarios
Α2 (0.5ºC/decade) and Α1Β (0.4ºC/decade), milder under Scenario Β2 (0.25ºC/decade) and
milder yet under Scenario Β1, the only scenario under which the warming trend slackens off
toward the end of the century (0.1ºC/decade). The difference in projected warming between the
four scenarios is therefore greatest at the close of the 21st century, as can be seen in Figure 1.26.
Precipitation

According to the results of the climate model simulations, annual precipitation levels countrywide are projected to decline under all three emission scenarios considered. The decrease is
particularly important under Scenarios Α2 and Α1Β and milder under Scenario Β2.
In the case of Scenario Α2, precipitation levels countrywide during the period 2071-2100 are
expected to decrease, relative to the reference period, by 16% in winter, 19% in spring, 47% in
summer, 10% in autumn and 17% on a annual basis. The percentage decrease in annual mean
precipitation is projected to be greatest in the western continental areas and in the Eastern Peloponnese (over 20%), followed by the rest of Greece (15-20%), with the exception of the Northern Aegean where the decrease in annual precipitation should not exceed 10%. In winter, when
Greece receives most of its precipitation, the percentage decrease is projected to be greatest in
the eastern continental regions, the Western Peloponnese and the Southern Aegean (over 18%),
smallest in the Northern Aegean (under 8%), while ranging between 9% and 12% in the rest of
Greece. The greatest percentage decrease in precipitation is projected for summer, when it will
exceed 40% in the larger part of Greece. In absolute terms, however, the decrease in summer
precipitation will ―with the exception of Northern Greece― be small, as even today summer
precipitation ranges from limited to minimal. In spring, precipitation should decrease by more
than 20% in the larger part of Greece, and in other regions by ~15%. Lastly, autumn precipita72
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Figure 1.27

Percentage changes in average annual total precipitation in (a) 2021-2050 and
(b) 2071-2100, relative to 1961-1990

Mean value of the 12 RCMs from the ENSEMBLES project. Scenario A1B.

tion is expected to decrease significantly by over 18% in Western Greece, the Western Peloponnese and Eastern Macedonia-Thrace.
Turning to Scenario Α1Β, the percentage changes in annual mean precipitation projected for
the periods 2021-2050 and 2071-2100, relative to the reference period, are represented in Figure 1.27. In 2021-2050, precipitation levels countrywide will decrease relative to the reference
period by about 5% (Table 1.8.a). In percentage terms, annual mean precipitation is projected
to decrease most in Crete and the Peloponnese (close to 15%), followed by the rest of Greece
(between 5% and 10%), but to increase slightly in the Northern Aegean (Figure 1.27, panel (a)).
The decrease in precipitation countrywide is projected to be greatest toward the end of the century. More specifically, in 2071-2100, mean precipitation is projected to decrease by 16% in
winter, 26.5% in spring, 37% in summer, 12.5% in autumn and 19% on an annual basis. The
percentage decrease in annual mean precipitation will be greatest in Crete and the Peloponnese
(close to 25%), while ranging around 20% in the rest of Greece and remaining below 15% in
the Northern Aegean (See Figure 1.27, panel (b)). The percentage decrease in winter precipitation is expected to be largest in Greece’s southern island areas and the Peloponnese (over 20%),
followed by Western Greece, the Ionian and the Eastern Aegean islands (about 15%), and the
rest of Greece (about 10%). The percentage decrease in summer precipitation should be around
or even above 40% in most of Greece, while even in the Northern Aegean, i.e. the region with
the smallest projected percentage decrease, it will exceed 20%. Spring precipitation should
decrease in most of Greece by more than 20%. Lastly, in autumn, the percentage decrease is
projected to be greatest in Crete and the Western Peloponnese (20%), whereas in Central and
Eastern Greece and the Northern Aegean it will not exceed 7%.
Under Scenario Β2, the decrease in precipitation projected for the period 2071-2100, relative to
the reference period, will be smaller. A significant decrease in winter and spring precipitation (of
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~10%) is projected only for Southern Greece. Autumn precipitation will decrease significantly only
in Western Greece (by ~8%), and in contrast will increase by as much as 10% in the island regions.
Lastly, summer precipitation is projected to decrease significantly countrywide. In absolute terms,
however, the decrease in summer precipitation will be sizeable only in Northern Greece.
Relative humidity at 2 m above ground

Annual mean relative humidity is projected to decrease in Greece under all three Scenarios
Α2, Α1Β and Β2, with the changes projected under Scenario Β2 expected to be much more
moderate than under Scenario Α2, and the changes projected under Scenario Α1Β figuring
somewhere in the middle. As also indicated by the simulations, the variation in relative humidity ―under all three scenarios― will be much milder in the island regions than in the continental climate zones, and much milder in the near future than at the close of the 21st century.
In greater detail, under extreme Scenario A2, annual mean relative humidity is projected to
decrease countrywide by 4.5% in 2091-2100, relative to the reference period 1961-1990. The
percentage decrease in annual mean relative humidity is projected to be about 10% in the western and northern continental regions, between 6% and 8% in the remaining continental regions,
but less than 4% in the islands. Winter relative humidity is estimated to decrease by 6% to 8%
in the continental regions ―with the exception of the Western Peloponnese (3.5%)― whereas
an even smaller decrease is projected for the island regions. The largest percentage decrease in
relative humidity is expected in summer, with relative humidity more than 20% lower in the
western and northern continental regions, close to 15% lower in the remaining the continental
regions, but only between 3% and 7% lower on the islands. In spring, similarly, the decrease in
relative humidity should be more pronounced in Western and Northern Greece (close to 10%)
and in the remaining continental regions (around 8%) than on the islands (below 5%). Lastly,
in autumn, the changes in relative humidity are projected to be similar to those in winter.
Turning to Scenario Α1Β, the largest percentage decrease in relative humidity is, once again,
projected for summer. More specifically, summer mean relative humidity in 2091-2100 is
expected to be 12% lower in Greece’s western and northern continental regions, 6% to 8%
lower in the remaining continental regions, and 3% to 5% lower in the islands. The change in
winter relative humidity, however, is not expected to be substantial on a countrywide basis. In
spring, mean relative humidity is projected to be 6% lower in the continental regions, 4% lower
in the islands of the Northern Aegean, the Eastern Aegean and Crete, and less than 2% lower in
the remaining islands. Lastly, autumn relative humidity is expected to decrease slightly in the
western and northern continental regions, but to remain essentially unchanged elsewhere.
In the case of Scenario Β2, the changes in seasonal and annual relative humidity are projected to be small, with the exception of the summer, when the decrease in relative humidity is
projected to reach as much as 10% in continental Greece.
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The decrease in relative humidity is attributable in part to the rise in temperatures, which
results in higher saturation specific humidity. Thus, when the water vapour content of the
atmosphere can no longer increase, as in the case of Greece’s continental regions particularly in
summer, mean relative humidity drops.
Cloud cover

As shown by the results of the climate simulations for the three scenarios considered, cloud
cover is projected to decrease countrywide in the coming decades, relative to the reference
period 1961-1990. The decrease in cloud cover is projected to be more pronounced under Scenario Α2 and least pronounced under Scenario Β2.
Based on the projections, the percentage decrease in annual mean cloud cover countrywide
in 2091-2100 relative to the reference period will reach 16% and 8% under Scenarios Α2 and
Β2, respectively. It should be noted that the spatial distribution of the projected changes was
found to be similar under both scenarios. Depending on the climate zone, the percentage
decrease in winter cloud cover ranges between 10% and 14% under Scenario Α2, and between
4% and 8% under Scenario Β2. Similar results were obtained for spring. The largest percentage
decreases in cloud cover are projected for summer, reaching 36% and 20%, respectively, under
Scenarios Α2 and Β2 countrywide. In absolute terms, however, the change in summer cloud
cover will be small, with the exception of the western and northern regions, given that low level
of summer cloud cover even today. Lastly, autumn cloud cover is expected to fall to 14% and
7%, respectively, under Scenarios Α2 and Β2.
Future cloud cover is projected to decrease under Scenario Α1Β as well, with the percentage
decreases in mean cloud cover in the different climate zones generally assuming intermediate
values, between those obtained under Scenario Α2 and under Scenario Β2.
Incident short-wave radiation

According to the results of the studied simulations, incident short-wave radiation is ―according to Scenarios Α2, Α1Β and Β2― expected to increase slightly in Greece. It should be noted
that this increase is, to some extent, correlated with the anticipated decrease in cloud cover.
In greater detail, under Scenario Α2, annual incident radiation is projected to increase countrywide by 4.5 W/m2 in 2091-2100, relative to the reference period. The increase is expected to
exceed 6 W/m2 in Northern Greece, but at the other end, to be less than 3 W/m2 in the southern
island regions. In addition, the increase will in general be greater in Western than in Eastern
Greece. In winter, the increase in incident radiation is expected to be greater in the southern
regions, in some cases reaching 5 W/m2, and smaller in the northern regions where it should not
exceed 3 W/m2. Summer incident radiation is projected to increase countrywide by 3.5 W/m2,
with the most significant increase projected for Western and Northern Greece (8-10 W/m2), in
The environmental,
economic and social impacts
of climate change in Greece

75

contrast with the southern island regions, where incident radiation should remain broadly
unchanged. The highest increase in incident radiation countrywide is projected to take place in
spring, reaching 9 W/m2, with the highest levels of increase anticipated for Western Greece (15
W/m2), followed by other western and northern regions (above 10 W/m2) and the rest of the
country (between 6.5 W/m2 and 9 W/m2). Lastly, in autumn, the increase in incident short-wave
radiation is projected to be relatively smaller (2 W/m2 countrywide).
Turning to Scenario Α1Β, annual mean incident solar radiation is projected to increase countrywide by 2.4 W/m2 in the period 2091-2100. The increase will range between 4.5 W/m2 in
Western Greece and 2 W/m2 in the Cyclades, the Eastern Aegean and the Dodecanese. In winter, the increase in incident solar radiation in the larger part of Greece should range between 3
W/m2 and 5 W/m2, with the exception of Northern Greece, where it is not expected to exceed
2.5 W/m2. In summer, incident solar radiation is not projected to change significantly countrywide. The highest increase in incident solar radiation countrywide is projected to occur in
spring, when it would reach 10 W/m2. The increase will be greatest in the western continental
regions, where it is expected to exceed 13 W/m2, but will also be substantial in the rest of
Greece, where it will range between 8 W/m2 and 11 W/m2. Lastly, incident short-wave radiation
in autumn is expected to decline. The decrease will be uniform countrywide and is expected to
reach 3 W/m2.
Lastly, under Scenario Β2, the increase in incident solar radiation that is projected countrywide is smaller than under Scenario Α2. More specifically, as indicated by the simulations,
annual incident solar radiation countrywide will be 2.3 W/m2 higher at the end of the 21st century, relative to the reference period. Season-wise, the greatest increase in incident solar radiation is projected to occur in spring and the smallest in autumn. In terms of spatial distribution,
the highest increase in incident solar radiation is expected to occur in Western and Northern
Greece, whereas the smallest increase is projected for the southern island regions.
Wind speed

No change is projected in the annual mean wind speed countrywide, according to all three
Scenarios (Α2, Α1Β and Β2). However, certain specific regions are expected to experience significant changes in wind speed toward the end of the 21st century, on a seasonal and annual
basis.
More specifically, under extreme Scenario Α2, the annual mean wind speed is projected to
increase in Eastern Greece (except in the Dodecanese, where it will remain unchanged), and to
decline in the western regions. In winter, the mean wind speed will decrease countrywide, by
as much as 7% in the western regions but by no more than 2% in the Cyclades and the Eastern
Aegean islands. In summer, on the other hand, the mean wind speed countrywide will increase
by about 5%. This increase is attributed to the strengthening of the Etesians in the Aegean, as
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projected by the models. In greater detail, the mean summer wind speed will increase by more
than 10% in the Cyclades and the Eastern Aegean islands, and by close to 5% in the other eastern regions (except for the Dodecanese). In Western Greece and the Dodecanese, the wind
speed will not change substantially. In the intermediate seasons, the mean wind speed countrywide is projected to remain essentially unchanged. However, in the Cyclades and the Eastern
Aegean islands an increase in wind speed is projected both for spring and autumn, on account
of the higher intensity and frequency of the Etesians early and late in the season. In other eastern regions, the wind speed should increase slightly in autumn, but is not expected to change
substantially in spring. By contrast, wind intensity in Western Greece is expected to decline,
particularly in spring.
Turning to the projections under the milder scenario (Β2), the changes in seasonal and
annual mean wind speed in different regions of Greece will have the same sign as under Scenario Α2, but lower absolute values, with the exception of the summer wind speed in the
Aegean, where the variation in intensity of the Etesians is projected to be roughly equal under
both Scenarios.
Lastly, similar results were also obtained using the intermediate Scenario (Α1Β). On a seasonal basis, the mean wind speed countrywide will increase in summer by nearly 4%, on
account of a strengthening of the Etesians in the Aegean. It should be noted that, whereas the
PRUDENCE models (Scenarios Α2 and Β2) place the highest strengthening of the Etesians in
the Central Aegean, the ENSEMBLES models (Scenario A1B) project the highest strengthening (above 10%) to take place in the Northern Aegean. The winter mean wind speed will, in
contrast, decline countrywide, and will be more pronounced in the Ionian and in Western
Greece (5%) than in eastern continental Greece and the Aegean islands (3%). During the intermediate seasons, the changes in wind speed will be similar to those estimated under Scenarios
Α2 and Β2. It is worth noting the upward trend in the intensity of the Etesians over the period
2071-2100 under all three scenarios.

1.16 Assessment of extreme weather events and their regional impact in
Greece
The severity of the climate change impact is more likely to be associated with changes in the
frequency of extreme weather events than with a drawn-out ‘average’ climate evolution, given
that, in the case of extreme events, a simple change in mean value above a critical threshold can
bring about a disproportionate, non-linear impact.
The complexity of the natural and social systems’ interactions with the climate system
makes it difficult to assess and describe the impacts of climate change in a comprehensive and
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straight-forward manner. Instead, one has to use indicators gauging changes in observable and
measurable characteristics of natural systems and human societies that are heavily dependent
on climate change and can point to changes in the broader system. For instance, a longer or
shorter growing season can serve as an indicator of a climate change impact on agriculture.
For the purpose of the present study, we used the datasets from the regional climate model
RACMO2, developed by the Royal Meteorological Institute of the Netherlands (KNMI), with a
horizontal resolution of 0.25° (~25 km). These datasets were compiled in the context of the EUfinanced project ENSEMBLES,27 in which the National Observatory of Athens took part. The
objective of the ENSEMBLES project was the study of climate change in Europe and the quantification of uncertainty in climate projections. The specific model was selected because, during
an assessment exercise of all the models forming the basis for the simulations under the ENSEMBLES project, RACMO2 was found to be more accurate in simulating temperature and rainfall
extremes. The datasets cover a 30-year reference period, 1961-1990, for the current climate, and
two future periods, 2021-2050 and 2071-2100, for the study of climate change using Scenario
Α1Β of the IPCC. For each of Greece’s 13 climate zones, we computed the change in the relevant climate indices between each future period (2021-2050 and 2071-2100) and the reference
period (1961-1990). Scenario Α1Β is a mid-line scenario in terms of carbon dioxide emissions
and economic growth (Alcamo et al., 2007). The first future period, 2021-2050, was chosen with
the specific needs of policy-makers in mind, in order to assist them with nearer-term planning,
whereas the second period, 2071-2100, serves to underscore the extent of the changes toward the
end of the 21st century. Using the data from this model, it was possible to study the variation in
climate parameters and indices between the reference period and each one of the two future periods, and to determine climate change for each of Greece’s 13 climate zones.
Maximum summer and minimum winter temperatures

As can be seen from the projected changes in mean minimum winter temperature represented in Figure 1.28, minimum winter temperatures in all of Greece’s regions will be ~1.5ºC
higher in 2021-2050 and ~3.5ºC higher in 2071-2100, than in the reference period 1961-1990.
These results concur with large-scale findings, which have recorded a significant upward trend
in minimum temperatures over the past few decades. The warming trend will be more pronounced in the more mountainous areas, especially in the mountain ranges of Pindos and of
Northern Greece, where it is projected to reach 2ºC in 2021-2050 and 4ºC in 2071-2100.
The increase in this parameter is likely to have an impact on forests, presently adapted to
colder weather conditions. If the conditions become prohibitive, certain categories of forests
(e.g. fir) would have to shift to higher altitudes.
27 www.ensembles-eu.org
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Variation in the mean minimum winter temperature in (a) 2021-2050 and
(b) 2071-2100, relative to 1961-1990
(in ºC)

Figure 1.29

Variation in the mean maximum summer temperature in (a) 2021-2050 and
(b) 2071-2100, relative to 1961-1990
(in ºC)
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Figure 1.28

The projected changes in mean maximum summer temperatures are represented in Figure 1.29. The increase in mean maximum summer temperatures in the period 2021-2050
will be greater than that of the winter minimums and will exceed 1.5ºC and in some cases
reach as much as 2.5ºC. In the period 2071-2100, the increase in mean maximum summer
temperatures may be as much as 5ºC. Most affected will be the continental inland regions,
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situated far from the cooling effects of the sea, whereas regions with strong sea breezes
(Crete, Aegean islands) will experience a significantly smaller variation in maximum summer temperatures.
Warm days and warm nights

The projected variation in the number of days with maximum temperatures above 35ºC, as
represented in Figure 1.30, is expected to have a significant impact on human discomfort, especially in urban areas, as the number of hot days countrywide is clearly projected to increase. The
most noticeable changes are projected for the low-lying inland regions of Central Greece, Thessaly, the Southern Peloponnese as well as Central Macedonia, where up to 20 additional very
warm days are expected per year in 2021-2050 and up to 40 in 2071-2100, relative to the reference period 1961-1990. The change is expected to be somewhat milder in Crete and Attica,
where the number of additional very warm days per year should not exceed 15 in 2021-2050
and 30 in 2071-2100, and milder yet in the Aegean and the Ionian islands, which will count 10
additional very warm days per year in 2021-2050 and 15 additional ones in 2071-2100, due to
the proximity of the sea and the tempering effect of sea breezes.
Another temperature-related and significant parameter is the change in the annual number
of warm nights. Nights are defined as warm (or tropical) when the minimum temperature does
not fall below 20ºC. This parameter is closely associated with human health, as a tropical night
following an extremely hot day can increase human discomfort. As can be seen from Figure
1.31, the annual number of tropical nights is projected to increase almost everywhere in Greece,
but substantially more so in the coastal and island regions than in the continental mainland
Figure 1.30
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Figure 1.31

Variation in the number of days with minimum temperature > 20ºC in
(a) 2021-2050 and (b) 2071-2100, relative to 1961-1990

regions. Crete, the coastal regions of Εastern Greece and the Aegean islands are expected to
have 40 additional warm nights per year in 2021-2050 and 80 additional warm nights per year
in 2071-2100. In Western Greece and Eastern Macedonia-Thrace, however, the increase in the
annual number of warm nights will be less than 30 in 2021-2050 and 70 in 2071-2100, with
even smaller increases projected for Western Macedonia (15 or less additional warm nights per
year in 2021-2050 and 30 or less in 2071-2100).
Days with precipitation and dry days

Apart from maximum temperature extremes and their association with human discomfort,
another source of concern is flash flooding, especially if its frequency were to increase on
account of climate change. As can be seen from Figure 1.32, the percentage variation in annual
maximum consecutive 3-day precipitation is projected to increase. Together with the projected
decrease in total annual rainfall, this means that extreme precipitation events will increase in
intensity, thereby raising the flood risk. As can be seen from the left panel of Figure 1.32, maximum consecutive 3-day precipitation period during 2021-2050 will remain essentially
unchanged, relative to the reference period 1961-1990, in regions like Western Greece, Eastern
Macedonia-Thrace and Crete, but will increase significantly in others. In the eastern continental regions, in particular, maximum consecutive 3-day precipitation is projected to increase by
20%. These contrasts become even more pronounced toward the end of the 21st century, with
the amount of extreme rainfall projected to decrease by 10-20% in regions of Western Greece
and Thrace, but to increase by 30% in the Eastern Central Greece and the NW Macedonia.
Small variations are projected for the rest of the country.
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Figure 1.32

Percentage change in annual maximum consecutive 3-day precipitation in (a)
2021-2050 and (b) 2071-2100, relative to 1961-1990

Figure 1.33

Variation in maximum length of dry spell (in consecutive dry days) in
(a) 2021-2050 and (b) 2071-2100, relative to 1961-1990

Projections were also made regarding the variation in the maximum duration of dry spells,
i.e. consecutive dry days, defined as days with no or less than 1 mm precipitation. As can be
seen from Figure 1.33, the length of dry spells will clearly increase. The smallest variations in
dry spell length are projected for Greece’s western regions in 2021-2050 (less than 10 more
consecutive dry days) and for Western and Northern Greece in 2071-2100 (less than 20 more
consecutive dry days). The largest increases in dry spell length are projected for the eastern continental regions (Eastern Central Greece, the Eastern Peloponnese and Euboia) and Northern
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Crete, which will have more than 20 additional consecutive dry days in 2021-2050 and as many
as 40 more consecutive dry days in 2071-2100.
Frost days and growing season

The projected changes in the number of frost days per year are represented in Figure 1.34.
This is an important parameter for agricultural regions, especially those where frost-sensitive
crops, like citrus fruit, are grown. The number of frost days per year is projected to decrease in
Figure 1.34

Variation in number of night frosts in (a) 2021-2050 and (b) 2071-2100,
relative to 1961-1990

Figure 1.35

Variation in growing season length (in days) in (a) 2021-2050 and (b) 2071-2100,
relative to 1961-1990
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Macedonia and Thrace by 15 in 2021-2050 and by 40 in 2071-2100, and in the continental
regions of Thessaly and the Peloponnese by 10 to 15 in 2021-2050 and by 25 in 2071-2100.
Smaller decreases are projected for the rest of Greece, mainly because of the small number of
frost days that these regions have even today.
In addition to the number of frost days, we also examined the length of the growing season,
defined as the period favourable to plant and crop growth between the last spring frost and the
first autumn frost. The projected changes in the length of the growing season are represented in
Figure 1.35. The observable lengthening can be attributed to the earlier occurrence of the last
spring frost and to the later occurrence of the first autumn frost. The largest increases in growth
season length (in the order of 25 days for 2021-2050 and 45 days for 2071-2100) are projected
for the country’s continental mountain regions. Length increases of 10-15 days for 2021-2050
and 15-25 days for 2071-2100 are projected for the rest of the country.
Energy demand for heating and cooling

In order to estimate future energy demand, we used the degree-days method, which consists
in calculating the daily difference (in ºC) between a mean temperature and a base temperature.
The base temperature can be given a value such that heating or cooling consumption would be
at a minimum. Since the choice of such a base temperature would result in the degree-day index
taking on positive values in the warm season and negative values in the cold season, we chose
to use two separate indices: (a) Heating Degree Days (HDD) and (b) Cooling Degree Days
(CDD), using the following mathematical formulas:
HDD = max (T* - T, 0)
CDD = max (T - T**, 0)
where T* and Τ** are the respective base temperatures for HDD and CDD that can be either
the same or different, and Τ is the daily mean temperature, as obtained from the daily temperatures of the regional climate models for the reference period and the future periods. The HDD
(CDD) index is usually summed up for a specific period (annual or seasonal), and therefore provides a measure of the severity of winter (summer) conditions in terms of outdoor dry-bulb temperature. This, in turn, is a measure of the likely aggregate energy demand for reasonable heating (cooling) during that period in a particular location. In the present study, we adopted a base
temperature of 15ºC for our HDD calculations and 25ºC for our CDD calculations, in line with
the recent study by Giannakopoulos et al. (2009a; 2009b).
One major impact of global warming is that the electricity demand for cooling will increase
in summer. This could lead to more frequent network overloads and power disruptions, calling
into question the ability to meet demand. The projected changes in the number of days per year
with significant cooling needs (defined as days with a temperature 5ºC or more above the CDD
base temperature) are represented in Figure 1.36. As can be seen, the low-lying continental
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Variation in number of days with strong cooling demand in (a) 2021-2050 and
(b) 2071-2100, relative to 1961-1990

Figure 1.37

Variation in number of days with strong heating needs in (a) 2021-2050 and (b)
2071-2100, relative to 1961-1990
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Figure 1.36

regions are projected to have an additional 10-20 days per year with a significant demand for
cooling in the period 2021-2050 and 30-40 additional days per year in the period 2071-2100,
relative to the reference period 1961-1990. In the island and mountain regions, the respective
increases will be smaller.
One positive aspect of climate change is that energy needs for heating in winter are expected
to decline. As shown by the projected changes in the number of days requiring heavy heating,
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represented in Figure 1.37, the electricity demand for heating in winter will clearly decline in
almost all parts of Greece, by roughly 20 days per year in 2021-2050 and by 45 days per year
in 2071-2100.
Forest fires

Forest fires, like all other ecosystem processes, are highly sensitive to climate change, as fire
behaviour responds immediately to fuel moisture, which in turn is affected by precipitation, relative humidity, air temperature and wind speed. The projected rise in temperature as a result of
climate change should therefore increase fuel dryness and reduce relative humidity, more
markedly in those regions where rainfall will decrease. The increased frequency of extreme climate events is expected to have a significant impact on the fire vulnerability of forests.
The Forest Fire Weather Index (FWI) is a daily meteorological-based index, designed in
Canada and used worldwide to estimate the wildland fire potential for a standard fuel type. It is
computed from six standard components, each measuring a different aspect of fire danger. The
first three components refer to forest fuel moisture codes that simulate daily changes in the
moisture contents of three classes of forest fuel with different drying rates. The other three components are fire behaviour indices representing the rate of fire spread, the total amount of fuel
available for combustion and the frontal fire intensity. The FWI is a numerical rating of a fire’s
intensity and is used to estimate the difficulty of fire control. The system depends solely on
weather readings taken each day at noon: temperature, relative humidity, wind speed and rainfall. In the present study, RCM daily outputs of maximum temperature (Tmax), relative humidity (RH), wind speed at 10 m above ground and total rainfall were used as input variables to the
Figure 1.38
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Variation in number of days with extremely high risk of fire in
(a) 2021-2050 and (b) 2071-2100, relative to 1961-1990
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FWI system. The FWI system was developed for Canadian forests, but has found a wide application in other countries and environments, such as Mexico, SE Asia, Florida, Argentina. For
the Mediterranean basin, several studies have shown that the FWI system and its components
were well suited to the estimation of fire risk in the region (Moriondo et al., 2006). FWI values
over 15 were found to be indicative of an elevated fire risk, while FWI values over 30 indicate
extreme fire risk (Goοd et al., 2008).
The projected changes in the number of extreme fire danger days are presented in Figure
1.38. Apart from forest regions, this parameter is equally important to agricultural and tourist
areas. In all of Eastern Greece, from Thrace down to the Peloponnese, extreme fire danger days
are likely to increase by 20 in 2021-2050 and 40 in 2071-2100. Smaller increases are projected
for Western Greece, mostly on account of the higher humidity conditions.
Days with increased thermal discomfort

Heat effects on human comfort (or discomfort) are assessed by computing the humidex
(Masterton and Richardson, 1979). This index, used generally during warmer periods to
describe how hot or humid the weather feels to the average individual, is derived by combining
temperature and humidity values into one number to reflect the perceived temperature.
Humidex (equivalent to dry temperature inºC) is computed with the following formula:
T (h) = Tmax + 5/9* (e - 10)
where e is the vapour pressure (given by 6.112 * 10^(7.5 * Tmax/ (237.7 + Tmax)) *
h/100), Tmax is the maximum air temperature (ºC) at 2 m above ground and h is the relative
humidity (%).
Figure 1.39

Variation in number of days with high thermal discomfort (humidex > 38ºC) in
(a) 2021-2050 and (b) 2071-2100, relative to 1961-1990
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Table 1.9

Variation in examined climate indicators for each of Greece's 13 climate zones
WG

CEG

ATT

WCM

EMT

WP

EP

C

D

CY

EA

NA

I

Minimum
winter
temperature (οC)

2

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

Maximum
summer
temperature (οC)

2
4

2

4.5

1.7

2

2

2

2.5

1.5

1.5

1.5

1.5

1.5

1.5

20
40

20
40

15
35

20
40

15
40

20
40

20
40

15
35

10
15

10
15

10
15

10
15

10
15

0
-10

20
0

10
25

10
20

0
0

0
-15

15
10

0
0

0
0

0
0

15
15

0
10

0
20

Tmax>35 οC
(days)
Tmin>20 οC
(days)

Maximum 3-day
rainfall (%)

4

20
50

3.5

35
65

3.5

4

40
70

3.5

4

15
20

3.5

4

20
50

3.5

4

25
60

3.5

4.5

25
60

3.5

3.5

40
70

3.5

3.5

40
70

3.5

3.5

30
60

3.5

3.5

30
60

3.5

3.5

25
50

3.5

3.5

25
50

Length of
dry spell
(days)

10

15

20

10

10

15

20

20

10

10

10

10

15

Number of
frosts
(days)

0

-10

-5

-15

-15

-5

-10

0

0

0

0

0

0

20

10

10

15

10

10

10

10

10

10

10

10

10

15

10

10

10

10

10

5

5

5

5

5

Growing season
length
(days)
Days with
strong cooling
demand

Days with
strong heating
demand

20

0

35
10
35

25

-25

20
40

35

-5

15

20

-40

35
0

35

10

25

-30
20
30

30

0

15
35

45

-15

15
35

40

0

15

30

0

15

30

0

15

40

0

15

30

0

15

30

0

15

30

25

20

25

20

20

-5

-5

-10

-15

-10

-10

-15

-15

-15

-15

-10

-15

-10

-25

-20

-20

Extreme
fire risk
(days)

10

20

15

20

20

15

20

15

10

10

10

10

10

High thermal
discomfort (days)

20
40

15
30

15
25

5
10

10
20

20
40

10
25

15
30

20
40

10
20

10
25

10
20

20
40

-35

30

-40

40

-35

35

-35

40

-40

40

-30

30

-40

40

35

25

25

-25

30

-30

30

-25

25

Climate zones: Western Greece (WG). Central and Eastern Greece (CEG), Attica (ATT), Western and Central Macedonia (WCM), Eastern
Macedonia-Thrace (EMT), Western Peloponnese (WP), Eastern Peloponnese (ΕP), Crete (C), Dodecanese (D), Cyclades (CΥ), Eastern
Aegean (EA), Northern Aegean (ΝA) and Ionian (I).
Changes with a negative sign indicate a decrease, while those without any sign indicate an increase. The first value in each cell corresponds to the 2021-2050 period and the second one to the 2071-2100 period.

Six humidex categories have been established to inform the general public of discomfort
conditions:28
• <29ºC: no discomfort
• 30-34ºC: some discomfort
• 35-39ºC: discomfort; avoid intense exertion
• 40-45ºC: great discomfort; avoid exertion
28 http://www.eurometeo.com/english/read/doc_heat
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• 46-53ºC: significant danger; avoid any activity
• >54ºC: imminent danger; heatstroke
The projected changes in the number of consecutive days during summer with a humidex
value above 38ºC are represented in Figure 1.39. Interestingly, the coastal and island regions
were found to be most affected, contrary to our findings for heat wave occurrences which
showed the continental regions to be most vulnerable. In particular, in the coastal regions of the
Ionian and the Dodecanese islands, the period with humidex>38ºC is projected to be 20 days
longer in 2021-2050 and 40 days longer in 2071-2100, with obvious repercussions on human
discomfort and, ultimately, health. In the low-lying continental regions and in Crete, the period
with humidex>38ºC is projected to be some 15 days longer in 2021-2050 and 25 days longer in
2071-2100, whereas the mountainous regions will not experience significant changes and will
retain their cool summer climate.
Table 1.9 summarises the findings of our analysis, presented per respective climate indicator, for each of Greece’s 13 climate zones.
Statistical distributions for five large cities in Greece

This section further analyses the projections of the KNMI/RACMO2 model,29 focusing on
the statistical distribution of maximum temperatures as well as on extreme summer events for
Greece’s five largest urban centres. The kernel density estimations of maximum temperature (a
non-parametric way to estimate the probability density function) for each of these large cities
are represented in Figure 1.40. For all five cities, the temperature distribution curve for the reference period 1961-1990 (blue line) has two maxima corresponding, respectively, to the onset
of the cold season (left maximum) and the warm season (right maximum). The distribution
curves for the two future periods (2021-2050 in orange and 2071-2100 in violet) shift progressively to the right, reflecting a mean climate warming. As can be seen from the tails of the distribution curves, the temperature during extremely hot weather events (right tail of the curves)
is projected to be 1-2ºC higher.
Turning to the occurrence of abnormally hot summers, Figure 1.41 illustrates the frequency
of deviations of the summer mean maximum temperature (June-August mean values) from the
climatological summer mean (1961-1990), for each of the 30 years of the period 1961-1990
(blue histogram) and 2071-2100 (coral histogram). In most cases, the histograms for the two
periods overlap only slightly (violet histogram), suggesting that the ‘cooler’ summers at the end
of the century are likely to be as warm as the hottest summers of the recent past. Of particular
interest is the case of Athens: the summer of 1987, which ―with its major heat wave that cost
29 The model used is known as ‘RACMO2’, i.e. the second version of the regional atmospheric climate model of the Royal
Netherlands Meteorological Institute (ΚΝΜΙ).
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Figure 1.40

Kernel density estimates of maximum temperature for five major Greek cities

Kernel densities: non-parametric estimates of the probability density function.
Blue line: 1961-1990, orange line: 2021-2050, violet line: 2071-2100.

Figure 1.41

Frequency of deviation of mean summer maximum temperature (June to August)
from the 1961-1990 average for five major Greek cities

Periods 1961-1990 in blue; 2071-2100 in pink; overlap in purple.

hundreds of lives in July― was the hottest summer of the reference period 1961-1990 (1.7ºC
warmer than the climatological mean 1961-1990), would be considered quite cool (and even
outside the probable distribution range) at the end of the century.
90

The climate of the Eastern Mediterranean
and Greece: past, present and future

1 The climate of the Eastern
Mediterranean and Greece:
past, present and future

1.17 Changes in the intensity and distribution of landslides and floods in
Greece
In the present section, we examine the variability of climate parameters and their likely
regime, and the impact that such variability is likely to have on flood and landslide hazards. The
datasets used for the purpose of the analysis were taken from an ECHAM5 model run for Scenario Α1Β and from a HadCM3 model run for Scenarios Α2 and Β2.
With regard to landslides, we examined the effect of rainfall intensity variability, a factor
crucial to landslide occurrence (Caine, 1980; Koukis and Ziourkas, 1989). This meant that we
first had to study the probability of rainfall exceeding certain thresholds beyond which landslides become highly probable (Caine, 1980), as well as possible changes in this probability.
This probability change served as a means of assessing changes in landslide probability and,
Figure 1.42

Percentage change in probability of exceedance of rainfall intensity threshold
for landslides

Between the reference period (1960-1990) and the 2070-2100 period for Scenarios A2 and B2, and the 2090-2099 period for Scenario
A1B.

Table 1.10

Period

Scenario

Variation in probability of exceedance of rainfall threshold for landslides,
based on the HadCM3 model for Scenarios A2 and B2 and the ECHAM5 model for
Scenario A1B
Probability of
exceedance

1960-1990

Percentage change in probability

2070-2100
Α2

Β2

2090-2099
Α1Β

Global threshold

0.011

+38.4

+10.6

+ 29.3

Local threshold

0.007

+44.6

+11.9

+ 33.7
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Figure 1.43

Percentage change in probability of exceedance of rainfall intensity threshold
above which flood risk becomes high

Between the reference period (1960-1990) and the 2070-2100 period for Scenarios A2 and B2, and the 2090-2099 period for Scenario
A1B.

Table 1.11

Average percentage change in probability of exceedance of rainfall intensity
threshold above which flood risk becomes high

Scenario

Period

Average percentage change
in probability of exceedance

Α1Β

2090-2099

+ 30.15

Α2

2070-2100

+ 24.7

Β2

2070-2100

+ 6.45

The reference period is 1961-1990.

thus, in landslide hazard. For the purpose of our calculations, we used the global threshold proposed by Caine (1980) and the regional threshold proposed by Calcaterra et al. (2000) for the
Mediterranean.
The final results were obtained by calculating the percentage change in probability of rainfall exceeding the thresholds between the reference period (1960-1990) and the periods 20712100 (for Scenarios Α2 and Β2) and 2090-2099 (for Scenario Α1Β). The results present similar
spatial distributions with regard to both thresholds, and point to significant increases, but also
decreases, in landslide probability depending on the region (Figure 1.42). More specifically, the
landslide probability increases 1.5 times (Scenario Α2) and 3 times (Scenario Β2) in Western
Macedonia, Western Greece and the Western Peloponnese, while smaller increases of 1.4 times
(Scenario Α2) and 2 times (Scenario Β2) are projected for Eastern Crete, the Dodecanese and
Evros (Eastern Thrace). In contrast, the landslide probability is projected to be 50% lower (Sce92
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nario Α2) and 90% lower (Scenario Β2) in Central Greece, Central Macedonia and the Peloponnese. Under Scenario Α1Β, the landslide probability is projected to increase by up to 2 times
in the largest part of Greece, with the greatest increases observed in Central Macedonia and
Thessaly (100-224%), whereas decreases are projected for the Southern Peloponnese and some
parts of the Dodecanese. In terms of average changes, significant differences (in the order of
10-45%) are observed in the results of the three scenarios (Table 1.10), with Scenario Β2 presenting the smallest changes and Scenario Α2 the largest.
Turning to floods, we examined the future variability of heavy rainfall, as well as the effect
of such variability on the flood occurrence regime. This indicator was chosen because of its
established association with flood phenomena (Loukas et al., 2002; Lehner et al., 2006; Georgakakos, 2006; Norbiato et al., 2008). In order to achieve this, we analysed the projected
changes in the probability of rainfall intensity exceeding the thresholds beyond which flooding
becomes highly probable (Cannon et al., 2008; Diakakis, 2011). The results point to significant
variation in flooding probability across the different regions depending on the climate scenario
(Figure 1.43) and to increases in average values under all the scenarios for the periods 20712100 and 2090-2099 (Table 1.11). Specifically, the probability of flooding was projected to be
2.6 times higher (Scenario A2) and 3 times higher (Scenario B2) in the Western Peloponnese,
Epirus and Western Macedonia, but 50% lower (Scenario Α2) and 90% lower (Scenario Β2) in
Central Greece and Central Macedonia. Under Scenario Α1Β, the probability increases by as
much as 168% almost everywhere in the country, with the highest increases recorded for Central Macedonia and Thessaly, but decreases by as much as 35% in the Southern Peloponnese,
Northern Crete and the Dodecanese.
Percentage change in peak discharge rate with a 5-year return period in the 19
catchment areas studied

Calculated using Sutcliffe’s (1978) method. Changes under Scenarios A2 and B2 were calculated using the results of HadCM3 model simulations for the time periods 1961-1990 and 2071-2100. Changes under Scenario A1B were calculated using the results of ECHAM5 model
for the time periods 1990-1999 and 2090-2099.
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Figure 1.45

Relative percentage change in the estimated annual cost of direct damage from
floods

Under Scenarios A2 and B2 (HadCM3) between the periods 1960-1990 and 2070-2100 (Ciscar et al., 2009, modified).

In order to assess the future variation of flood hazards, we examined the projected changes
in discharge of 19 selected hydrological basins of different sizes and geomorphology, selected
in such a manner as to ensure that the geographical range was representative of the country as
a whole. The projected changes were assigned a sign and magnitude. Using the method proposed by Sutcliffe (1978), we calculated the change in peak flows with a 5-year return period
for these basins (Figure 1.44). The change in flood damage was calculated on the basis of models developed to assess the country-specific consequences of flooding (Ciscar et al., 2009), as
well as the estimated change in flow of major waterways (Figure 1.45).
In summary, based on the results of our climate modelling and subsequent analysis, the
future variation of flood and landslide risk regimes presents, on average, an increasing trend.
However, in certain regions, the probability of such disaster event occurrence will decline. The
values of change obtained are similar to the ones reached by other researchers, for instance
Frei et al. (2006). The range of values obtained both in the present study and in other studies
with results of a similar scope (Huntingford et al., 2003; Barnett et al., 2006; Frei et al., 2006)
highlights the degree of uncertainty surrounding the projection of extreme values. The results
should be interpreted with caution, as flood and landslide risks both depend on additional factors such as change in vegetation, land-use and anthropogenic impact (Alcamo et al., 2007),
which are not assessable in full, but are expected to play a significant role in the occurrence of
such disasters.
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1.18 Change in mean sea level and its impact on Greece’s shorelines
1.18.1 Global sea level changes in the geological past
Based on the records of global sea level change over the last 500,000 years (ka), for which
available paleoclimatic data are more accurate, it has been estimated that the sea level during
interglacial Marine Isotope Stage (MIS) 11 (400 ka ΒΡ, e.g. Bowen, 2009; Rohling et al., 2010),
MIS 9c (320 ka ΒΡ), MIS 7e and MIS 7a (respectively, 237 ka ΒΡ and 197 ka ΒΡ, e.g. Siddall
et al., 2003; Rabineau et al., 2006) may well have been close to current levels (Figure 1.46).
During the more recent interglacial MIS 5 (120-125 ka ΒΡ), the sea level is estimated to have
been 4-9 m higher than present (e.g. Stirling et al., 1998; McCulloch and Esat, 2000; Kopp et
al., 2009), with a peak rate of increase of 10-16 mm/year (Rohling et al., 2008). This rate is similar to the rise of 10-20 mm/year estimated for the exceptionally long MIS 11 interglacial period
(400 ka BP), as well as for the four ‘warm’ episodes within MIS 3 (60-25 ka BP; Siddall et al.,
2008). The latest increase in sea level (20-6 ka BP) was in the order of 10 mm/year (Rohling et
al., 2010).
The global mean sea level is estimated to have risen 120-130 m since the last glacial maximum (about 21 ka) (e.g. Shackleton, 2000; Waelbroeck et al., 2002; Siddall et al., 2003; Peltier
Figure 1.46

Composite relative sea level (RSL) over the past 450 ka

Crosses: coral reef RSL data. Empty circles: RSL low stands estimated by Rohling et al. (1998). Right axis: variations in mean ocean
water δ18Ο derived by Shackleton (2000) from atmospheric δ18Ο (black line). The numbers above sea-level curves represent marine
isotope stages (MIS). Chart from Waelbroeck et al. (2002).
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Figure 1.47

Estimated variation curve in paleo-sea level of the Peloponnese

Comparison with observed sea levels in selected areas. The above chart shows upper and lower levels of estimated sea level. Field
data from Kraft and Rapp (1975) and Kraft et al. (1977, 1980), and summarised by Lambeck (1995b).

and Fairbanks, 2006). During the current interglacial, the rate of sea level increase is estimated
to have been close to 11 mm/year from 14 to 7 ka BP (Bard et al., 1996), and to have dropped
to 1 mm/year over the last 6 ka (Lambeck, 1995; Lambeck and Purcell, 2005; Figure 1.46).
Recent studies have shown that the sea level is still on the rise today (IPCC, 2007; Poulos et al.,
2009a; Woodworth et al., 2009).
Focusing more specifically on the area of Greece, the sea level during 21-18 ka BP (end of
the last glacial period) was 105-120 m lower than it is today (e.g. Pirazzoli and Pluet, 1991;
Lambeck and Bard, 2000), but according to Lambeck (1995; 1996) and Lambeck and Purcell
(2005), it rose rapidly between 11.5 ka and 6 ka, due to glacio-eustatic fluctuations, to 2 m
below current sea level (Northern Aegean) and to 6 m below current sea level (Southern
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Table 1.12

Past sea level (SL) and rate of sea level rise for various time intervals, along
with the geographical origin of indicated data

Time period
From 21 to 18 ka BP

Past sea-level
(SL)

Between -120 m and
-105 m

From 8 to 6 ka BP
From 10 to 5 ka BP
8.3 ka BP

Geographical
origin of
data

8.5 mm/year

Euboia

4 mm/year

Thessaloniki

Vouvalidis et al. (2005)

Thessaloniki

Chronis (1986)

Akarnania

Vött (2007)

-28 m

From 8 to 7 ka BP
From 7.6 to 6.2 ka BP

Rate of
SL rise

12.3 mm/year
-11 m

From 7 to 6.5 ka BP

Plain of Argolis
6.0 mm/year

Peloponnese

Last 6 ka BP

-2 m

Northern Aegean

Last 6 ka BP

-6 m

Southern Aegean

From 6 ka BP to 0 BC
Last 6 ka BP
From 6 to 2.5 ka BP
Last 4 ka BP
From 5.5 to 1.3 ka BP

References
Kambouroglou et al.
(1988)

Jacobsen and
Farrand (1987),
van Andel (1987)

Lambeck and Purcell
(2005)

Lambeck (1995), Lambeck
and Purcell (2005)
Lambeck (1995), Lambeck
and Purcell (2005)

2.5 mm/year

Cyprus

Gifford 1980

1 m/1000 years

Peloponnese

0.2–1.4 mm/year

Akarnania

1.0 mm/year

Thessaloniki

Vouvalidis et al. (2005)

1.68 mm/year

Marathon

Pavlopoulos et al. (2006)

Lambeck and Purcell
(2005)
Vött (2007)

Aegean). Indicatively, the rate of sea level rise during 8-6 ka BP was about ~8.5 mm/year in
Southern Euboia (Kambourolgou et al., 1988), 12.3 mm/year in SW Akarnania (Vött, 2007) and
6 mm/year in the Peloponnese (Lambeck and Purcell, 2005; Figure 1.47). During the last 5,0006,000 years, the sea level continued to rise at a rate of <1 mm/year, without ever exceeding the
current levels and without excluding small variations in the rate of increase (Lambeck and Purcell, 2005; Pavlopoulos et al., 2007; Vött, 2007; Poulos et al., 2008a). Table 1.12 summarises
typical rates of sea level rise over time for various Greek coastal regions.
1.18.2 Current and future mean sea levels
As shown by instrumental measurements (tide gauges, satellite altimetry), mean sea level
has been rising at a rate of 1.8 mm/year since the late-19th century, while based on satellite measurements for the last 15 years, this rate has accelerated to 3 mm/year (Bindoff et al., 2007). As
reported in IPCC (2007), by 2100 the air temperature is projected to rise by 1.1-2.9ºC under the
most conservative scenario (Β1) and by as much as 2.4-6.4ºC under the worst-case scenario
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(A1FI). Meanwhile, sea level rise for the period 2090-2099, relative to the period 1980-1999,
is projected to range between 0.18 m and 0.38 m under Scenario B1, and between 0.26-0.59 m
under Scenario A1FI. However, subsequent studies anticipate an even greater sea level rise by
2100. According to the semi-empirical model advanced by Rahmstorf (2007) relating the rates
of change in global surface temperature to sea level, a rise in temperature of 1ºC corresponds
to a sea level rise of 10-30 cm. Applying this ratio to the rise in temperature of 1.4-5.8ºC projected by the SRES scenarios (IPCC, 2007), we obtain sea level rise figures of 0.5-1.4 m. The
most adverse projections are reported in Pfeffer et al. (2008), with sea level rise likely to reach
0.8 m to 2 m. According to this study, the IPCC (2007) has not successfully modelled the
dynamic development (decline) of the Greenland and Antarctic glaciers, a view recently also
supported by other researchers (e.g. Rohling et al., 2009; Grinsted et al., 2010).
1.18.3 A comparison of sea level projections with paleoclimatic data
The current rates of sea level rise are markedly lower than those of past interglacials (e.g.
120 ka BP), some interstadial phases of the last glacial period (40-41 ka BP) and the beginning
of the current interglacial (14-8 ka BP).
Looking at the course of sea level changes during the Holocene, it would seem that the sea
level is currently nearing its upper limits, given on one hand the highstand recorded since the
beginning of the ‘warm’ period (similar to other previous warm periods) and the slowdown in
the rate of sea level rise in the past 5,000-6,000 years. Still, the course of sea level changes
remains uncertain, as signalled by the significant acceleration in the rate of increase (3 mm/year)
in the last 15 years. This development, likely associated with greenhouse gas-induced global
warming, in turn a cause of ‘glacier waning’, leads us to the conclusion that today’s higher rate
of sea level rise is likely to pick up further, to values not unheard of in the geological past. One
would also have to factor in the impact of orbital forcing on the course of the current climate
cycle, as orbital forcing would be directly linked to the onset of the next glacial period.
1.18.4 Coastline classification into geomorphologic-geodynamic categories and
map representation
Given that the sea level rise by 2100 is, depending on the scenario, projected to be between
0.2 m and 2 m, we chose to examine which parts of Greece’s coastline would find themselves
‘endangered’ if the sea level were to rise by 1 m.
However, the vulnerability of a coastal region cannot be safely estimated on the basis of the
rate and scale of sea level rise alone. Other local factors, such as tectonics, sediment transport
(from inland) and coastal geomorphology/lithology, also need to be taken into account.
Tectonics obviously play a highly important role in tectonically active areas, as a rise in sea
level can be offset (amplified) by tectonic uplift (subsidence). Typical examples in Greece are
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Figure 1.48

Classification map of Greece's coastal zones

Greece's coastal areas can be classified into: a) coastal areas of medium vulnerability to sea level rise (in green), usually of low altitude and consisting of soft sediments of the Neogene and Quaternary age; b) coastal areas of high vulnerability to sea level rise (in
red), low-lying and formed of deltaic deposits; and c) rocky coastal areas of low vulnerability to sea level rise (black sections) of high
altitude.

the coastal zone of the Northern Peloponnese, with an uplift rate of 0.3 to 1.5 mm/year, Crete
with 0.7 to 4 mm/year and Rhodes with 1.2 to 1.9 mm/year. Thus, a supposed average value of
sea level rise of 4.3 mm/year would be reduced to 3.5 mm/year due to the counteraction of a
mean tectonic uplift of 0.8 mm/year.
A change (i.e. increase) in sediment discharge and deposition in large river delta-front estuaries can cause the delta front to advance and locally offset the sea level rise. Conversely, a decrease
in river sediment discharge could reinforce the incursion of the sea following a sea level rise.
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Lastly, another important determinant of coastal vulnerability to sea level rise is the coast’s
morphology and, specifically, the slope and lithological composition, factors directly associated
with erosion rates. An erosion rate can range from very high (several metres per year) in the
case of coastlines with a low-lying geomorphology and an ‘erodible’ lithology, to low (mms per
year) in the case of hard coastal limestone formations (e.g. cliffs).
Taking all of the above factors into consideration and using a map scale of 1:50,000,
Greece’s coastal areas can be subdivided into the following three main zones (Figure 1.48):
1) Deltaic coastal areas. Represented in red in Figure 1.48, these low-lying coastal areas are
formed of loose, unconsolidated sediment deposits and are highly vulnerable to sea level rise.
2) Coastal areas consisting of non-consolidated sediments of Neogene and Quaternary age.
Represented in green, these coastal areas, usually of low altitude, are prone to recessional erosion and present a medium vulnerability to sea level rise.
3) Rocky coastal areas. These coastal areas (without any specific colouring/marking in Fig.
1.48) consist mostly of hard rock of low vulnerability to erosion and sea level rise, form the bulk
of Greece’s coastline.
The estimation of the length of these three types of coastal areas, as illustrated in Figure
1.48, shows that out of the total ~16,300 kms of coastline, 960 km (6%) correspond to deltaic
areas of high vulnerability (red colour); 2,400 km (15%) correspond to non-consolidated sediments of medium vulnerability (green colour), and the remaining 12,810 km (79%) correspond
to rocky coastal regions of low vulnerability. Thus, the total coastline length presenting medium
to high vulnerability to sea level rise amounts to 3,360 km or 21% of Greece’s total shoreline.
1.18.5 Estimates of shoreline retreat due to the rise in mean sea level
Table 1.13 presents indicative approximate values of flooded coastal areas and shoreline
retreat (without any correction for tectonic and geodynamic effects) in response to possible sea
level rises, respectively, of 0.5 m and 1 m in high-risk deltaic areas, such as the Axios river
delta, the Aliakmon river delta and the Alfeios river delta (Poulos et al., 2008b). The shoreline
retreat was estimated to range between 30 m and 2,750 m in response to a possible sea level rise
of 0.5 m, and between 400 and 6,500 m in response to a rise of 1 m.
Assessing the severity of a possible sea level rise impact on coastal regions involves a degree
of uncertainty, concerning:
(a) The intensity of the sea level rise, with projections ranging between 0.2 m and 2 m. The
sea level rise will be determined by the interaction between several factors, both natural (e.g.
astronomical forcing) and anthropogenic (e.g. greenhouse gases). The severity of each factor
will determine the overall evolution of the current climate cycle, which should soon be crossing the finish line of the current ‘warm’ interglacial period.
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Table 1.13

Estimated coastline retreat (in m) and coastal inundation from a potential
sea-level rise of 0.5 m and 1 m, for various deltaic areas of Thermaikos Gulf and
Kyparissiakos Gulf
(Poulos et al., 2008b)
Coastline retreat due to

Sea-level
rise
(m)

Coastline
retreat,
Bruun’s model
(m)

sea-level rise
(m)

1.0

102.2

1.0

109.0

1.0

213.6

2.000-2,500

1.0

195.4

250-2,500

0.5
0.5
0.5
0.5
0.5
1.0

51.1
54.5
52.7
63.6

coast erosion
(m)

Total
coastline
retreat
(m)

Inundated
area
(km2)

810

-110

700

683

10-100

400

175

15-30

250-2,000
50-1,750

500-2,750

5,000-6,500

15

0-15
0

190

30

400-450

344

10,825

50-1,750

4,875

2,000-2,500

0

250-2,500

0

5,000-6,500

0

35

250-2,000

0
0

224

500-2,750

28,482
8,950
8,900

25,575

(b) The relationship between tectonic uplift and the eustatic sea level rise. In several areas
of Greece, the high tectonic uplift may locally offset and sometimes even exceed the eustatic
sea level rise.
(c) The sedimentation of clastic materials in coastal areas, which is determined by geological and climatic conditions, as well as by anthropogenic intervention (e.g. dams, river sand mining). In the case of river delta areas for instance, these factors could alter their vulnerability to
sea level rise.
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