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Abstract: In the context of implementing the European Flood Directive in Greece, a large set of rain-
fall data was compiled with the principal aim of constructing rainfall intensity—timescale-return
period relationships for the entire country. This set included ground rainfall data as well as non-
conventional data from reanalyses and satellites. Given the European declaration of climate emer-
gency, along with the establishment of a ministry of climate crisis in Greece, this dataset was also
investigated from a climatic perspective using the longest of the data records to assess whether or
not they support the climate crisis doctrine. Monte Carlo simulations, along with stationary Hurst—
Kolmogorov (HK) stochastic dynamics, were also employed to compare data with theoretical ex-
pectations. Rainfall extremes are proven to conform with the statistical expectations under station-
arity. The only notable climatic events found are the clustering (reflecting HK dynamics) of water
abundance in the 1960s and dry years around 1990, followed by a recovery from drought conditions

in recent years.
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They even changed the usual meaning of the words to justify their actions (Thucydides [1])

1. Introduction

Following the decision of the European Parliament to declare a climate emergency
[2], and in accord with related announcements by the United Nations’ Secretary General
(e.g., [3]), the Greek Government established the Ministry of Climate Crisis and Civil Pro-
tection (November 2021), also advertising it as “an important innovation of our country” [4].
The establishment of the ministry was preceded by several catastrophic events, such as
floods and wildfires, which politicians and journalists effortlessly attributed to a worsen-
ing of climate. However, a more careful investigation of the causes would reveal the omis-
sions of the central and local administration (e.g., the intervention of river beds without
flood protection [5]) and the absence of climate-related trends [6].

Changes in hydrological processes and their extremes, starting from rainfall, are im-
portant [7-9], especially if one wishes to emphasize climate-related threats. The general
public opinion is that such threats have substantially increased as the climate has wors-
ened. In particular, international polls show that Greeks are top among people from all
countries worldwide in seeing climate change as a top international threat [10]. However,
the formation of such opinion is related to socio-political practices, tactics, or strategies
and does not necessarily reflect physical reality. It is thus useful to investigate the physical
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reality using the scientific method. This requires checking assumptions by utilizing the
longest records of measurements, which in turn involves much effort in gathering and
processing hydrometeorological measurements.

An analysis of the water-related data for the entire country of Greece was conducted
in 2008 in the framework of the compilation of the national programme for water resource
management and preservation [11]. Recently, in the framework of the implementation of
the European Union Flood Directive [12], a comprehensive project was conducted to con-
struct a new set of ombrian curves (rainfall intensity—timescale-return period relation-
ships, more commonly known by the misnomer intensity—duration—frequency curves) for
the entire Greek territory [13]. The data of 940 hydrometeorological stations were gathered
and investigated in this project, among which 783 stations were found to fulfil criteria of
reliability and were utilized in the construction of ombrian curves. Some of these had suf-
ficient length (of about 60 years or more) to allow the investigation of climatic variation
and identification of possible climatic events. Additionally, non-conventional data were
also examined, such as reanalysis and satellite data, with the former also being suitable
for the climatic investigation, but the latter not, as they cover a short period (21 years only).
These data are analysed in this study to draw relevant conclusions regarding the possible
existence or severity of a climate crisis in Greece.

The data are described in Section 2, the methods are presented in Section 3, and the
analyses and their results are contained in Section 4. As will be seen, the most notable
climatic event over a century-long period was a prolonged and intense drought around
1990. Its successful management, which, in fact, prevented a crisis from occurring, is fur-
ther discussed in Section 5.

2. Data

Unfortunately, only two stations with available data of more than a century in length
were found. The first is the station in Athens located at Lophos Nymphon (Hill of
Nymphs), operated by the National Observatory of Athens. The available monthly data
begin in 1860, with a total length of 161 years, while daily and maximum daily values start
in 1864, with a total length of 155 years. Furthermore, the hourly data start in 1927, result-
ing in a total length of 95 years. Some of the data (daily) are publicly available through the
Climate Explorer of the Dutch Royal Netherlands Meteorological Institute (KNMI; [14]).
The properties of the maxima of this dataset were examined more than 20 years ago [15],
and, as will be seen below, the conclusions stand firm to this day.

The second over-century-long dataset is that of Thessaloniki. In fact, to compile this
dataset, several stations were used (starting with Austrian and Bulgarian stations before
Thessaloniki was incorporated into Greece [13]). At the monthly and annual scale, the
compiled time series starts in 1892, resulting in a total length of 127 years, while daily and
maximum daily values start in 1930, resulting in a total length of 93 years.

While additional stations existed before the World Wars, their data have not been
found yet. Data from a few hundred stations were found for the period after World War
II. Specifically, the study [13] searched for data series that:

e  Cover a period of 60 years (two 30-year climatic periods), even with some missing
values, but without the number of years with values falling below 50 years; and
e End at a year that belongs to the last decade.

With these criteria, for the entire Greek territory, the study identified the following:

e A total of 238 time series of annual maximum daily rainfall depths;
e A total of 62 stations with complete daily or monthly time series with a large size,
from which the annual average daily rainfall can be determined.

However, due to missing data, the actual number of values varies from year to year,
as shown in Figure 1.
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Figure 1. Number of stations with long maximum daily rainfall time series and with complete an-
nual average daily time series in the entire Greek territory in the period 1940-2022. Before 1940,
there were two stations, Athens and Thessaloniki.

Hourly data were also analysed, but the stations with long records were too few. By
relaxing the selection criteria, i.e., a total time coverage of 50 years (instead of 60) and a
number of values (minus missing values) of 40, 18 stations were found to meet them,
whose data were further processed.

Non-conventional data were also examined, of which the most useful were those of
the ERAS reanalysis [16]. This is the fifth-generation atmospheric reanalysis of the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF), where the name ERA refers
to ECMWEF ReAnalysis. The observation period spans from 1940 onward, with daily up-
dates continuing forward in time. The fields are available at a horizontal resolution of 31
km on 139 levels, from the surface up to 0.01 hPa (around 80 km). It has been produced as
an operational service, and its fields compare well with the ECMWF operational analyses.
ERAS5 provides hourly estimates of a large number of atmospheric, land, and oceanic cli-
mate variables. ERA5 combines vast amounts of historical observations into global esti-
mates using advanced modelling and data assimilation systems. The data were retrieved
and spatially aggregated through the ClimExp platform [14], where they are available for
the period from 1950 to the present at a spatial resolution of 0.25° for Europe.

Regarding the reliability of the ERAS5 data, a comparison was made by Koutsoyiannis
[17] at a global level with other datasets, including the dataset of the Global Precipitation
Climatology Project (GPCP), which combines gauge and satellite precipitation data over
a global grid. It was found that the ERAS precipitation data compare well with GPCP data
at the annual time scale, both on land and at sea, as well as across the entire globe. Simi-
larly, Hassler and Lauer [18] found that ERA5 agrees well with satellite observations for
Central Europe and the South Asian Monsoon region but underestimates very low pre-
cipitation rates in the Tropics. Bandhauer et al. [19] found that ERA5 agrees qualitatively
well with reference datasets but overestimates mean precipitation in all regions, which is
related to too many wet days. However, Longo-Minnolo et al. [20], who assessed precipi-
tation in Sicily (Italy) at the catchment scale, found underestimations on the ERA5-Land
precipitation estimates and suggested that adjustments are required to reduce site-specific
uncertainties due to local microclimatic conditions.

The study [13] also used satellite data. From the various platforms of openly available
satellite data, that of NASA was chosen [21]. Specifically, the IMERG (multi-satellite pre-
cipitation estimate with gauge calibration, final run, recommended for general use, half-
hourly 0.1 deg; GPM GPM_3IMERGHH v06 [22]) satellite data were retrieved for the en-
tire geographical area of Greece with extension to neighbouring countries. The data allow



Water 2023, 15,1711

4 of 24

the analysis on a fine time scale since they have a time resolution of 0.5 h. The spatial
resolution of the data is 0.1°, and thus, the wider area of the country is represented by
8991 grid cells, 1373 of which correspond to the entire land area of the country. The time
coverage starts on 1 June 2000 and ends on 30 September 2021, thus covering 21 full hy-
drological years. The spatial coverage is very satisfactory and allows the production of
detailed maps. However, the temporal coverage (21 years only) is not suitable for climatic
investigation.

The IMERG data were independently tested in Greece by Kazamias et al. [23], who
found that they adequately captured the pattern and distribution of precipitation across
Greece with a slight overestimation (5.1%). However, the study [13] found systematic er-
rors in these data as the geographical variability of the rainfall regime is not properly re-
produced. In particular, the large rain depths in northwestern Greece are underestimated,
while the smaller rain depths in the Aegean islands are overestimated. For this reason, the
satellite data had to be re-calibrated with ground data. To this aim, in addition to the
ground stations of Greece, the monthly data of the Global Historical Climatology Network
(GHCN) from neighbouring countries were also retrieved through the ClimExp platform
[14], thus forming a set of 128 ground stations, whose locations are shown in Figure 2. A
comparison of satellite data with the ground data resulted in a rather low coefficient of
determination (R? = 0.33). To adapt the former so as to agree with the latter, the surface
bilinear smoothing method with an explanatory variable (BSSE [24,25]) was used. This
allowed to produce a map of the geographical distribution of average daily precipitation,
which is depicted in Figure 2. The map shows remarkably high climatic diversity in
Greece, with average daily precipitation ranging geographically within an order of mag-
nitude, from 0.6 mm/d (219 mm/year) to 7.3 mm/d (2666 mm/year). The wettest part is
northwestern Greece, and the driest parts include Athens, some of the Aegean islands, and
parts of central Macedonia and Thessaly.
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Figure 2. Map of geographical distribution of average daily precipitation produced by the BSSE
method combining ground data at 128 stations (red diamonds) in Greece and neighbouring
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countries with IMERG satellite data. The black lines shown are the divides of the water districts of
Greece. The colour divisions (classes) are based on quantile classification so that each class contains
equal number of grid points. The lower class, 0.6-1.0 mm, is seen only in the sea (not on land).

In addition to precipitation data, the single river flow record in Greece with over-
centennial length, namely that of the Boeoticos Kephisos River, is also analysed and com-
pared to the results found for rainfall.

3. Methods

The methods used in the analyses that follow in the next section are simple. Graphical
depictions of the time series constitute a self-explanatory tool. In such depictions, the plot-
ting of time averages on a 30-year (and occasionally 10-year) time scale gives a direct view
of possible climatic fluctuations. The difference between the last two 30-year climatic val-
ues provides a formal statistical criterion relevant to such analyses [26]. Similar infor-
mation is given by calculating and plotting linear trends over the period of data availabil-
ity.

The earmarking of record values, high or low, also provides relevant information.
The time distribution of high and low records (maxima or minima of the entire period of
observations) from a sufficiently large set of stations can provide an indication of poten-
tially significant climatic events.

It is noted that in all analyses and depictions that involve the year as a time scale or
time window, this is meant as the hydrological (rather than the calendar) year starting on
1 October and ending on 30 September. In all graphs where time appears in years, the
convention is used to note the ending year (e.g., the hydrological year 1899-1900 is plotted
as 1900).

Numerous methods of trend analyses have been developed and applied in the liter-
ature for assessing possible changes in data series. They range from the simple signifi-
cance testing of trends to sophisticated techniques such as the rescaled adjusted partial
sums (RAPS [27,28]) and the innovative polygon trend analysis (IPTA [29,30]) methods.
However, in the last two decades, the very concept of a trend, which lacks definition and
reflects an artificial imposition of deterministic thinking into stochastics, has been criti-
cized, along with its statistical testing [31-35] (see also [5], chapter 1). In particular, Cohn
and Lins [32] tried different underlying hypotheses about the time dependence of the ex-
amined process and formed different tests corresponding to these hypotheses. They con-
cluded that “changing from one test to another, 25 orders of magnitude of significance vanished” .
This important finding undermined the foundation of the entire idea. Additionally, Ili-
opoulou and Koutsoyiannis [35] concluded that trends identified in data series, if applied
to cast future predictions, worsen, rather than improve, a model’s predictive capacity. This
finding refutes the usefulness of trend detection.

For these reasons, here, we avoided sophisticated trend analyses methods. Nonethe-
less, because of its popularity, our analyses included the concept of linear trends—the
simplest of all —as well as the differences in the climatic values of consecutive periods. In
assessing whether or not these indices of change occur in accord with statistical expecta-
tions, the method of choice is stochastic (Monte Carlo) simulation.

Simulations were made assuming a Hurst—Kolmogorov (HK) process defined through
its climacogram as follows. Let us consider any stochastic process x(t) (which may rep-
resent rainfall, river flow, etc.) in continuous time ¢, and let us define the cumulative pro-
cess as

k
X(0) = [ 20 de (1)

Then, X(k)/k is the time-averaged process. The climacogram y(k) of the process
x(t) is the variance of the time-averaged process at time scale k [36], i.e.,
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The climacogram of the HK process is given as a power function of the time scale k,
ie.,

2—-2H

y(o =2 () ©)

where a and A are scale parameters with units of time and [x], respectively, and H is the
Hurst parameter. In a purely random process, H = 1/2, while in most natural processes,
1/2 < H £ 1, as first observed by Hurst in 1951 [37]. This natural behaviour is known as
long-range dependence (LRD), (long-term) persistence or Hurst-Kolmogorov (HK) dy-
namics. A high value of H (approaching 1) indicates the enhanced presence of patterns
such as groupings of similar events (e.g., floods, droughts) in time, enhanced change, and
enhanced uncertainty (e.g., in future predictions). A low value of H (<1/2) indicates en-
hanced fluctuation or antipersistence.

The generation of simulated time series from the HK process is made with a simple
method termed the multiple timescale fluctuation approach [38]. This generates a Gauss-
ian stochastic variable, u, with a climacogram that closely approximates that of Equation
(3) by adding three independent linear Markov processes (autoregressive of order 1), each
having a different lag-one autocorrelation coefficient, calculated as a function of H, as de-
scribed in [38]. The Gaussian series are subsequently transformed to have any desired
distribution F (e.g., generalized Pareto or generalized extreme value distribution for the

maxima) by x = F~! (CD(E)), where @ is the normal distribution function.

In the case of testing the temporal distribution of records, stochastic simulation can
be avoided as the confidence limits can be readily determined in an analytical manner
using the binomial distribution.

4. Results
4.1. Over-Century-Long Time Series

To start the hydroclimatic analyses in Greece, it is useful to study the longest availa-
ble records. In this study, it is useful to use as a benchmark series one of the longest series
worldwide, which is also nearest to Greece, the daily precipitation series of Bologna, Italy.
This is presented in Appendix A to avoid a digression from the focus area on Greece.

Figure 3 shows the characteristics of daily rainfall in Athens, Greece. Compared to
Bologna (Appendix A; Figure A1), Athens shows remarkable climate stability. In the last
30 years, there has been no remarkable climatic event. The largest annual (equivalently,
average daily) rainfall in history was recorded in the hydrological year 1885-86, and the
smallest was recorded in 1989-90; we will discuss the latter in more detail shortly. The all-
time high record of rainfall depth, 150.2 mm/d, occurred at the end of the 19th century
(the hydrological year 1899-90).

Likewise, as seen in Figure 4, Thessaloniki shows climatic stability similar to Athens.
In the last 30 years, no remarkable climatic event has occurred. The largest annual rainfall
in history was recorded in the hydrological year 1918-19, and the smallest was recorded
in 1984-85. The all-time high record of rainfall depth, 115.9 mm/d, occurred in the hydro-
logical year 1985-86.
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Figure 3. Time series of daily precipitation series in Athens at the Hill of Nymphs station of the
National Observatory of Athens (average daily values start in 1860 with a total length of 161 years;
daily and maximum daily values start in 1864 with a total length of 155 years). The graph also shows
(a) the high and low records, (b) the climatic values (30-year averages), and (c) the fitted linear
trends. (Upper): average daily rainfall; (Lower): maximum daily rainfall.
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Figure 4. Time series of daily precipitation in Thessaloniki (average daily values start in 1892 with
a total length of 127 years; daily and maximum daily values start in 1930 with a total length of 93
years). The graph also shows (a) the high and low records, (b) the climatic values (30-year averages),
and (c) the fitted linear trends. (Upper): average daily rainfall; (Lower): maximum daily rainfall.

4.2. Daily Rainfall Maxima

A more representative depiction of possible climatic events can be provided by plot-
ting the all-time records of annual maximum daily rainfall from all 238 stations with the
longest time series in Greece and identifying when these records occurred. This is shown
in Figure 5. The upper panel shows the record highs at all stations, where it is observed
that the highest of all (580.5 mm) occurred in the hydrological year 1956-57. The lower
panel shows the frequency of record occurrences per year, along with confidence inter-
vals. The latter were calculated assuming independence and stationarity, i.e., identical dis-
tribution, which is binomial with the number of repetitions equal to the number of values
per year depicted in Figure 1.
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Figure 5. Records of maximum daily precipitation depth (upper) and frequency thereof per year
(lower) for the 238 stations with long time series of annual maxima in the entire Greek territory. The
confidence limits in the lower panel have been calculated from the binomial distribution, assuming
independence and identical distribution.

The temporal distribution of record rainfall is within statistical expectations (Figure
5). Exceedances of the 95% confidence limits occurred in the years 1997-98 and 2002-03,
which is also not surprising since 2.5% of values are expected to be located out of (upper
and lower than) the 95% confidence limits. The only notable finding is the absence of any
record high in the three-year period 1982-83 to 1984-85, which, as we will see below, is at
the onset of a dry period that peaked around 1990.

With respect to climatic variations, these are studied by determining the linear trends
over the entire observation period, expressed as percentages of the average value per dec-
ade, as well as the differences of the last two 30-year climatic values, also expressed as
percentages of the all-time average. In order for the two indicators to be compatible, the
second one has been divided by 3 to express climate differences per decade. Figure 6
shows that trends exist, and if one focused on particular parts of the graph (e.g., by cherry-
picking some of the stations), one would be able to make alarming assertions. However,
the fact is a balance of positive and negative trends, as well as an impressive agreement of
the empirical fluctuations with the theoretically expected fluctuations for a stationary pro-
cess. The latter were calculated by Monte Carlo simulation using the generalized extreme
value distribution. Specifically, we generated 200 synthetic series of a length of 60 years,
and for each one, we estimated the time averages of the two consecutive 30-year periods
and the difference thereof, as well as the linear trend for the entire 60-year period. Then,
we estimated the sampling distributions of the climatic differences and the linear trends
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in the same manner we did for the historical samples, and we plotted them in Figure 6.
For the simulation, we used a rather low Hurst parameter of 0.60 (the reasons for using a
low value are explained by Iliopoulou and Koutsoyiannis [39]). Alternatively, a Hurst pa-
rameter of 0.50 was also used (which is equivalent to considering stochastic independ-
ence) without resulting in any notable difference.

20
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Figure 6. Probability distribution of the changes of annual maximum daily precipitation (as percent-
ages of the all-time averages of the maximum rain depth) for the 238 stations with long time series
of annual maxima in the entire Greek territory. Climate difference, expressed as a percentage per
decade, is 1/3 of the difference between the last two 30-year climatic values. Statistical expectations
have been estimated by the Monte Carlo method with the generalized extreme value distribution
and a Hurst parameter of 0.60.

4.3. Annual Averages of Daily Rainfall

More interesting is the picture in Figure 7, whose upper panel shows the high and
low records (magnitudes) of the annual average daily precipitation at the 62 stations with
long and complete daily or monthly time series. The lower panel of this figure shows the
frequency of occurrence thereof per year, along with 95% confidence limits, determined
in the same way as above.

The graphs allow us to make useful observations about the climate regime of the
previous decades:

1. The 1950s and early 1960s were particularly wet.

2. This wet season reached its peak but also ended in the hydrological year 1962-63, in

which 1/3 of all records of average annual rainfall are gathered.

A 20-year climatically neutral period followed until the early 1980s.

4. The climate then entered a 20-year drought, peaking in the five-year period from
1988-89 to 1992-93. It is characteristic that in four of these five years (excluding 1990-
91, which was not dry), more than 50% of record lows occurred.

5. The last twenty years, after the hydrological year 2002-03, are characterized by a re-
turn to neutral climatic conditions, although the hydrological years 2006-07 and
201415 marked deviations from neutrality, with a dry and a wet year, respectively.

6. In summary, the most important climatic events are the intensely wet hydrological
year 1962-63 and the grouping of dry years shortly before and after 1990, while the
alternation of dry and wet periods is notable.

@
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Figure 7. High and low records of average daily precipitation depth per year (upper) and frequency
thereof per year (lower) for the 62 stations with long and complete daily or monthly time series in
the entire Greek territory. The confidence limits in the lower panel have been calculated from the
binomial distribution, assuming independence and identical distribution.

Furthermore, the climatic variations are depicted in the form of their sampling dis-
tribution in Figure 8. Specifically, the graph shows the probability distributions of both
the linear trends over the entire observation period, expressed as percentages of the all-
time average per decade, and the differences of the last two 30-year climatic values, also
expressed as percentages of the all-time average (divided by 3, in order to express climate
difference per decade). For comparison, the theoretical distributions calculated by the
Monte Carlo method assuming a normal distribution and a Hurst parameter of 0.75 (much
lower than that reported for Bologna (see Appendix A) due to the lower intensity of cli-
matic fluctuations) are also plotted. We notice that:

7. The two change indices, linear trends and climate differences, are practically identical
in terms of their statistical distributions.

8. Negative trends outweigh positive ones, and empirical values are generally less than
theoretically expected.



Water 2023, 15, 1711 12 of 24

The last point has an explanation, which is that the last three decades contain most
of the peak drought period since the average value of the end year of the 62 time series is
2018 (and the start year is 1988.) In other words, point 8 is a direct consequence of points
4 and 6 above.

10

-2

-4

Percent change (%/decade)

Linear trend, actual

6 Climatic difference, actual

= = = Linear trend, statistically expected
-8
= = = Climatic difference, statistically expected
-10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Non-exceedance probability
Figure 8. Probability distribution of the changes of annual average daily precipitation (as percent-
ages of the all-time average rainfall depths) for the 62 stations with long time series of daily or
monthly time series in the entire Greek territory. Climate difference, expressed as a percentage per
decade, is 1/3 of the difference between the last two 30-year climatic values. Statistical expectations

have been estimated by the Monte Carlo method with normal distribution and a Hurst parameter
of 0.75.

4.4. Hourly Rainfall Maxima

An attempt for a similar climatic analysis was also made for the time series of annual
maximum hourly rainfall depths with a long length. Although less stringent criteria were
adopted for station selection (see Section 2), only 18 stations were found to meet them.
This small number does not allow detailed analyses and results. Nonetheless, the tem-
poral distribution of record highs is shown in Figure 9. The behaviour is similar to that of
maximum daily rainfall, and, in general, there is no climatic event worthy of comment.

100
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Figure 9. Records of maximum hourly precipitation depth for the 18 stations with long time series
of hourly precipitation in the entire Greek territory.
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4.5. Reanalysis of Data

A final analysis of climatic fluctuations was also carried out using the data from the
ERADS reanalysis (see Section 2) for the territory of Greece. For comparison, a similar anal-
ysis for the land around the Mediterranean is also made and presented in Appendix B.

As mentioned in Section 2, the ERA5 data have been found to compare well with
other datasets. With reference to Greece, no systematic comparison to ground data has
been found in a literature search. It is thus meaningful to see whether or not the ERA5
data depict similar behaviour as the ground data. Figure 10 (upper panel) depicts the time
series of the annual average daily rainfall depth averaged over the entire land area of the
Greek territory. The chart confirms what was stated earlier about annual average rainfall
depths on a point basis. The drought around 1990 and the exceptionally heavy rainfall in
1962-63 are again evident. The overall period does not show a linear trend nor an appre-
ciable difference in the two 30-year climate periods, even though at a 10-year climatic
scale, also plotted in the figures, changes are prominent, but not monotonic.

3.5

All time maximum Hurst parameter: 0.69
3.28 mm (1963)

15 Annual
e 30-year climatic

Annual average rainfall depth (mm/d)

All time minimum
e= = ]0-year climatic 1.45 mm (1990)
- —= = = Linear trend -1%/decade

1 L
1950 1960 1970 1980 1990 2000 2010 2020
5
Annual
e 3()-year climatic
@= e 10-year climatic
45 - — - - Linear trend -0.1%/decade

A il
FeTT

3.5

Std deviation of daily rainfall depth (mm/d)

3 L
1950 1960 1970 1980 1990 2000 2010 2020

Figure 10. Annual average (upper) and standard deviation (lower) of daily precipitation series in
the Greek territory from the daily European ERA5 reanalysis. The graphs also show (a) the high and
low records, (b) the climatic values (10-year and 30-year averages), and (c) the fitted linear trends.

The lower panel of Figure 10 shows the standard deviation of the daily rainfall depth
averaged over the entire land area of the Greek territory per year. A possible increasing
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trend of the standard deviation would mean a trend for the intensification of extremes.
However, no such trend appears.

These results do not contradict earlier studies by Stefanidis et al. [40] and Varlas et al.
[41], both of which found climatic fluctuations rather than linear trends. The former iden-
tified precipitation decreases in 1981-2000 and increases since 2000. The latter concluded
that precipitation did not linearly change during the past 7 decades, but it first increased
from the 1950s to the late 1960s, consequently decreased until the early 1990s and, after-
wards, presented an increase until 2020 with a lower rate than the 1950-1960s.

Figure 11 shows the time series of annual maximum values over the entire Greek
territory. The record high occurred in the year 2016-17, but there was a similar high in
1956-57. The overall statistical trend is decreasing, albeit slightly (-1.4 mm/decade), thus
not supporting the allegation of the intensification of extremes.

300
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g 250 262.1 mm (2017)
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©
=
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35 -
£ 100
x
©
€
= Annual ) _
2 50 @ 30-year climatic All time min of max
< e= = 10-year climatic 72.8 mm (1996)

0 - - — - Linear trend -1.1%/decade
1950 1960 1970 1980 1990 2000 2010 2020

Figure 11. Annual maximum daily precipitation series in the Greek territory from the daily Euro-
pean ERAD reanalysis. The graph also shows (a) the high and low records, (b) the climatic values
(10-year and 30-year averages), and (c) the fitted linear trend.

The reanalysis data are particularly useful for assessing possible changes in un-
gauged areas. Such an area in Greece is the Central Aegean. As can be seen in Figure 2,
the rectangular area with the diagonal at 23° E, 37°15" N (X =411 166 m, Y =4 122 787 m)
and 26° E, 38°45" (X = 673 651 m, Y =4 290 646 m) is not properly gauged. On the other
hand, the climate of this area is of particular interest as it contains several Greek islands
(e.g., Cyclades), which attract many international tourists. The time series of annual max-
imum values over that area of Central Aegean area is shown in Figure 12. The record high
occurred in 1980-81. The last two 30-year climatic values do not show any change. In terms
of 10-year climatic values of rainfall extremes, the latest period is characterized by a low
value, as was also the case 60 years ago.

A final indicator we analysed that was related to drought is the rainfall frequency.
This is shown in Figures 13 and 14 for Greece and the Central Aegean, respectively. The
highest frequency of days with very low areally averaged rainfall depth occurred in 1988—
89 and 1989-90, respectively. In recent decades, no sign of unprecedented drought has
appeared.
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Figure 12. Annual maximum daily precipitation series in the Central Aegean region, i.e., the land
grid points in the area 37.15° N-38.45° N, 23° E-26° E, from the daily European ERA5 reanalysis.
The graph also shows (a) the high and low records, (b) the climatic values (10-year and 30-year
averages), and (c) the fitted linear trend.
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Figure 13. Frequency of days with low average rainfall depth (<0.1 mm) per year in the Greek terri-
tory from the daily European ERA5 reanalysis. The graph also shows (a) the high and low records,
(b) the climatic values (10-year and 30-year averages), and (c) the fitted linear trend.
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Figure 14. Frequency of days with low average rainfall depth (<0.1 mm) per year in the Central
Aegean region, i.e., the land grid points in the area 37.15° N-38.45° N, 23° E-26° E, from the daily
European ERAS reanalysis. The graph also shows (a) the high and low records, (b) the climatic val-
ues (10-year and 30-year averages), and (c) the fitted linear trend.

4.6. River Flow Data

Unfortunately, river flow data have not been organized yet in Greece. Thus, there is
not an adequate database to make analyses similar to those of precipitation. However, as
a further indication, we present in Figure 15 the longest river flow record of the country,
that of the Boeoticos Kephisos River at the Karditsa hydrometric station (close to the outlet
to Karditsa tunnel; catchment area 1930 km?). The data have been retrieved from [5] and
cover the period 1908 to 2019 (112 years in total) on a monthly time scale. This river is one
of the three major ones that supply water to Athens, where withdrawals are made down-
stream of the hydrometric station and thus do not modify the natural flows. No reservoirs
have been constructed upstream of the hydrometric station, yet the basin is not entirely
free of anthropogenic influences, mostly groundwater pumping. Nonetheless, most of the
long-term variation of the river flow is explained by the respective long-term variation of
rainfall [42,43].

At first sight, the time series shows a remarkable downward linear trend. The trend
is also confirmed by the plotted climatic values at the 30-year time scale. However, if we
take into consideration the above analyses of rainfall deficits and, in particular, the occur-
rence of the major drought affecting the entire country around 1990, we understand that
this trend is mostly the reflection of the rainfall deficits in this period to the runoff process
(see also [42,43]). The plot of the climatic trend at the 10-year time scale, also plotted in the
figure, shows that the trend has reversed after the big drought, with a very high annual
value at the end of the period covered by the data.
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Figure 15. Annual average river flow (discharge) of the Boeoticos Kephisos River at Karditsa gauge.
The graph also shows (a) the high and low records, (b) the climatic values (10-year and 30-year
averages), and (c) the fitted linear trend.

5. Discussion

The most remarkable climatic event identified from the analysis of rainfall data in
Greece and confirmed by the flow data of the Boeoticos Kephisos River is the major rain-
fall deficit around 1990. Indeed, the latter event shook major parts of Greece and, in par-
ticular, the water supply system of Athens (one of the most extended in the world). How-
ever, the management of that drought was quite successful. Indeed, not even in one house
in not even one day throughout the 7-year period that the drought affected the system
was there a water supply failure due to the drought. The successful management of this
event included the following measures:

e  The close collaboration of scientific, technological and administrative bodies (Na-
tional Technical University of Athens, Athens Water Supply and Sewerage Com-
pany —EYDAP, Ministry of Environment and Public Works).

e  Understanding that droughts are regular natural events —not associated with human
influences and not predictable.

e  Proper modelling of the drought within a stochastic Hurst-Kolmogorov framework
[43] and development of a sophisticated decision support system [44].

e  Transparency and veritable information to the population of Athens and engagement
of the latter in the management of the crisis.

e  Design and implementation of an increasing block rate pricing structure, combined
with water conservation legislation measures, which, along with the active engage-
ment of the population, resulted in a decrease in the water consumption of Athens by
1/3 [45].

e Increased water supply through technological measures: New groundwater re-
sources were exploited; floating pumping stations were installed on reservoirs to
maximize the water release; in 1.5 years, a new 29.4 km tunnel was constructed and
operated, diverting water from the Evinos River to Athens; and in another 4 years,
the new dam on the Evinos River was completed, thus increasing the water quantity
transferred to Athens.

The successful management of this drought shows the ability of human intervention
in adverse natural events to prevent a crisis from occurring. The instruments for such pre-
vention are science, technology, and reason-based management.
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6. Summary and Conclusions

The two over-century-long rainfall time series of Greece (Athens and Thessaloniki)
show that the record average and maximum rainfall depths occurred in the 19th or early
20th century. Compared to other locations on the globe with long time series, these two
time series of Greece show much smaller to negligible climate variability, both in mean
and maximum rainfall heights.

The current period can be characterized as normal without notable climatic events.
Regarding maximum daily precipitation, the number of stations with time series of 60
years or more (238 stations in all water districts) allows us to safely conclude that there
are no notable climatic events during the period in question. Both the temporal distribu-
tion of record highs and climatic fluctuations thereof are in impressive agreement with
theoretical expectations under stationarity, while there is a balance between positive and
negative climatic trends.

In terms of the annual average rainfall, the two most important climatic events that
have occurred in Greece from the middle of the 20th century to the present day are (a) the
grouping of the high records of the annual average rainfall depth, namely 1/3 of all sta-
tions, in one year, the hydrological year 1962-63, and (b) the intense and persistent
drought before and after 1990, where the five-year period from 1988-89 to 1992-93 saw
more than 50% of all record lows.

The alternation of dry and wet periods is also a notable characteristic revealed by the
study of hydrological data. This behaviour has been known to Greek philosophers since
the 6t century BC (cf. Xenophanes; see [46]). Besides, the dry conditions in Greece have
not been an obstacle to the development of Greek civilization but rather a trigger for the
development of science, technology, and management [47,48]. The ancient aqueducts of
Athens that are still operational to date are a living testimony of this fact [49].

A modern repetition of the latter achievement is that, as a result of the successful
management of the big drought 30 years ago, Athens now has a perfect water supply sys-
tem. The successful handling of this crisis is arguably one of the greatest achievements of
modern Greek public policy. It would have been impossible without competent and prag-
matic leadership and public participation.

However, by now, the successful management of that drought may have been for-
gotten as there is a tendency to associate everything with anthropogenic climate change
and manage it in such a framework. Climate, renamed climate change, climate emergency,
climate crisis etc., has been the post-modern scapegoat on which every disaster is blamed.
For example, in Greece, even the new coronavirus was blamed on it [50]. The most recent
train crash in Greece [51] (widely referred to as a “national tragedy”), in which dozens
were killed (and which was not blamed on climatic events yet), may be viewed as a dra-
matic call for a return to reason (the Aristotelian «0p06¢ A6yoc» [52]) and meritocracy (the
necessary companion of democracy, according to Pericles [53]), and for the reverse of post-
modern socio-political decline and decadence.
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Appendix A Precipitation Time Series in Bologna as a Benchmark

The daily rainfall time series in Bologna, Italy, is one of the longest worldwide, and
it is one of the time series nearest to Greece. A series of 206 years of data, starting in 1813,
was compiled in [5] and plotted in Figure Al. In addition to the daily values, the figure
shows (a) the annual maximum daily values ranging from 17.6 to 155.7 mm/d (ratio 1:8.8),
(b) the climatic maximum daily values (30-year averages) ranging from 48.1 to 61.3 mm
(ratio 1:1.3), and (c) the climatic mean daily values (30-year mean values) ranging from 1.5
to 2.2 mm/d (ratio 1:1.5). The recent decades do not signify anything remarkable, and the
record maximum occurred 90 years ago. Climatic fluctuations are evident and irregular.
They are most effectively and parsimoniously described in a stochastic framework as
strongly persistent behaviour, or HK stochastic dynamics, with a Hurst parameter H =
0.86 [5]. As happens with most long time series, the Bologna precipitation series shows
that change is perpetual [34].
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Figure A1. Time series of daily precipitation series in Bologna (start 1813; total length 206 years),
with annual maximum rainfall depths marked and additionally showing climatic values (30-year
averages) of annual maxima and of daily averages (adapted from Koutsoyiannis [5]).
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Appendix B Precipitation in the Mediterranean

For comparison with Greece, a similar analysis using ERA5 data for the Mediterra-
nean, specified as the land grid points in the area 30° N-46° N, 6° W-36° E, is presented
in this Appendix. The entire area, including the sea points, was also considered, but no
essential difference appeared. Figure A2 (Mediterranean) is similar to Figure 10 (Greece).

The Mediterranean has been regarded by IPCC [54] and numerous publications of
the climate literature as one of the most prominent and vulnerable climate change
hotspots. However, no such indications are seen in Figure A2, even though prominent
change is again evident, particularly in the 10-year scale, which had occurred long earlier,
in the 1960s and 1970s. This also happened in Greece, even though in the Mediterranean,
the wettest year was 1971-72 instead of 1962-63.

Figure A3 shows the annual maximum daily precipitation series in the Mediterra-
nean region. The fact that the record highs in the years 2016-17 and 195657 are identical
to those in Figure 11 means that these highs were located in Greece.

Finally, Figure A4 shows the frequency of days with low average rainfall depth, an
indicator of drought. This is similar to Figure 13 (for Greece). The highest frequency of
days with very low areally averaged rainfall depth occurred in 1955-56. In recent decades,
no sign of unprecedented drought has appeared.
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Figure A2. Annual average (upper) and standard deviation (lower) daily precipitation series in the
Mediterranean territory, i.e., the land grid points in the area 30° N-46° N, 6° W-36° E, from the daily
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European ERAS reanalysis. The graphs also show (a) the high and low records, (b) the climatic val-
ues (10-year and 30-year averages), and (c) the fitted linear trends.
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Figure A3. Annual maximum daily precipitation series in the Mediterranean territory, i.e., the land
grid points in the area 30° N-46° N, 6° W-36° E, from the daily European ERAS5 reanalysis. The
graph also shows (a) the high and low records, (b) the climatic values (10-year and 30-year averages),
and (c) the fitted linear trend.
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Figure A4. Frequency of days with low average rainfall depth (<0.5 mm) per year in the Mediterra-
nean territory, i.e., the land grid points in the area 30° N—46° N, 6° W-36° E, from the daily European
ERADS reanalysis. The graph also shows (a) the high and low records, (b) the climatic values (10-year
and 30-year averages), and (c) the fitted linear trend.
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