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Abstract: As warmer and drier conditions associated with global warming are projected to increase
in southern Europe, the Mediterranean countries are currently the most prone to wildfire danger.
In the present study, we investigated the statistical relationship between drought and fire weather
risks in the context of climate change using drought index and fire weather-related indicators. We
focused on the vulnerable and long-suffering area of the Attica region using high-resolution gridded
climate datasets. Concerning fire weather components and fire hazard days, the majority of Attica
consistently produced values that were moderately to highly anti-correlated (—0.5 to —0.9). This
suggests that drier circumstances raise the risk of fires. Additionally, it was shown that the spatial
dependence of each variable on the 6-months scale Standardized Precipitation Evapotranspiration
Index (SPEI6), varied based on the period and climate scenario. Under both scenarios, an increasing
rate of change between the drought index and fire indicators was calculated over future periods versus
the historical period. In the case of mean and 95th percentiles of FWI with SPEI6, abrupt changes in
linear regression slope values were observed, shifting from lower in the past to higher values in the
future periods. Finally, the fire indicators’ future projections demonstrated a tendency towards an
increasing fire weather risk for the region’s non-urban (forested and agricultural) areas. This increase
was evident from the probability distributions shifting to higher mean and even more extreme values
in future periods and scenarios. The study demonstrated the region’s growing vulnerability to future
fire incidents in the context of climate change.

Keywords: WRF model; Standardized Precipitation Evapotranspiration Index; Fire Weather Index;
climate change; drought; Attica region; RCP4.5; RCP8.5

1. Introduction

The Mediterranean region is at high risk of fires, which have the potential to cause
serious harm to the environment, the economy, and individual lives, as reported by [1].
Since the beginning of this century, Europe has experienced large-scale forest fires every
year, with the five European-Mediterranean countries accounting for a substantial 85%
of the total burned area in Europe each year [2]. Ref. [3] highlights that the combination
of prolonged drought with extreme winds or heatwaves in the Mediterranean Basin is
crucial in favouring fire occurrence and extreme fire events. It also observes that in years
with exceptionally high numbers of wildfires, meteorological conditions were favourable,
because without warm and dry weather, it is usually not possible for numerous fires to
occur [4]. In [5], it was found that the frequency of the compound heatwave fire hazard
was double that of simultaneously occurring drought-heatwaves. It affected regions mainly
in Spain, Portugal, Italy (Sicily), Greece, and Scandinavian countries. Several studies have
indicated that due to global warming, the Mediterranean region is predicted to experience
increased fire danger, with a considerably higher frequency and greater affected area of
large wildfires in the future [3,6-9].
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Prolonged high temperature and low precipitation periods increase wildfire risk. Dur-
ing a drought, vegetation of low moisture or dead fuels become more flammable, increasing
the likelihood of ignition and the rate of fire spread [10]. Due to their impacts on fuel mois-
ture, even short-term droughts typically lead to an increase in the frequency of wildfire
risk. Extended periods of high temperatures combined with dry conditions increase the
likelihood of wildfire ignition. The mechanism that favours wildfire risk is based on hot, dry,
and windy conditions that enhance evapotranspiration and reduce fuel moisture, leading to
an increase in available fuel combustion. Consequently, hot and dry conditions typically
precede wildfires. Recent global extreme events (unprecedented Pacific Northwest heatwave
of June 2021 and 2019-2020 southeast Australia wildfires) have also demonstrated that the
wildfire risk readily escalates to an extreme level when subjected to combined hot and
drought conditions [11,12].

Concerning wildfires in Greece, most studies have focused on the relationship and
trend analysis of burned areas, the fire weather index (FWI), and the number of fire events
based on historical records [13-15]. Overall, research findings indicate a favourable corre-
lation between drought severity and fire occurrence or severity. On the other hand, few
studies have examined the relationship between wildfires or fire occurrences and drought as
expressed by their related indices. The effect of drought on the occurrence of wildfires and
the size of burned area in Greece was studied by [16]. They concluded that, while not entirely
at fault for fire occurrence and area burned, drought episodes, as expressed by the Standard-
ized Precipitation Index, SPI (summer SPI6_October and annual drought SPI12_September),
substantially affect wildfire risk in Greece. According to [17], which examined long-term
statistical relationships (1894-2010) between forest fires and meteorological records, the
pattern of fires in Mediterranean regions is influenced by several aspects other than those
promptly linked to the weather, such as socioeconomic issues, changes in land use and cover
(LULC), and significant human influences. However, climatic conditions have a profound
effect on fire occurrence over time. The same study underlined the influence of precipitation
in controlling fuel moisture and fuel production as derived from the statistical correlations
between total burned area and seasonal or annual precipitation. More recently, ref. [18]
investigated the link between FWI and climate conditions with emphasis on drought, where
the 1-month SPI values showed a strong link to the FWI values, with R? = 0.71 for the area
of Greece during the historical period.

The current study concentrates on the role that drought can play as a relevant driver of
wildfire occurrence in the Attica region. In recent years, the subregion of Athens (Attica) has
had a significant number of devastating wildfires (e.g., Mati in 2018, Parnitha Mountain in
2021, and Penteli Mountain in 2022), resulting in fatalities as well as major socio-economic
and environmental impacts, recently analysed in several studies [19-22]. According to [23],
the Attica region presents one of the highest percentage densities (2.44-10.35%) of wildland-
urban interface (WUI) areas in Greece, derived from Corine Land Cover CLC 2018. In
addition, the WUI burned area increased in East Attica (465 ha) between 2006 and 2018, when
one of the deadliest and most devastating wildfires of the 21st century occurred (Mati area,
July 2018). Due to the prevailing warm and dry atmospheric conditions and the increasing
incidents of wildfires in this particular region, it has become imperative to investigate
potential modifications to wildfire patterns in light of climate change. Consequently, the
primary goal of this work is to analyse the statistical relationship between indices and the
climate factors that increase the risk of fire weather in the Attica region. The study also
examines how these statistics are expected to evolve due to climate change.

This study is novel because it is the first to use high-resolution (5 km) historical
and future climate-gridded datasets over the Attica region to assess the effect of drought
on fire danger (through their descriptive indices) in terms of statistical analysis while
accounting for the topographical complexity of the region. The high-resolution topography
features, which control the local climate and vegetation distribution (e.g., elevation and
slope affect precipitation, exposure to wind, wind speed/direction, and fuel drying), are a
major factor in the occurrence of fires [24]. Based on earlier research, using these climate-
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gridded datasets, it has been determined that this region is trending warm, dry and, more
fire-prone [25-27]. Moreover, it is also anticipated that in the far future, when the extreme
maximum temperature will outweigh all other hazards, the impact of global warming on
the country will become increasingly apparent [28].

The general methodology, divided into multiple subsections, is explained in the section
that follows. The subsections include a brief description of the study area, the model
employed to generate the primary climate-gridded datasets, a description of the indices
that have been computed and examined, and a presentation of the statistical metrics and
analysis carried out. The statistical association between drought and fire indicators under
the two distinct climatic scenarios and periods is analysed and discussed in the third section.
The results are finally summarised in the concluding section.

2. Materials and Methods
2.1. Study Area

The climate of the Attica region can be characterised as Mediterranean, with notable
climate variability due to complex topography, mountain ranges (Pathnitha, Ymettus,
Penteli, Pateras) and coastal areas (Figure 1). The mean annual precipitation of this region is
around 400 mm, while the mean annual temperature ranges from 16 °C to 18 °C, depending
on the altitude and distance to the coastline [29]. The warm and dry period between May
and September in the Attica region is associated with the prevailing atmospheric patterns,
also identified in [30]. These are the Azores” high-pressure system extending over southern
Europe, with ridges of high pressure reaching Northern Greece in some cases, and the
development of the Asiatic Low into the eastern Mediterranean and Cyprus. In general,
these atmospheric patterns are responsible for the characteristic summer circulations and
the formation of the prevailing strong northerly flow known as “Etesian” winds over the
Aegean Sea (prevailing also over the north-eastern Attica region). As reported also by [31],
“Etesian” winds occur “when the Persian trough or Cyprus low is clearly established over
the Eastern Mediterranean”. The Attica region is characterised by major urbanization, with
agricultural activity being located in the western, northern, and eastern parts of the region.

Topographic map of Attica

Parnitha Mt. -

Egaleo Mt.
& o

»
- ATHENS

Figure 1. Attica topographic map.

2.2. Data Provision

High-resolution drought and fire weather input climate datasets are required for
calculating the related indices for more detailed analysis in a region of complex topography.
For this purpose, time series of daily gridded precipitation, temperature, wind speed and
relative humidity datasets were available from 5 km high-resolution long-term climate
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simulations with the non-hydrostatic Weather Research and Forecasting (WRF/ARW,
v3.6.1) model [32] for Greece. EC-EARTH [33,34] global climate simulations input datasets
feeded the WRF model for the historical (1980-2004), near- (2025-2049), and far-future
(2075-2099) periods, under two different Representative Concentration Pathways (RCPs)
of the Fifth Assessment Report (AR5) [35], RCP4.5 and RCP8.5. Validation studies [27]
have proved the reliability and the capability of the WRF model to reproduce the historical
climate of Greece (mainly for temperature, precipitation, and wind variables). Further
information regarding the overall model setup, physics parameterisations, and validation
results can be found in these studies.

2.3. Indices

In the present study, the 6-month scale Standardized Precipitation Evapotranspiration
Index (SPEI) was used to address the joint effect of precipitation and temperature in drought
assessment. SPEI was developed by [36] by taking into account temperature through the
calculation of evapotranspiration and water availability and making use of this index
more suitable for the study of the impact of climate change, as indicated by previous
studies [37—40]. Further information on the calculation of the recommended 6-month scale
(SPEIS) for the study area of Greece (including the Attica region) and the derived historical
and future SPEI6 gridded datasets at 5 km can be found in [25].

For the fire risk assessment, the meteorological Canadian Fire Weather Index (FWI) was
used, being the most commonly used fire danger indicator. The FWI and its subcomponents,
some of which are explored in this work (ISI and FFMC), are based on the Canadian Forest
Fire Weather Index (FWI) System (CFFWIS) and extensively described in the following link:
https:/ /cwfis.cfs.nrcan.gc.ca/background /summary /fwi (accessed on 10 May 2024. More
specifically, the “CFFWIS consists of six components that account for the effects of fuel
moisture and weather conditions on fire behaviour”. Further information regarding the
formulas, system equations, and codes of the examined components can be found in [41]. As
input, for the calculation of FWI and its subcomponents, four meteorological daily variables
were used: precipitation, wind speed at 10 m, relative humidity, and air temperature. The
calculated historical and future fire weather gridded datasets at 5 km for Greece and the
Attica region are extensively described and analysed in [42].

2.4. Methodology

The statistical analysis in the current study was based on high-resolution historical and
future climate-gridded datasets for two RCPs. A subset of the gridded datasets mentioned
above, focused on the Attica region, was extracted for the present work. The Attica region
consisted of 125 (5 x 5 km?) gridded points. The procedure of the analysis required, first,
calculation of the daily values of three indices of the Canadian FWI system—the Fire Weather
Index (FWI), see Table 1 for FWI's classification, and two sub-indices, the Initial Spread
Index (ISI) and the Fine Fuel Moisture Content (FFMC)—and fire danger day-related indices
during the historical and the two future periods specified in Section 2.2. The FEMC is the
moisture content of fine dead surface fuels, which indicates the relative ease of ignition and
the flammability of fine fuel. The ISI is a numeric rating of the expected rate of fire spread
which derives from the combination of wind speed and FFMC.

Table 1. Fire danger classification of FWI's values according to EFFIS.

Fire Danger Classes FWI
Low <11.2
Moderate 11.2-21.3
High 21.3-38.0
Very High 38.0-50

Extreme >50
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The calculations of the three indices were performed for the fire season, which runs
from May to October in Greece, along with SPEI6 for the historical and two future periods
under RCP4.5 and RCP8.5. The second step involved the integration of daily fire weather
information according to the monthly SPEI6 per grid point for the fire season. Thus, each
monthly SPEI6 index value corresponded to 30 or 31 daily values of the examined fire
components (e.g., SPEI6 of May to 31 daily values of FW], ISI, and FFMC). The daily
fire indices were converted to monthly FWI, ISI, FFMC, and to the examined fire danger
days based on FWI values, resulting in a final count of 150 monthly values of SPEI6 and
fire-related indices in total (25 years * 6 months) per historical/future period. Therefore,
the monthly values of the SPEI6 and fire components were used to quantify wildfire danger
and fire-prone weather under drought conditions and to proceed to the spatiotemporal
statistical analysis of these components, described in Table 2, with SPEI6 during the fire
season. All indices mentioned above were estimated during the Greek fire season.

Table 2. Description of the statistics for monthly drought and fire indices.

Statistics Description
Drought index SPEI6 Monthly values of 6-month scale SPEI
FWImean Monthly average of daily FWI values
FWI95 The monthly 95th percentile of FWI (extreme)
FWI components High fire Number of days with FWI > 38 per month, based on European Forest
and fire-related danger days Fire Information System (EFFIS) classification
indices Extreme fire Number of days with FWI > 50 per month, based on European Forest

danger days Fire Information System (EFFIS) classification

ISI mean Monthly average of daily ISI values
FFMC mean  Monthly average of daily FFMC values

The first objective was to investigate the statistical relationship between drought and fire
indices on an annual scale for historical and future periods. The analysis involved using the
October SPEI6 values, which represent the fire season in Greece, and using the cumulative
monthly data from May to October to spatially examine the correlation coefficient between
the SPEI6 and the annual fire indicators during the fire season. The correlation was tested
using the Pearson correlation (r); the independent variable was the October SPEI6, while the
dependent was the produced index or component related to fire. The degree of relationship
based on the Pearson correlation coefficient is depicted in Table 3 [43] below:

Table 3. Characterization of the Pearson correlation coefficient values (r).

Range of Correlation Values

-1<r< —07 Strong negative linear relationship
—05<r< —-03 Moderate negative linear relationship
—03<r< —-0.1 Weak /low negative linear relationship
—01<r<+0.1 Not a linear relationship

+0.1 <r< +03 Weak/low positive linear relationship
+0.3 <r < +0.7 Moderate positive linear relationship
+0.7<r<+1 Strong positive linear relationship

The second objective was to study the relationship between monthly SPEI6 and all
the derived monthly fire components and derived indices in terms of “a” coefficient by
implementing a linear regression equation (y = a * x +b) on a monthly scale. SPEI6 is the

“u

independent variable “x”, while the fire indicators play the role of the dependent variable
“y”. The two latter statistics were estimated for every cell, so that the representation
of the results was made spatially for the historical and future periods. Along with the

statistical analysis, the statistical significance of the statistical metrics was also considered
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and illustrated in the figures, at the 5% significance level (i.e., p < 0.05). Finally, we examined
the probability distribution of the fire weather risk indicators only for the non-urban areas
of the Attica region (Figure 2) and the potential changes to these distributions due to
climate change. The analysis does not pursue investigation of the WUI/non-WUI areas. It
should also be noted that the excluded “urban” areas of the Attica region are areas of heavy
population density, characterised by the absence of forest or agricultural areas. On the
other hand, the more considerable extent of “non-urban” areas in the Attica region could
be considered of high fire risk interest, as these parts of the region are mostly surrounded
by forest, agriculture, and residential areas, with few exceptions (some mountainous parts).

S el B uran areas 3

Men-urban areas e g g !

o Jp—— Water bories

Figure 2. Non-urban areas (yellow color) and urban areas (red) of the Attica region according to
CORINE 2020.

3. Results and Discussion
3.1. Correlation between SPEI6 and Fire-Related Indicators on an Annual Basis

The correlation between the drought index, the October SPEI6, and the annual values
of the fire weather-related indicators during the fire season was calculated for all periods
under the two climate change scenarios (Figures 3-6). The spatial patterns of the correlation
results varied in all periods, particularly under the future scenarios. In general, all the
results showed many areas moderately anti-correlated (—0.5 to —0.6) and others with
strong anti-correlation (up to —0.9), meaning that, as the SPEI6 index decreases, fire danger
increases, which is consistent with the fact that drier conditions (the more negative SPEI6
becomes) increase the risk of fire danger in terms of fire components and fire danger days.

Furthermore, the results indicated parts of the region with moderate and strong anti-
correlation between mean FWI and SPEI6 (see Figure 3) during the historical and future
periods under both scenarios. The strongest anti-correlation values were found mainly in
the northern and central parts. An exception of no correlation or low anti-correlation values
(from 0 to —0.4) was found in the near-future period under RCP4.5, mainly in southern
and eastern Attica, as well as in a limited area of the eastern coastal area under RPC 8.5
in the far future. A possible explanation for this could be the influence of the wind speed
parameter, which is estimated to change in the future and is also reflected in ISI's future
behaviour (, which is one of the main subcomponents of FWI, and therefore affects FWI
result, and will be further analysed later in the corresponding figure.
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Figure 3. Correlation of SPEI6_oct and mean FWI for the Attica region for (a) the historical and future
periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far future under RCP4.5, and

(e) far future under RCP8.5. The black dotted areas show a statistically significant correlation at the
5% significance level.

Regarding the relation between FWI95 and SPEI6, moderate-to-strong anti-correlation
was observed in the historical period, as shown in Figure 4, over the whole region. Lower
anti-correlation values were found in both future periods and scenarios compared to the
historical period. In the near-future period under RCP4.5, the correlation was not significant,
compared to the standard alpha level of 0.05, for almost the whole region, with the lowest
anti-correlation values (~—0.1) in the south-eastern parts of the region in particular. However,
the variables were moderately to strongly anti-correlated in the northern-central areas of the
region under RCP8.5 in the near future and under 4.5 in the far future.
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Figure 4. Correlation of SPEI6_oct and FWI95 for the Attica region for (a) the historical and future
periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far future under RCP4.5, and
(e) far future under RCP8.5. The black dotted areas show a statistically significant correlation at the

5% significance level.
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As FWI depends on temperature, precipitation, wind speed, and relative humidity,
additional research was undertaken on the correlation between the 95th percentile of the
meteorological components of the FWI95 with October SPEI6 and its spatial patterns to in-
terpret the low correlation values. The results are included in the Supplementary Material in
Figures S1-54. Each figure depicts the correlation of SPEI6 with the examined meteorological
variable (TX95 for maximum temperature, WS95 for wind speed, RR95 for precipitation, and
RHO5 for relative humidity) for the historical and future periods under both scenarios. The
extreme percentiles of climatic variables across the historical period produced results with
a moderate-to-strong correlation with SPEI6. An exception was detected in the northern
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part, where not-statistically-significant, low anti-correlation values were found only for
the wind speed (Figure S2a). Moderate-to-strong anti-correlation values were observed
for the maximum temperature (Figure S1a). The effect of the complex topography of the
region on high-resolution statistical results is evident concerning maximum temperature. In
particular, during the historical period, values between TX95 and SPEI6 showed a strong
anti-correlation in the southern-eastern areas of Attica, which are generally warmer and
drier than the rest of the region. Moreover, anti-correlation values shifted to moderate values
(—0.5, to —0.7) in mountainous areas (see Figure 1, Parnitha, Penteli, and Pateras mountains).
Imettus Mt also affects the relationship of TX95 and SPEI6 by dividing southern from more
central areas, which show moderate anti-correlated values (—0.6/—0.7).

In addition, during the historical period, positive correlations were found for precipita-
tion and relative humidity with SPEI (Figures S3a and S4a). In particular, it was found that
precipitation indicated a strong correlation with SPEI6 across the whole region, consistent
with the fact that precipitation moderates the SPEI index. The relationship between FWI
and SPEI6 is in agreement with [18], which also indicated FWI and precipitation to be
significantly correlated with the SPI index, in the case of the entire country.

Concerning the future periods, the spatial correlation patterns of all meteorological
variables (TX95, WS95, RR95 and RH95) changed in both scenarios (Figures S1-54). In
particular, precipitation (RR95) showed a strong linear relationship with SPEI6 (Figure S3)
across the region throughout the two future periods and scenarios, which was similar
to the historical period, suggesting that the spatial dependence of the RR95 and SPEI6
correlation was not essential. The precipitation patterns that include increases and decreases
in the different parts of the Attica region (as derived in [27]) remain important to SPEI,
demonstrated by the strong correlation in all periods and scenarios investigated. Regarding
maximum temperature (Figure S1), the linear anti-correlation between TX95 and SPEI6 is
lower in the projected results, apart from the case of RCP4.5 in the near future, where there
was no significant anti-correlation (negative values were higher than —0.4) for the entire
region. Furthermore, no significant weak anti-correlated values were found in RCP8.5 or
both periods, with a lower correlation in the far future, particularly in the eastern region.
On the contrary, moderate-to-strong anti-correlation was seen only in the far future under
RCP4.5. A moderate correlation was observed in both future periods and scenarios for the
relative humidity and SPEI6 (Figure S4), with values in the range of 0.5-0.7. The lowest
correlation values were detected in the southwestern part under RCP4.5 in the far future,
and the south-eastern part under RCP8.5. The highest correlation values were found in
the northern parts of the region under RCP8.5 in the far-future period and under RCP4.5
in the near future. The analysis of extreme wind speed and SPEI6 (Figure S2), unlike the
anti-correlation in the historical period and the absence of statistically significant correlated
values in both future periods and scenarios, showed a significant correlation in the near
future, under RCP4.5 in the eastern parts. In general, the weak correlation results of
maximum temperature and wind speed with SPEI6 under the projected scenarios and over
certain parts could imply a non-linear correlation, consequently suggesting a non-linear
relationship between FWI95 and SPEI6 in the future.

The analysis of the meteorological variables highlights that the relationship between the
FWI95 and SPEI6 (Figure 4) may change in the future, which could impact their relationship
by lowering their correlation. There are several possible causes for this. In [27], an increase
in projected seasonal maximum temperature change was concluded in both scenarios and
periods for the Attica region. Also based on the same study, the increase in seasonal (summer)
precipitation observed in the south-eastern parts under RCP8.5 in the far future weakens
the anti-correlation between FWI95 and SPEI6, to a greater extent than TX95. This was also
indicated by [44], which reported that, due to the region’s existing dry summertime condi-
tions, in which more drying may have little effect on escalating the already highly fire-prone
conditions, future extreme fire danger could be increased by rising temperatures with low
sensitivity to changes in precipitation. Moreover, refs. [45,46] reported that the FWI is com-
plex because its meteorological input variables are not specified by a linear equation, making
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it challenging to ascribe its performance to a single variable or component. In addition, in
the context of global warming, several studies have revealed modifications in atmospheric
circulation patterns, potentially affecting the future relationship between the two indices.
For example, [47,48] revealed changes in the geopotential height at 500 hPa, barotropic sea
level pressure, and anticyclonic circulation with increasing anticyclonic circulation in the
central Mediterranean. In particular, the differential warming of Mediterranean Sea (due
to its thermal inertia), which increases the land—sea temperature contrast in the summer,
increases the sea level pressure gradient across the region and geopotential height at the
500 hPa level under the effect of climate change, intensifying the Azores” anticyclonic circu-
lation and the horizontal transfer of warm, dry continental air masses towards the central
and eastern Mediterranean regions [49]. This mechanism has an impact on FWI and the
other fire weather related indices due to temperature (increase) and precipitation (reduction)
changes, by enhancing risk of drought and wildfires. Moreover, ref. [50] studied the climate
change impact on air masses arriving in the Attica region through backward trajectories
in the near future and both RCPs, using the same high-resolution climate datasets. Their
results highlighted a significant decrease in the Etesian winds, which provide cooling and
low-humidity conditions in the summer in the region. Along with a higher likelihood of
increased southerly flows from Africa (about 40%), the same study also showed a drop in the
frequency of cyclones emerging from the central Mediterranean and the Adriatic Sea, which
might lead to more heatwaves and drier conditions.

The number of days with FWI > 38, indicated as the high fire danger days index,
illustrated in Figure 5, showed strong correlations for all periods and scenarios with SPEI6.
The extreme fire danger days (FWI > 50), depicted in Figure 6, yielded high correlations
under RCP8.5 and RCP4.5 in the near future and far future, respectively, for nearly the whole
region, as well as exceptionally high correlation values for the historical period. On the other
hand, the northern parts of the region and some western central areas exhibited the strongest
anti-correlations under RCP4.5 and RCP8.5 in the near and far future, respectively. From
an atmospheric pattern perspective, it is noteworthy that [51] revealed that the association
between low 500 hPa geopotential heights, high atmospheric pressure, and negative total
water column anomalies enhance the relationship between wildfires (in terms of high fire
danger days) and drought. Low anti-correlated results under RCP4.5 and RCP8.5 in the near
and far future, respectively, may also be related to FWI values above a certain threshold,
as observed here with FWI > 50 or 95th percentile, associated with atmospheric circulation
patterns and dynamical changes that affect the main components of both indicators in
these periods and scenarios. Changes in the synoptic atmospheric patterns of air mass
flows, analysed by [50], could be associated with increasing transport of warm air masses,
arriving over the study area during the summer months under both scenarios, implying an
increase in the occurrence of heatwaves and Saharan dust events, and also the shifting of
Etesian winds between September and October also reported by [52]. Moreover, Reale et al.,
2021 [53], reported a decrease in the number and an overall weakening of cyclones moving
across the Mediterranean at the end of the twenty-first century, pointing out a reduction
in the south-eastern part of the region in the cyclone-related wind speed and precipitation
rate under RCP8.5, linked to a persistent anticyclonic pattern prevailing over the area. As a
result, higher temperatures and drier conditions will lead to increasing FWI values during
fire season.
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Figure 5. Correlation of SPEI6_oct and high fire danger days index for the Attica region for (a) the

historical and future periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far
future under RCP4.5, and (e) far future under RCP8.5. The black dotted areas show statistically
significant correlation at the 5% significance level.
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Figure 6. Correlation of SPEI6_oct and extreme fire danger days index for the Attica region for (a) the
historical and future periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far
future under RCP4.5, and (e) far future under RCP8.5. The black dotted areas show a statistically
significant correlation at the 5% significance level.

Concerning the correlation between the other two examined FWI system components,
the mean FFMC (Figure 7) exhibits a statistically significant and considerably stronger anti-
correlation with the SPEI6 compared to the historical period, across the whole region, during
all periods and under both scenarios. This implies that higher mean FFMC values across
the study area are strongly associated with dry periods. This is to be expected due to the
decreasing moisture content. Higher fire danger conditions are indicated by higher FEMC
values [54]. Regarding the correlation between the mean ISI (Figure 8) component and
SPEI6, the largest part of the region shows a moderate anti-correlation (—0.5 to —0.7) during
the historical period; however, in the future periods, especially in the southern region, there
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is a low anti-correlation with no significant correlation. There are a few notable exceptions,
such as the central north region under RCP4.5 in the near future, and the north region and
occasionally some areas in the far future under RCP4.5 and RCP8.5, respectively. These
areas yielded significant moderate-to-high anti-correlated relationships (e.g., central north
region). Nonetheless, in the near future, a weak correlation was observed in the southern
parts under RCP4.5. This indicates that SPEI6 has no discernible effect on the ISI, which is
most likely because the wind speed component, taken into consideration in the calculation
of IS], influences the result. FFMC and wind speed are combined in the ISI calculation.
Moreover, the shifted formation of Etesian winds between September and October, because
of the atmospheric circulation change, could lead to increasing ISI values during that period.
ISI supports fire growth during initial stages and could be linked to different wildfire
response strategies. Thus, “faster” fires (higher ISI), especially under drought conditions,
could require a shift in procedures and the introduction of new technologies for even earlier
detection and identification. In general, compared to ISI, FFMC had the greatest impact
on the increasing anti-correlation with SPEI6 under both scenarios and future periods, to
an extensive degree across the study area, highlighting the effect of drought conditions on
fuel moisture content. It should also be noted that the strongest anti-correlation of ISI with
SPEI6 was observed in the far future under RCP4.5 only in the mountainous areas of the
north-western region; in contrast, in the historical period, it appeared in the mountainous
blocks of Parnitha and Imittus (see Figure 7a).
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Figure 7. Correlation of SPEI6_oct and mean FFMC for the Attica region for (a) the historical and
future periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far future under
RCP4.5, and (e) far future under RCP8.5. The black dotted areas show a statistically significant

correlation at the 5% significance level.
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Figure 8. Correlation of SPEI6_oct and mean ISI for the Attica region for (a) the historical and future
periods: (b) near future under RCP4.5, (c) near future under RCP8.5, (d) far future under RCP4.5, and
(e) far future under RCP8.5. The black dotted areas show a statistically significant correlation at the
5% significance level.

3.2. Linear Regression Statistics SPEI6 and Fire Sub-Indices on a Monthly Basis

The following subsection investigates the changes in the relevant fire index values
during the historical and future periods under the two climate change scenarios relative
to the monthly values of SPEI6 obtained from the slope’s linear regression calculation
(Figures 9-12). The slope values for all the examined indicators were consistently negative.
This was expected because the fire weather danger increases when the SPEI is negative and
its values shift to drier conditions. In addition, it was observed that the dependence of each
variable on the SPEI6 changed with the period, space, and climate scenario. Moreover, it
was noticed that the slope values during the future periods were more negative than during
the historical period, implying an abrupt change in fire danger indicators. Figure 9 shows
that the largest part of the Attica region is characterised by slope values in the range of —4
to —6 in terms of the extreme FWI95 during the historical and future periods under both
scenarios, with an exception in the near future under RCP8.5, where values were found in a
range of —6 to —10. In both periods under RCP4.5 and the far future under RCP8.5, limited
areas in the western coastal part of the region exhibited the lowest values. Concerning the
mean FWI and SPEI slope values, most of the region showed values in the range of —4 to
—6 in both periods and scenarios (Figure S5).

Linear regression analysis regarding the number of days with FWI > 38 (high fire risk)
and FWI > 50 (extreme fire risk), shown in Figure 10 and Figure 56 in the Supplementary
Material, respectively, revealed slope values in the range of —1 to —3 under both scenarios
and periods. Nonetheless, the most negative values were found under RCP8.5 in the near
future and under RCP4.5 in the far-future period, specifically in the northern parts, which
are primarily classified as forested areas and are thus more prone to fires.

ISI-SPEI6 linear regression statistics (Figure 11) indicated negative slope values in
all cases, which shifted to more negative values in the future periods compared to the
historical period, with values in the range of —4 to —6 found in the coastal western area
of the Attica region under both projected scenarios and periods. Investigation of the
relationship between FFMC and SPEI6 (Figure 12) showed a negative rate of change (up to
—2.5), with the most negative values found in the northern part of the region under RCP4.5
during both future periods.



Climate 2024, 12, 135 16 of 25

Slope of FWI95 — SPEI

(1980-2004)

-10

Slope of FWI95 — SPEI Slope of FWI95 — SPEI
(2025-2049) (RCP4..§'Q\w

(2025-2049) (RCPS.S}:

-10

-10

Slope of FWI95 — SPEI Slope of FWI95 — SPEI

(20752099)  (RCP4.5)" (2075-2099)  (RCP8.5)

=

-10

Figure 9. Spatial trend results of the SPEI6—FWI95 relationship for the historical and future periods
under RCP4.5 and RCP8.5 for the Attica region.
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Figure 10. Spatial trend results of the relationship between SPEI6 and FWI > 38 for the historical and
future periods under RCP4.5 and RCP8.5 for the Attica region.
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Figure 11. Spatial trend results of the relationship between SPEI6 and mean ISI for the historical and
future periods under RCP4.5 and RCP8.5 for the Attica region.
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Figure 12. Spatial trend results of the relationship between SPEI6 and mean FFMC for the historical
and future periods under RCP4.5 and RCP8.5 for the Attica region.

3.3. Evaluation of Probability Density Functions

In this subsection, we discuss the corresponding probability distribution functions
(PDFs) of the variables under investigation for the historical, near- (2025-2049), and far-
future (2075-2099) periods under the RP4.5 and RCP8.5 scenarios for the Attica region’s
non-urban areas shown in Figure 1.

The PDFs that correspond to the future periods of the extreme FWI95 (Figure 13a)
showed a shift towards the highest FWI95 extreme values, not only regarding the mean
(although of the lowest density compared to the historical period) but also towards the
tails of the distributions. It was noticed that under RCP4.5, the curve was shifted to higher
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values in the far-future period, but with lower probability density values. Concerning
RCP8.5, the main difference was that even though the two distributions were similar, the
density of the mean values increased in the far future. Furthermore, a similar behaviour
was observed in the distributions of the mean FWI (Figure 13b). When comparing the
probability distribution of fire danger days to the historical period, it was predicted that
both high and extreme fire days would be characterised by higher probability density values
in the future (Figure 13c and Figure 13d, respectively). Moreover, the highest increase was
observed under RCP4.5 in both future periods compared to RCP8.5. The historical and
future periods’ curves for extreme fire danger days showed completely different behaviour;
the curve skewed to the right, indicating low probability density values of extreme fire
danger days in the historical period, while the projected curves under both periods and
scenarios skewed to the left, underlining a notable shift of the probability value towards an
increasing number of extreme fire danger days, especially in the far future under RCP4.5.
These results are in agreement with recent studies ([18,55]) which reported increasing
trends regarding the mean and maximum values of the FWI, and exceeding thresholds of
FWI during the near and future periods for both RCPs, in particular under RCP8.5 in the
far future, in the southern and eastern parts of Greece (with the Attica region included).
Richardson et al. [56] indicated that the increase in the occurrence of extreme fire danger
days from the late 1990s for Australia was mainly associated with rising temperature, wind
speed, and decreases in relative humidity. Dupuy et al., 2020 [6], in a review study of future
wildfire danger based on the FWI system, pointed out increasing wildfire danger under
climate change scenarios in southern Europe, depending on fuel dynamics.
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Figure 13. Probability density distributions of the examined fire indicators for the historical and
future periods under RCP4.5 and RCP8.5 considering only the forest and agricultural areas in the
Attica region: (a) FWI95, (b) mean FWI, (c) extreme fire days, (d) high fire days, (e) mean ISI, and
(f) mean FFMC.

Furthermore, the mean IS], as seen in Figure 13e, revealed a shift towards extreme val-
ues in the tail of the distributions for both periods and scenarios, but with lower probability
density values compared to the historical period, probably associated with the estimated
reduction of “Etesian” winds in the future, as previously mentioned by [50,52]. Finally, the
distribution of the mean FFMC (Figure 13f), is projected to trend towards higher values but
with lower density in the future. It is noteworthy that lower values of FEMC under RCP4.5
are seen in the right tail of the distributions in both future periods.

4. Conclusions

This study focused on the investigation of the role that drought could play as a relevant
driver of wildfire occurrence in the Attica region based on statistical analysis of model
climate data. It should be noted that this work was undertaken within the framework of
the European project FirEUrisk, as one of the project’s pilot sites for fire risk assessment
is the Attica region. More specifically, the aim was to explore the statistical relationship
between drought and fire weather-related indices that reflect the conditions associated with
climate change in Attica.

Emphasis was placed on how these statistical relationships are projected to change
under RCP4.5 and RCP8.5 in the near- (2025-2049) and far-future (2075-2099) periods. The
use of high-resolution (5 km) gridded meteorological fields in the regional weather model
(WRF), which can resolve local weather conditions and improve our understanding of
the spatiotemporal variability of fire risk, was crucial to this work, which focused on the
complex and diverse topography of the Attica region. Concerning the derived variables,
SPEI was used to assess drought, whereas FWI with its two sub-components (ISI and FFMC)
and other fire-related variables, like fire danger days, were calculated to estimate fire risks.

Statistical analysis of the relation of mean and extreme values of FWI (in terms of
95th percentile and FWI > 50) with SPEI6 indicated moderate-to-strong anti-correlation
and negative slope results for the whole region, which were observed to be non-uniformly
spatially distributed during the historical and future periods. The statistical results of those
indices differentiated in the context of climate change based on the RCP scenarios and future
periods, yielding a low anti-correlation and more abrupt changes in fire danger. The spatial
distribution varied due to the region’s complex topography, which affects climate conditions
locally and enhances climate variability. Analysis of SPEI with the main meteorological
variables of FWI95 showed that the spatial variation of the linear correlation between FWI95
and SPEI in the region depended on the spatial variation of the linear correlation between
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SPEI and its main variables: precipitation, relative humidity, and temperature. It also
highlighted that the relationship between the extreme FWI and SPEI6 may change in future,
which could impact their relationship by lowering their correlation.

Overall, the findings suggest a significant effect on the relationship between drought
and fire weather-related indices in the future, which could be attributed to projected dy-
namic and thermodynamic changes in atmospheric circulation patterns. More specifically,
these are related to a projected enhanced anticyclonic circulation in the area and a reduction
of prevailing strong north-eastern flows (Etesian winds) during the summer months that
may consequently lead to heatwaves and prolonged drought conditions due to increased
southerly flows from Africa, as already reported in [50].

Moreover, this behaviour was also explained by the projected changes in the corre-
sponding PDFs, which highlighted an apparent shift to more extreme values of fire indicators
under both scenarios and future periods. Similarly, the impact of climate change was ev-
ident on both ISI and FFMC in terms of correlation and slope results, as well as on the
tendency towards more extreme values in the corresponding PDF patterns. Of the two FWI
components, drought had a greater influence on FEMC, with statistically significant and
more robust anti-correlation values, compared to ISI in both scenarios and future periods,
everywhere in the region. Notably, compared to the historical period, the increasing values
of the projected fire weather danger indicators showed higher fire danger in the non-urban
parts of Attica. This was more obvious under RCP4.5, especially in the far-future period, for
the mean and extreme values (on the tails of the distributions) of FWI95, the mean FWI, IS],
and FFMC indices.

In conclusion, statistical analysis of the fire and drought indices using high-resolution
climate data suggested that climate change is projected to impact their relationship in
different periods, climate scenarios, and areas of the Attica region, which, in turn, could
affect the severity of fire weather. The derived moderate-to-strong anti-correlations between
fire weather, fire danger, and drought indices emphasise the importance of spatially varying
climate conditions for fire occurrence.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cli12090135/s1, Figure S1 Correlation of SPEI6_oct and TX95
(95th percentile of TX) for the Attica region; Correlation of SPEI6_oct and WS95 (95th percentile
of wind) for the Attica region; Figure S3 Correlation of SPEI6_oct and RR95 (95th percentile of
precipitation) for the Attica region; Figure 5S4 Correlation of SPEI6_oct and RH95 (95th percentile of
relative humidity) for the Attica region; Figure S5 Spatial slope results of the relation SPEI6 ~ mean
FWI for the historical and future periods under RCP4.5 and RCP8.5 for the Attica region; Figure 56
Spatial slope results of the relation SPEI6 ~ Extreme Fire danger days for the historical and future
periods under RCP4.5 and RCP8.5 for the Attica region.
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