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Abstract: This paper introduces a climatic multi-hazard risk assessment for Greece, as the first-ever
attempt to enhance scientific knowledge for the identification and definition of hazards, a critical
element of risk-informed decision making. Building on an extensively validated climate database with
a very high spatial resolution (5 x 5 km?), a detailed assessment of key climatic hazards is performed
that allows for: (a) the analysis of hazard dynamics and their evolution due to climate change and
(b) direct comparisons and spatial prioritization across Greece. The high geographical complexity of
Greece requires that a large number of diverse hazards (heatwaves—TX, cold spells—TN, torrential
rainfall—RR, snowstorms, and windstorms), need to be considered in order to correctly capture
the country’s susceptibility to climate extremes. The current key findings include the dominance of
cold-temperature extremes in mountainous regions and warm extremes over the coasts and plains.
Extreme rainfall has been observed in the eastern mainland coasts and windstorms over Crete and
the Aegean and Ionian Seas. Projections of the near future reveal more warm extremes in northern

areas becoming more dominant all over the country by the end of the century.

Keywords: climate change; multi-hazards; WRF-ARW; EC-Earth GCM; Greece

1. Introduction

A new era has unequivocally emerged that has brought climate change and its impacts
to the foreground of scientific research. There is growing evidence that weather and climate
extremes (i.e., hazards) are increasing in frequency, intensity, spatial coverage and duration,
indicating the need for a more meticulous investigation and a better physical understanding
of the processes governing the state of the climate and its future evolution [1-3]. The
adverse impacts of extreme events, evidenced in the reported data of disaster implications,
e.g., [4-6], are also an active subject of climate research of paramount importance [7-11].
Noteworthily, anthropogenic effects are emerging as the underlying cause of the weather
and climate extremes [1,12-18].

Over recent years, research works have consistently reported that climate change
aggravates climate hazards, amplifying the risks of various impacts (river and coastal
floods, wildfires, droughts, landslides, etc.) [19-23]. Several studies on temperature and
precipitation extremes have provided important findings on the regional variability of the
impacts of climate change across Europe, e.g., [24-29]. Forzieri et al. [30] reported that
the risks of wildfires, windstorms and inland flooding would increase in Europe, with
varying degrees of change across regions, while the most dramatic rise is predicted to be
in damages in southern Europe caused by heatwaves, droughts and coastal floods. The
report of PESETA IV [31] consolidated those findings and indicated “a clear north-south
divide, with the southern regions in Europe being much more impacted by the effects of
extreme heat, water scarcity, drought, forest fires and agriculture losses”. The estimated
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patterns of climate-change developments urge for more efficient risk management of
climate-related extremes and disasters in order to significantly advance climate-change
adaptation, particularly in the most vulnerable regions. This consequently implies the need
for a reliable quantification of the probability of extremes in the current and future climate.
Identifying the climate vulnerabilities of key societal systems should be based on a detailed
knowledge of projected climate-change hazards and the factors affecting the likelihood of
each one for the selected assessment of the region of interest.

According to the report of the United Nations Office for Disaster Risk Reduction [32],
the term “multi-hazard” is used to promote risk reduction and disaster management, and
denotes hazardous events that may occur simultaneously or cumulatively over time. One
of the most challenging research questions is the harmonization of risk metrics to allow
the comparison of risks across hazards, regions, time, assets, or sectors [33]. Establishing a
harmonized risk understanding would pave the way to a multi-hazard risk assessment,
introducing interactions and cascading effects as well as providing some analytical inter-
pretations of the compound and systemic risks. This would lead to more credible scenarios
for describing future disaster events in terms of their magnitude and probability based on
the validated scientific knowledge that can benefit from high-resolution climate projections.

The single-hazard risk assessment is a proven methodology, but shifting to multi-
hazards is not a linear or easily understood process, as a multi-hazard risk analysis is
not just the sum of single hazard risk examinations and thus, comparability of the single-
hazard results is strongly needed [34]. Due to the diversity of the hazard characteristics’
complex relationships, triggering effects, climate-changing mechanisms, compounds and
interactions could be potentially established [35-37].

In this work, the occurrence of hazards due to climate change was determined for
Greece using data that were dynamically downscaled to a very high resolution by the
Advanced Weather Research and Forecasting (WRF-ARW) model [38], initially produced
by the EC-Earth Global Climate Model (GCM) [39]. The hindcast period covered the years
from 1980 to 2004, while for the future projections, two different periods, i.e., 2025-2049
(near future) and 2075-2099 (far future), were studied using the Intergovernmental Panel
on Climate Change (IPCC) Representative Concentration Pathways (RCPs), RCP4.5 and
RCP8.5, following the recommendations of the EU National Risk Assessment [33] and
similar studies in the US [40]. The RCP scenarios demonstrated a significant convergence
in their emission pathways in the near future and considerable deviations towards the end
of the century [41].

It has been established that high-resolution, dynamic-downscaling models applied
to regional climate assessments can be implemented to assess the climate-change impacts
on extremes, especially in areas with complex topography and local scale effects [42-45].
Here, we sought to provide the first step towards a comprehensive multi-hazard risk
assessment for the country based on high-resolution model data to support training and
preparatory activities for disaster risk reduction (DRR). The analysis focused on four critical
climate hazards for Europe: heat and cold extremes, flash floods, and windstorms, each
one described by a climate indicator (Section 2.2).

The scope of this work was to carry out a very detailed assessment of the most sig-
nificant hazards that have occurred in Greece in the past and to predict their evolution
in the future considering the impact of climate change. This is a highly valuable process
as disaster management should also take into account the (non-)stationary characteristics
of climate change. The current study examined these parameters for Greece using very-
high-resolution climate simulations at 5 km. Furthermore, one of the goals was to identify
a common categorization framework across different climate hazards, which allowed a
direct and coherent prioritization of the hazards and their evolution due to climate change
considering complex patterns due to local geographic conditions. The produced hazard
data could readily be applied to the generation of multiple scenarios with various likeli-
hoods of occurrence in order to obtain a more complete picture of risk [32], accounting for
climate-change projections (IPCC). In addition, this work was based on the recommenda-
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tions set by the UNDRR/ISC Sendai Hazard Definition and Classification Review Technical
Report [46] and intended to introduce the climate dimensions and dynamic evolution of
risk harmonization that was missing from such assessments [33].

Section 2 focuses on the details of the data used and the methodology that was
developed to estimate the probability of the occurrence of extreme values of the variables.
Section 3 presents the results and discussion of the analysis applied to the quantification of
risks and the likelihood of hazard evolution due to climate change. Finally, the final section
concludes the paper.

2. Materials and Methods
2.1. Area of the Study and Model Datasets

The study area included the country of Greece. The country presents several climatic
variations, always in the Mediterranean climate frame, due to the influence of its vivid
geomorphologic complexity (interplay of mountainous regions and plains, extended coast-
line, and numerous islands) on the different atmospheric-pressure dependencies from the
Atlantic, central Mediterranean area, Eurasia and North Africa. This enhances the need for
higher-resolution climate modeling to resolve the topography features more effectively.

In the present work, climate data of EC-Earth (1.125° horizontal resolution originally)
downscaled by the WRF-ARW version 3.6.1 model to 5 x 5 km? were employed at a tem-
poral resolution of 6-h. The hindcast climate simulations have been extensively evaluated
in our previous works, whereby exhaustive quantitative validation of the highly resolved
fields of temperature, precipitation, wind speed and solar radiation were performed for our
observations [45,47-50]. The WRF-ARW modeling domain covering Greece comprises a
grid of 185 x 185 cells in the horizontal and 40 levels in the vertical that are arranged accord-
ing to terrain, following the hydro-static-pressure vertical coordinates (up to ~50 mbars). A
more detailed description of the WRF model setup and physical parameterization schemes
can be found in [47].

For the simulations of future years under the influence of climate change, the two IPCC
greenhouse-gas-emission scenarios, RCP4.5 and RCP8.5, were selected as they constitute
the most commonly used scenarios by impact-assessment modelers. In particular, RCP4.5
represents an increase in the radiative forcing of the atmosphere of 4.5 W/m? relative to
the pre-industrial era with a profile of greenhouse-gas emissions increasing until the mid-
century (~2050) and stabilizing thereafter until the end of the century (2100). On the other
hand, RCP8.5 is considered to be the most extreme scenario with greenhouse-gas emissions
increasing sharply until the end of the century, implying at its end a radiative forcing of
8.5 W/m? relative to the pre-industrial era. The future time periods in the RCP4.5 and
RCP8.5 simulations were selected in order to study the projected climate-change effects on
hazard dynamics, both in the middle and near the end of the 21st century. For the present
analysis, the model-downscaled data that were used and the corresponding 25-year-period
slots are presented in Table 1.

Table 1. The global (EC-Earth) model datasets downscaled by WRF model used in the study and
corresponding periods.

Dataset Period
EC-EARTH-WRF 1980-2004 (historical)
EC-EARTH-WRF RCP4.5 2025-2049 (near future)
EC-EARTH-WRF RCP8.5 2025-2049 (near future)
EC-EARTH-WRF RCP4.5 2075-2099 (far future)
EC-EARTH-WRF RCP8.5 2075-2099 (far future)

2.2. Statistical Tools and Data Processing

All model-data processing and figure drawing were executed with R software and the
ARC.GIS (MAP) 10.0 environment. Figure 1 depicts the basic steps of the process followed
for the assessment of the extreme values of the variables, namely those of temperature
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(maximum and minimum), precipitation rate, snowfall and wind speed. Firstly, the maxi-
mum and minimum temperature values were retrieved for the summer and winter seasons,
respectively, while data were extracted throughout the year from the gridded datasets to
determine the extremes of the precipitation rate, snowfall and wind speed. In this manner,
at each grid cell and for each period (see Table 1), the 25 maximum values of each variable
were obtained. The process was applied to all three time periods of interest and both RCP
scenarios (see Table 1).

EC-Earth-WRF model data Variable thresholds
Historical and Future Scenarios definition linked to each
RCP4.5 & RCP8.5 climate hazard

Application of Extreme Value Theory

1

Assessment of multi-hazard occurrence
within selected time-frames and region

Figure 1. Schematic representation of the main methodological steps for determining a quantified
climatic multi-hazard assessment.

Then, the modeled values of the variables of interest to this study were categorized
in terms of likelihood, i.e., probability of occurrence, according to Table 2. The likelihood
categories, six in total, and the threshold values of Table 2 were retrieved from the EU-
CIRCLE project report [51] for the characterization of the hazard (maximum (summer)
temperature, minimum (winter) temperature, precipitation rate, snow rate and wind speed).
The probability of occurrence of each variable was calculated for all six categories. As
the study was aimed at determining the likelihood of extremes, the focus was placed
only on the specific categories characterizing the highest threshold values and hence, the
probabilities of occurrence were calculated as totals of the three classes “High”, “Very High”
and “Exceptional”.

In this work, the method for calculating the probability of exceeding a value was
based on the Extreme Value Theory (EVT). The determination of the extreme values of
the studied variables required the selection and definition of the underlying distribution
functions. The estimations were made using the R package “Extremes” [52], fitting a
Generalized Extreme Value distribution (GEV) to block maxima data (annual maxima)
under the assumption of non-stationarity [53]. The GEV distribution has three parameters:
the shape factor &, the scale or dispersion parameter o and the location or mode parameter
p. The GEV-distribution function, G(y), is given by:

For & # 0, G(y) =exp<— [1+g(y;“>}%> 1)

For& = 0, G(y) = exp(— exp(—y;y>> (2)

The GEV has three types depending on shape parameter &, as follows:

1.  When & =0, GEV is known also as Type I Extreme Value Distribution (or Gumbel
Distribution, light tail)

2. When & > 0, GEV is known also as Type II Extreme Value Distribution (or Frechet
Distribution, heavy tail)
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3. When & <0, GEV is known also as Type III Extreme Value Distribution (or Weibull
Distribution, upper finite end point).

Table 2. Likelihood categories and threshold values for maximum and minimum temperature,
maximum precipitation rate, maximum snow rate and maximum wind speed. In bold, the threshold
values to which the probability of occurrence was applied in the current study.

b1 Likelihood Categories
Variables Very Low Medium High  VeryHigh |INGSHGORAIN
Daily Minimum
Temperature [°C] 0< 0-(—2) (—=2)—~(=5) (—5)-(—10) (—=10)—(—15) <(—15)
Daily Maxmn;m <30 30-33 33-35 35-39 39-42 >42
Temperature [°C]
Daily Maximum <25 25-7.6 7.6-10.0 10-50 50-100 >100
Precipitation rate [mm/h]
Daily Maximum <25 2.5-12.7 12.7-25.4 25.4-76.2 76.2-127 >127
Snowfall [mm/h]
Daily Maximum wind 0-3 3-12 12-15 15-20 20-30 >30

speed value [m/s]

The final step of the applied methodology included the calculation of the most fre-
quently appearing hazard at each grid cell, time period and RCP scenario. In this manner,
we performed the spatial assessment of the occurrence of multi-hazards in the historical
period and in the two studied future periods according to the two RCP projections in order
to illustrate the areas susceptible to hazards over long time scales.

3. Results and Discussion

In this part, we present the results of the previously described applied approach. For
reasons of clarity, each subsection provides the results pertinent to each studied hazard.
Figure 2a presents the highly resolved topography of the EC-Earth global model down-
scaled by WREF to the high horizontal resolution of 5 x 5 km?. Additionally, highlighted
in Figure 2b are the regions of the country, where some important findings are more
extensively discussed.

b

o r‘?
e SR
Aegian ’:‘ﬁ‘};‘

Elevation (m)
0 1251 — 1500
1—250 1501 — 1750
251 — 500 1751 — 2000

. 501—750 2001 — 2250

751 — 1000

O
o

2251 — 2346

Figure 2. (a) EC-Earth-WRF topography of the simulated domain of Greece with horizontal resolu-
tion (5 x 5 km?). (b) Highlighted regions of the country of particular interest for discussion.

3.1. Maximum Temperature

Figure 3a shows the probability of the occurrence of TX exceeding the threshold value
(i.e., the probability of exceedance) of 35 °C during the summer season of the historical
period of 1980-2004. Figure 3b—e depict the differences in the probability of exceedance
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between the future projections and the historical values (i.e., future-historical) for both
RCPs and the studied periods. During the historical period, we may deduce that the
majority of areas show low probabilities of exceedance below 2.5% (Figure 3a). On the
other hand, the highest occurrence of maximum temperature values with the probability of
exceedance above 10% is seen in the plains of the regions of Thessaly, central Macedonia,
Peloponnese, the western mainland, the eastern Aegean islands and southern Crete, which
are well known as summer hot-spot areas [54].

TX Probability (%)

& <25

® 26—50
51—75
7.6 —10.0
10.1 —15.0

Difference (future - historical)
04—05 ® 06—30 3.1—6.0 61—90 @ 91—426

Figure 3. (a) Spatial distribution of probability of TX exceedance above 35 °C calculated using
EC-Earth-WRF downscaled data for the historical summer period 1980-2004. Differences (future—
historical) in the probability of TX exceedance for: (b) RCP4.5 in near future (2025-2049), (c) RCP8.5 in
near future (2025-2049), (d) RCP4.5 in far future (2075-2099) and (e) RCP8.5 in far future (2075-2099).

Overall, in the near future, more areas compared to the historical period were found to
be exposed to extreme TX values (Figure 3b,c). In addition, it appears that the probability
increase in hot-spot areas is higher in RCP4.5, with these values exceeding 3%. The
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differences in the referenced areas become much larger, exceeding 10%, and even extend
spatially into the far future and more profoundly in RCP8.5 (Figure 3d,e). In fact, the
probability of exceedance according to RCP8.5 in the far future increases not only in the
plains areas with low topographic heights but also in areas with heights in the range of 500
to 1000 m (Figure 3e).

This could be considered an important change predicted by the worst-case emissions
scenario that would cause adverse conditions near the end of the century. Nevertheless,
in the near future, insignificant changes are expected over the high mountainous regions
according to both RCPs concerning the historical period (Figure 3b,c). In the far future, the
insignificant changes are still found over the highest mountains with RCP4.5 (Figure 3d)
but the RCP8.5 scenario diminishes these (around zero values), showcasing detectable
differences in the probability of exceedances of 3—6% with respect to the historical period,
even over the highest summits of the mainland (Figure 3e).

3.2. Minimum Temperature

Figure 4a presents the probability of TN exceeding —5 °C towards lower values during
the winters of the historical period. Overall, the probability values remain below 5% in most
areas of the mainland and the islands. Over the higher topographic heights of the central
and northeastern mainland (see Figure 2a), the probability increases to noticeable levels in
the range of 20 to 40% that are consistent with the occurrence of very low temperatures
and the extreme winter climatology of the country [54]. The differences in the probabilities
of exceedance of TN between the two future and historical periods (future-historical) are
shown in Figure 4b—e for both RCPs. We may observe that under all scenarios and periods,
areas that have historically had very low probability values of extremely cold temperatures
preserve these characteristics in the future.

In general, we observe a strong decrease in the probabilities of exceedance of TN over
the mountainous areas of the central and northeastern mainland in both future periods
with respect to the historical period, which denotes a reduction in the future occurrence
of extreme values of TN and thus, fewer winter extremes. In the near-future period, the
highest decreases in the central mountainous areas are more intense in RCP4.5 (Figure 4b)
than in RCP8.5 (Figure 4c) while in eastern Macedonia, Thrace and Peloponnese there are
no noticeable differences between the two scenarios. Stronger decreases in the occurrence
of winter extremes are estimated for both scenarios in the far future (Figure 4d,e). The
impacted areas according to RCP4.5 remain the same during both periods (Figure 4b,d) but
they extend more spatially in the far future with RCP8.5 (Figure 4c,e).

3.3. Precipitation Rate

Figure 5a presents, for the historical period, the probability of precipitation extremes
calculated as the probability of precipitation rates exceeding 10 mm/h. The pattern with
persisting probabilities over the majority of the domain of less than 0.025% does not yield
noticeable spatial variability. Yet, increased probabilities of extreme precipitation with
values greater than 0.075% are observable in the very high mountainous areas of the central
and eastern mainland and over the summits of Crete and Peloponnese. In addition, some
areas known for high-precipitation rates such as the Ionian islands and parts of central
and eastern Macedonia and Rhodes reasonably exhibit distinguishable contours of the
probability of exceeding 10 mm/h up to 0.075%.

The differences between the future projections and historical simulations indicate a
reduction in future extreme precipitation mostly in the eastern parts of the mainland, central
Aegean islands and mountainous areas of Crete (Figure 5b—e). The maximum decrease
is obtained in the near future (Figure 5b,c). Additionally, with reference to the historical
period and both RCPs, we may observe minute and insignificant changes in extreme
precipitation rates, more extensively in the regions of Thessaly and central Macedonia and
predominantly in the near future (Figure 5b,c). However, interesting patterns of increased
probabilities of extreme precipitation can be seen in highly mountainous areas primarily in
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the western and northeastern mainland (in the range of 0.051-0.285%) and more vividly for
RCP8.5 (Figure 5d,e). The RCP4.5 projections do not show a noticeable change between
the two future periods. On the contrary, according to RCP8.5, the far-future period shows
on average an increase in the probability of rainfall extremes compared with the near
future, both in magnitude and spatial extent. Overall, the patterns of differences showcase
increased probabilities of extreme precipitation rates in the studied future periods even at
low topographic heights, which may highlight a bothersome climate-change effect for the
agricultural economy.

TN Probability (%)

® <50

¢ 51—100
10.1 —20.0
20.1 —30.0

® 30.1—40.0

Difference (future - historical)
® -301—-106 @ -105—-75 74—-50 -49—-25 » -24—05

Figure 4. (a) Spatial distribution of probability of TN exceedance below —5 °C calculated using
EC-Earth-WRF downscaled data for the historical winter period 1980-2004. Differences (future—
historical) in the probability of TN exceedance for: (b) RCP4.5 in near future (2025-2049), (c) RCP8.5 in
near future (2025-2049), (d) RCP4.5 in far future (2075-2099) and (e) RCP8.5 in far future (2075-2099).
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RR Probability (%)

® <0.025
0.026 — 0.050
0.051 — 0.075
0.076 — 0.100

Difference (future - historical)
® -0.088—-0.050 @ -0.049—-0.005 -0.004 — 0.005 0.006 —0.050 @ 0.051—0.285

Figure 5. (a) Spatial distribution of probability of RR exceedance above 10 mm/h calculated using
EC-Earth-WRF downscaled data for the historical period 1980-2004. Differences (future-historical)
in the probability of RR exceedance for: (b) RCP4.5 in near future (2025-2049), (c) RCP8.5 in near
future (2025-2049), (d) RCP4.5 in far future (2075-2099) and (e) RCP8.5 in far future (2075-2099).

3.4. Wind

During the historical period, the areas of high wind-speed (exceeding 15 m/s) proba-
bility are found to be consistent with other studies in the literature [45,55,56] (Figure 6a) and
in accordance with the known synoptic atmospheric systems associated with the prevailing
wind patterns. More particularly, the areas of the northeastern Aegean Sea are impacted by
north-easterlies and the central Aegean by the Etesians, whereas the topography of Crete
significantly amplifies the patterns of the extreme winds.
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WS Probability (%)

e <1.0

® 11—25
26—5.0
51—7.5

¢ 76—10.0

Difference (future - historical)
® -17—-05 -04—05 06—20 ® 21—50 @ 51—217

Figure 6. (a) Spatial distribution of probability of wind speed exceedance over the threshold (15 m/s)
calculated using EC-Earth-WRF downscaled data for the historical period 1980-2004. Differences
(future-historical) in the probability of wind speed exceedance for: (b) RCP4.5 in near future (2025-
2049), (c) RCP8.5 in near future (2025-2049), (d) RCP4.5 in far future (2075-2099) and (e) RCP8.5 in
far future (2075-2099).
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In the near future and under both scenarios, the probability of the occurrence of
windstorms is amplified almost all over the domain and mostly over the sea areas and
mountain ridges (Figure 6b,c). The Ionian and central Aegean Seas are projected to exhibit
the highest changes in the probabilities in the RCP4.5 scenario.

In the far future, both scenarios show a decrease in the probability of extreme winds
over the northeastern Aegean and south Ionian Seas (Figure 6d,e). On the other hand, the
mountainous areas, the central Aegean Sea and Crete present an increase in the probability
of extreme winds. The increases in extreme winds associated with the Etesians over the
Aegean Sea projected by both RCPs are in agreement with the findings of [57].

3.5. Multi-Hazard Probability Maps

Figure 7 depicts the spatial distribution of the probability of occurrence of the most
dominant hazard calculated for the historical period and both future periods and scenarios.
The dominant-hazard map for the historic period indicates the dominance of extreme TX
over plains and coastal areas and the dominance of extreme TN at topographic heights
higher than ~500 m a.m.s.l (Figure 7a). Over the seas, the islands of the central Aegean and
the southeastern corners of Evia and Peloponnese, the extreme winds become dominant.
However, extreme temperatures preside in the islands of the Ionian and eastern Aegean
Seas, while in the northern parts of some of them, the extremely low temperatures or
extreme winds dominate. In the case of Crete in particular, we observe the dominance
of the three hazards with extreme TX and TN over the plains and high mountainous
regions, respectively, and windstorms over the remaining areas of the island. Moreover,
the dominance of extreme rainfall is observed in parts of the eastern coasts of the central
mainland and Peloponnese.

The projected changes according to RCP4.5 in the near future yield a more extended
dominance of extreme TX, particularly in the areas of Peloponnese, the central-eastern
mainland and in the north of the country over the plains of central and eastern Macedonia
and Thrace (Figure 7b). The same effect is observed in the central Aegean islands and
northern parts of Crete. In addition, the extreme rainfall is seen to prevail more extensively
in eastern coastal areas of the mainland. On the other hand, according to RCP8.5, the domi-
nance of extreme TX becomes more profound in Thessaly and the plains areas of northern
Greece (Figure 7c). Moreover, an interesting pattern of prevailing extreme winds is revealed
in parts of the mainland and mostly in the Peloponnese where in the historical period the
dominance of extreme temperatures was evident. Furthermore, RCP8.5 presents extremely
windier conditions for the Ionian islands and Crete. This result agrees with the findings
of Karozis et al. [56] that highlighted the reduction in the persisting anticyclonic activities
over Greece and the Balkans in the near future, a change that denotes less frequent stagnant
atmospheric conditions. The same study indicated a possible reduction in the passage of
cyclones over Greece originating from the cyclogenesis region of the Central Mediterranean
and the Adriatic Sea that could explain the reduced extreme-rainfall findings.

In the far future, the projected changes due to RCP4.5 show the dominance of extreme
TX in areas of low altitude and more vividly in western Greece, Peloponnese, Thessaly and
the northern mainland (Figure 7d). Additionally, in Crete and the central Aegean islands
the extreme winds become less dominant and extreme TX predominates. In addition,
the extreme rainfall is noted to persist in the far future over coastal parts of the eastern
mainland. All the same, the extreme TN dominates in the mountainous areas. The high
occurrence of extreme-winter-cold events under high-emission scenarios agrees with other
climate-model projections that estimated increases in mid-latitude westerlies and northerly
cold-air flow due to the influence of the upper-tropospheric equator-to-pole temperature
difference in the storm-track response to climate change [58].
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Figure 7. Dominant-hazard maps using EC-Earth-WRF downscaled data for: (a) the historical period
1980-2004, (b) RCP4.5 in near future (2025-2049), (c) RCP8.5 in near future (2025-2049), (d) RCP4.5 in
far future (2075-2099) and (e) RCP8.5 in far future (2075-2099).

Furthermore, the RCP8.5 projections of the far future showcase the extended dom-
inance of extreme TX in the islands and mainland except for the highest altitudes (circa
1500 m a.m.s.l.) (Figure 7e). The future intensification of extreme-temperature events
is in agreement with other studies due to non-linear interactions, which are presently
not quantified, between Arctic teleconnections and other remote and regional feedback
processes [59,60]. Furthermore, the extreme winds remain the dominant hazard over the
seas while the eastern coasts of the mainland would mostly experience extreme rainfall
events that only persist locally in the far future. This outcome is associated with the Arctic
amplification and possible connection to the weakening of mid-latitude storm tracks [61].

Figure 8 presents the multi-hazard occurrence in Greece for the examined periods. The
value indicates the cumulative annual probability that at least one of the studied extreme
hazards will occur. It demonstrates that patterns of highly exposed areas in Greece over
the historic period will be spatially shifted in the far future as the increase in hotter climate
regimes will be dominating the risk landscape.



Appl. Sci. 2022, 12,1218

13 of 17

MULTI-HAZARD

® <50
® 51—10.0
10.1 —20.0

® 20.1—400

Figure 8. Annual percentage of multi-hazard using EC-Earth—-WRF downscaled data for: (a) the his-
torical period 1980-2004, (b) RCP4.5 in near future (2025-2049), (c) RCP8.5 in near future (2025-2049),
(d) RCP4.5 in far future (2075-2099) and (e) RCP8.5 in far future (2075-2099).

In the historic period (Figure 8a), mountainous areas in the northern parts appear to
be the most exposed regions in Greece, with TN and RR being the most significant risks
(Figure 7a). The plains areas in the mainland and Crete exhibit lower risk levels through a
combination of TX and extreme winds. The coastal zones and the Aegean islands appear to
lie at the lower risk level.

In the near future, the RCP4.5 scenario (Figure 8b) appears to demonstrate the smallest
variability in the risk levels when compared to RCP8.5 (Figure 8c). The mountainous areas
will be exposed to lower risk levels by a factor between 5 and 14% compared to present
times, contrasting a similar increase due to TX in the lowlands and western Greece. These
relative changes were determined to be statistically significant at the 95% confidence level
using the student t-test. The southern parts of the Eastern Aegean islands and Crete will
also experience increased level of hazards. For the RCP8.5 scenario, in the near future, a
greater number of regions are projected to be exposed to higher levels of risk due to both
higher TX values and stronger winds (Figure 8c). These appear to be located in the southern
and the western parts of the mainland and the Aegean Sea. For the far future (Figure 8d,e),
both scenarios will exhibit similar patterns of risk changes compared to the present period,
although RCP8.5 will be associated with higher hazard risk, often exceeding a 5% increase.
Plains, agricultural lands and islands will be especially exposed to increased risk.
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4. Conclusions

The study presented here aimed to elucidate the highly dynamic changing patterns of
climate risk in Greece, a European climate hot spot [62]. The findings highlighted the areas
that are exposed to multiple climate hazards in the country, considering the influence of the
highly complex topography. In addition, the generated multi-hazard risk maps could be
used to support disaster-risk-prevention activities such as avoiding future human, natural
and material losses and generating economic benefits by reducing climate-related risks.
The introduced method could be easily transferred to other geographical regions provided
that the climate simulations are available. In addition, based on the perceived risk values
or values identified in national risk assessments, the likelihood categories of the hazards
(Table 2) could be adjusted accordingly. It should be mentioned that a limitation in the
approach emanates from the complex topography of a domain or parts of it. In such a case,
it may be required to downscale the climate data to even higher than a 5 km resolution
over the complex topography areas, where there is the need to study the occurrence of
(multi-)hazard(s) in more detail and accuracy.

Overall, the analysis demonstrated that climate change is a highly non-stationary
process and the exposed areas, risk level and dominant risk will be significantly changed in
the future under both RCP4.5 and RCP8.5 scenarios. More particularly, the impact of global
warming on the country will become more evident in the far future (end of the century)
when the extreme maximum temperature will dominate all other hazards.

According to the RCP4.5 scenario, a gradual expansion of the extreme maximum
temperature can be anticipated from the coastal regions to the higher altitude areas, and
this trend will become more persistent towards the end of the century. Under the RCP8.5
scenario, the extreme wind speed was found to be the dominant hazard in the near future,
while afterwards, near the end of the century, the extreme maximum temperature becomes
the most significant hazard.
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