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Abstract: Climate change has the potential to influence many aspects of wildfire behavior
and risk. During the last decade, Greece has experienced large-scale wildfire phenomena
with unprecedented fire behavior and impacts. In this study, thousands of wildfire events
were simulated with the Minimum Travel Time (MTT) fire growth algorithm (called
Randig) and resulted in spatial data that describe conditional burn probabilities, potential
fire spread and intensity in Messinia, Greece. Present (1961-1990) and future (2071-2100)
climate projections were derived from simulations of the KNMI regional climate model
RACMO2, under the SRES A1B emission scenario. Data regarding fuel moisture content,
wind speed and direction were modified for the different projection time periods to be used
as inputs in Randig. Results were used to assess the vulnerability changes for certain
values-at-risk of the natural and human-made environment. Differences in wildfire risk
were calculated and results revealed that larger wildfires that resist initial control are to be
expected in the future, with higher conditional burn probabilities and intensities for
extensive parts of the study area. The degree of change in the modeled Canadian Forest



Forests 2015, 6 2215

Fire Weather Index for the two time periods also revealed an increasing trend in
frequencies of higher values for the future.

Keywords: climate change; wildfires; risk; racmo2; fire weather index; minimum travel
time; behaveplus; randig

1. Introduction

Studies claim that global warming will eventually alter temperature and precipitation patterns
around the world [1]. The trend in wildfire activity, according to climate and fire scientists, is expected
to increase as the planet warms [1,2]. The impacts of climate change on wildfires might become more
severe in the coming years due to the frequency of extreme weather events, rather than the overall
change in the “average” climate patterns [3].

Changes in climate have the potential to significantly affect wildfire frequency, size and intensity;
while higher fire risks, longer fire seasons and more severe fire effects are expected [3—7]. Therefore,
these possible future changes on wildfire patterns will subsequently increase the risk of wildfire-related
hazards and vulnerabilities such as microclimate alteration, floods, destruction of infrastructure,
economic losses and human casualties. Many aspects of post-wildfire conditions will affect or
accelerate other natural environmental disturbances, resulting in modified vegetation patterns and
succession procedures, land degradation, desertification and hydrological cycle derangement. Even
gradual and apparently small changes in climate can lead to catastrophic shifts in ecosystems when
their resilience has been compromised by human exploitation [8]. Furthermore, carbon and other
greenhouse gases emissions from wildfires cause feedback loops on the climate. An unfortunate
feedback loop exists where more fires lead to greater emissions of greenhouse gases, leading to
conditions increasingly conducive to wildfires [9-11]. The vulnerability of the Mediterranean region in
anthropogenic climate change for the upcoming decades has been stressed in a number of articles (e.g.,
IPCC 2013 [12] and references thereafter). The redistribution of rainfall amounts is quite interesting in
the complex topography of the Mediterranean in which areas with high precipitation are expected to
receive less rainfall, while isolated regions such as the Aegean Sea show much less reduction of
rainfall amounts in the future [13,14]. Studies of climate change for the Mediterranean region
demonstrate the vulnerability of the area to human-made climate change, associated with a strong
increase in temperature and decrease in rainfall [15-19]. Climate change indices for extreme events
reveal changes especially in summer temperatures, where both minimum and maximum temperature
extremes show statistically significant warming trends [20]. In addition, the number, intensity and
length of heat waves were found to increase in the eastern Mediterranean region [21]. Future model
predictions have shown that the number of days with maximum temperatures exceeding 35 °C and
their total annual number are also expected to increase there [14,22]. Such changes may lead to an
increase in the magnitude of forest fire risk in Greece and the eastern Mediterranean region.

The large fires that occurred in the Mediterranean Basin in the last decade were related not only to
extremely warm and dry weather [23], but also to positive anomalies in the previous wet season that
promoted plant growth and fuel build-up [24]. The large-scale wildfire events of Peloponnese, Greece,
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during the summer of 2007 raged for several days under the influence of high winds and low relative
humidity, resulting in the most severe fire effects of the past 50 years [25]. The European Forest Fire
Information System (EFFIS) reports that about 1500 fires broke out only in the Peloponnese peninsula
in 2007, burning approximately 1000 km? of land, 665 km? of which was protected forests and natural
areas [26]. According to the EFFIS dataset, the total burned area in Peloponnese for the
20002006 period was 540 km?, while based on the Hellenic Forest Service records, approximately
4500 major wildfires resulted in 2100 km? of burned area from 1985 to 2004 [25]. Historical fire
records and meteorological observations for Greece, spanning more than one century (1894-2010),
revealed that fire occurrence, expressed as the annual number of fires and total burned area was
strongly correlated with the mean maximum and the absolute maximum air temperatures [27].
Furthermore, Koutsias et al. [27] stated that the total burned area was strongly negatively correlated
with fire-season precipitation, and positively correlated with two-year-lagged annual and summer
precipitation, underlying the effect of precipitation in controlling fuel production and moisture.

The impacts of climate change on Mediterranean-type ecosystems may result from complex
interactions between direct effects on water resources and subsequent modifications in flammability
and fire regimes, leading to changes in standing biomass and plant species composition [7,28]. Fire
regimes in the Mediterranean are influenced by factors beyond those related directly to climatic
conditions (i.e., socioeconomics, land uses and intensive human pressures), but climate and weather
conditions have a profound effect on fire behavior over time. Different vegetation types are anticipated
to have different responses to climate change in terms of fuel availability and flammability. The
removal of overstory vegetation and canopy cover will result in lower fuel moisture content and, thus,
increased flammability.

Previous studies raised the question about the relative importance of weather and fuel on fire
behavior, creating the “weather hypothesis” and the “fuel hypothesis” [29,30]. The weather hypothesis
suggests that large, severe fires are driven by extreme weather events and intensely burn through
forests regardless of the condition of their fuels; while on the contrary, the fuel hypothesis suggests
that reduction of fuels limits fire severity. Forest fire behavior is complicated by the erratic and, often,
weather-driven nature of these phenomena. Keeley and Fotheringham [31] claim that catastrophic fires
are less dependent on fuel and more dependent on the coincidence with severe weather.

In this study, the weather hypothesis was applied by conducting fire behavior simulations of hard to
control large wildfires that burn for five hours, based on data for present and future climate conditions
derived from a Regional Climate Model (RCM). Key goals are to assess the degree of expected
changes in the size, conditional burn probabilities and intensity of large wildfires that resist initial
control efforts and to estimate the anticipated impact on values-at-risk in the area of Messinia in
Peloponnese, Greece. Under the same context, the Canadian Forest Fire Weather Index’s (FWI)
present and future RCM-derived values [32,33] were analyzed and statistically tested to identify trends
and patterns of present and future fire risk.
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2. Materials and Methods
2.1. Study Area

Messinia, with a total area of about 3000 km?, is located on the SW and hazard-prone tip of
Greece (with frequent earthquakes, floods and wildfires), having shores to the Ionian Sea (Figure 1).
The average annual precipitation in this part of Greece ranges between 800 to 1600 mm over the
elevation gradient [34,35]. During winter, the area is affected by the passage of depressions forming
over the Mediterranean Sea, while in summer it is influenced by heat waves coming from
N. Africa [36,37]. The steep and variable topography is creating local and diurnal wind patterns and
forms local microclimates. Various archaeological sites of world importance (dated back to 2000 BC)
exist on forested and densely vegetated areas. Furthermore, extensive wildland-urban interface (WUI)
and rural-urban interface (RUI) areas can be found around the 500 towns, villages and settlements and,
in conjunction with land abandonment and reforestation, increase the risk of human causalities from
wildfires. The touristic infrastructure of the area is widespread across the coastline, where one of the
largest hotel complexes of Greece is located. In addition, people tend to camp (legally or illegally)
close or inside high fire risk areas during the summer season.

The vegetation of Messinia (Figure 1) encompasses 1150 km? covered by evergreen shrublands,
250 km? with grasslands and phryganic ecosystems, 140 km? with oak woodlands (Quercus conferta,
O. ilex, Q. coccifera, Q. pubescens, Q. ithaburensis Decaisne ssp. macrolepis), 127 km? with true-fir
stands (4bies cephalonica), 116 km? with broadleaf forests (Castanea sativa, Platanus orientalis,
Acer pseudoplatanus, Sorbus domestica, Fraxinus ornus, Alnus glutinosa, Prunus cerasus) and 85 km?
with pine forests (Pinus halepensis, P. nigra ssp. pallasiana). The rest of the area is mainly covered by
olive tree (Olea europaea) cultivations (600 km?) and agricultural areas (orchards, crops, vineyards, etc.).

About 6000 wildfire events were recorded during the 2000-2013 period from the Hellenic Fire
Service [38], 92% of which burned areas less than 1 ha each, 7% burned between 1 and 10 ha each,
0.7% from 10 and 100 ha each and the 0.3% of wildfires burned more than 100 ha each. Almost all of
these incidents were extinguished by firefighting forces, since no fires are left to burn without some
kind of wildfire suppression. The majority of wildfire ignitions (52%) occurred during the
June-September period, resulting in 96.7% of the total burned area. Regarding wildfire duration, 88%
of all wildfire events were extinguished within five hours (33% within an hour), 8% lasted between
5 and 24 h, 3% lasted for more than a day, and only approximately 1% lasted for more than two days.
There is evidence that quite a few ignitions are caused by lightning [39,40], but the vast majority
initiated from agricultural practices, arson and accidents/negligence that are typical for Greece.

Numerous fire ignition points of the last 14 years have been mapped for this study, based on records
from the Hellenic Fire Service, resulting in more than 800 significant fire events that burned forests
and other lands (Figure 1). These records are rarely geo-referenced, so their location on the landscape
is identified by the general toponym of the area where the fire was ignited. As a result, only a portion
of the total ignitions can be identified and mapped (i.e., large wildfires or those few records with
adequate details). The recorded wildfires resulted in about 24,000 ha of burned lands, while the
mapped ignition points represent burned areas of approximately 23,000 ha, capturing most of the area
burned. Finally, the use of several different satellite images enabled the identification and mapping of
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68 wildfire perimeters, with the 50th, 80th, 95th and 98th percentiles representing burned areas of 27,
151, 986 and 7233 ha respectively (the minimum mapping size was 4 ha).

Messiniakos Gulf

1:380.000

- Conifer forest Evergreen shr d Grassland: - Vineyards o Wildfire events
Oak woods Olive groves /) Agricultural areas :| Bare soil E Study area
Broadleaf forest Mixed forest Reforestated Urban areas

agricultural areas

Figure 1. Land use/land cover types and fire ignitions from 2000 to 2013 in
Messinia, Greece.

2.2. Simulation Inputs and Software

To assess climatic changes related to fire risk in the study area, daily outputs from the KNMI RCM
RACMO?2 [41-44] were used. The KNMI RACMO?2 is forced with output from a transient run
conducted with the ECHAMS Global Climate Model (GCM), with a spatial resolution of about
25 x 25 km under the SRES A1B emission scenario [45]. The SRES A1B emissions scenario is a
medium-to-high emission scenario in terms of greenhouse gas emissions affecting the world’s climate.
ECHAMS GCM lies in the middle of other global models for the same A1B scenario. Hence, we
expect that the results of this model are on the average side for the study area.
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KNMI RACMO2 RCM has been extensively validated throughout Europe (including the
Mediterranean region) in the context of the EU project ENSEMBLES (www.ensembles-eu.org). This
model was selected amongst several other available, as it was the best performing model for the
region; and thus, this model was used as the input of our study [46,47]. According to these cited
publications, KNMI-RACMO2 was found to simulate the mean climate and the extremes in Europe
and the Mediterranean region with more accuracy. Furthermore, a regional evaluation of various
models (including KNMI RACMO?2) for the Balkan Peninsula focusing on climate extremes proved
that the KNMI RACMO2 manages to reproduce patterns of extreme temperature and precipitation with
reasonable accuracy when compared to the E-OBS gridded observational dataset [19].

The model provides five grid points over SW Peloponnese, three of which were used in this
research (Figure 2; i.e., green dots for Points 1, 2 and 4). Points 1 and 2 were used because they fall
exactly within the study area; Point 4 was additionally used for it represents the high elevation parts of
the study area. Having closely examined the RCM outputs, we figured that Point 3, located on a
medium-elevated area, is very close to the average of Points 2 (which is relatively flat terrain) and 4.
Hence, we decided that Points 3 and 5 (which is far outside the study area) would not provide any new
insights to our analysis and were not used in the calculations. Points 1, 2 and 4 were also used to
delineate the three landscape files (LCP) of the study area; LCP is a binary file comprised of a header
and a body of short integers for each of the themes it contains (topographic and vegetation spatial input
layers), used in some wildfire simulation software.

Simulations of present-day (period 1961-1990) and distant-future (period 2071-2100) parameters
were utilized including relative humidity (%), mean and maximum temperature (°C), wind speed (m/s)
and the mean eastward (u) and northward (v) wind components. The u and v components were used to
calculate the wind direction, as derived from arctan (u/v), and averaged for 16 directions. Wind speed
and direction were calculated at the height of 10 m above ground level, while air temperature and
relative humidity at 2 m above sea level, with no scaling of values to the elevation of the
ground surface.

Mean RCM-derived daily values of maximum air temperature, relative humidity, wind speed and
24 h accumulated precipitation for the present and future time periods were used to calculate daily fire
risk values, represented by the FWI. The FWI is part of the Canadian Forest Fire Danger Rating
System that is used worldwide for the estimation of wildfire risk in a generalized fuel type [32,48]. The
FWI is a non-dimensional index that is based on physical processes, and its calculation requires inputs
of weather readings taken at noon standard time to rate the wildfire risk at the mid-afternoon peak
(from 14:00 to 16:00 h). The meteorological variables required for the index calculation are air
temperature, relative humidity (in the shade), 10 min average wind speed (at 10 m above ground level)
and 24 h rainfall. The Canadian Forest Fire Weather Index System consists of six components: i.e.,
three fuel moisture codes (Fine Fuel Moisture Code, Duff Moisture Code and Drought Code) and three
fire behavior indices (Initial Spread Index—ISI, Buildup Index—BUI, and FWI). Information from the
ISI and BUI are combined to provide the numerical rating of fire intensity into FWI that is categorized
into four fire danger classes (FWI < 8: low; FWI > 8 and FWI < 17: medium; FWI > 17 and FWI < 32:
high; and FWI > 32: extreme). The FWI has been widely tested and applied successfully across the
Mediterranean Basin [49-55]. To avoid overlapping results, only one point from the RACMO2
model’s outputs was used as representatively for the subsequent FWI statistical analysis; i.e., Point 1
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(SW Messinia) covering the area where the majority of people and values-at-risk are located
(Figure 2). Furthermore, after the calculation of the number of days with elevated fire risk (i.e., days
with FWI > 32) for all RCM grid points covering an extended area of southwestern Greece, maps were
excerpted to portray the changes between the present and the future in the Messinia region, by
implementing Kriging interpolation similarly to previous research [55].

Yy
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© Used { " IExtended area of model point 1
® Rejected .
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[_] Final LCP boundaries T~ JiExtended area of model point 4

Figure 2. The five prediction points of KNMI RCM RACMO2 model and influence areas
of the three used Points 1, 2 and 4 (green) over Messinia, Greece.

For the quality assessment of the RCM data, a comparison of FWI values calculated using historical
observations vs. FWI values calculated using model outputs (ensemble mean of the model for the
nearest grid point) for the present period (1961-1990) was performed. Two sites with the available set
of observational data were used: one in southeastern Attica (Sounio) and the other in the western part
of Peloponnese (Andravida) (source: Hellenic National Meteorological Service). The calculation of
FWI was performed for the wildfire season (May to October). Model outputs slightly underestimate
FWI values during May and June, while an overestimation occurs for the rest of the months.
Throughout the May-October period, the RCM calculated FWI values are consistent and indicative of
the actual FWI trend, catching both the value increase (May to July) and decrease (August to October),
as well as the peak values of July and August.
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FWTI is sensitive to changes in the meteorological parameters used in its calculation, and those with
the highest impact on the index are precipitation and wind speed (see Figure 3 in [55]). In Greece, even
for moderate wind speeds, the index exceeds the critical risk thresholds. For gale force winds, frequent
in eastern Greece during the summer, the index reaches extremely high values. As temperatures rise,
FWI substantially increases with higher wind speeds. Conversely, even a minimum amount of rain on
the previous day can reduce FWI values by 80%, generally dropping them below the specified critical
risk thresholds.

60 I Present
M Future
40 - ¢ I
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Figure 3. Fire season monthly FWI values for the present (blue) and future (green) time periods.

Fire behavior simulations were conducted by the command-line version of the Minimum Travel
Time (MTT) algorithm [56], called Randig [57], making it feasible to rapidly simulate thousands of
fires. These numerical simulations are stochastic, which means that they are conducted in a way that
inherently incorporates uncertainty and variability in the simulation inputs. For this study, the sources
of stochasticity of Randig simulations were the random fire ignition locations; which then were
modeled with a random selection among several predefined weather scenarios and with randomness on
how many of the nodes with initiated crown fire can actually launch embers that may start new fires.
MTT searches for the fastest path of fire spread among nodes in a two-dimensional network, and then
the paths producing minimum travel time between nodes are interpolated to reveal the fire perimeter
positions at an instant in time [56]. Calculations can generate fire growth in the absence of time-varying
winds or fuel moisture content, which enables analysis only of the effects of spatial patterns of fuels and
topography [58]. Fire spread is based on Huygens’ Principle, where the growth and behavior of the fire
edge is a vector or wave front [56,59].

Randig results include a conditional burn probability grid of the area, representing the conditional
likelihood that a cell will burn given a certain set of ignitions, fuel moistures and wind
speeds/directions, similar to the historic fires [60]. The absolute problem-fire burn probability at a cell
has little inherent meaning and cannot be compared across different assessment landscapes. Additional
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outputs are the fire perimeter shapefiles, conditional flame length probability and a fire list (text file
with coordinates and burned area of each fire). Conditional burn probability (CBP) is defined as (1):

CBP = FB/n (1)

where, FB is the number of times a cell burns and # is the number of simulated fires.

Flame length probabilities are calculated in 20 classes (0.5 m interval). The fireline intensity
(FI—kW/m) for a given fuel type and moisture condition can be calculated from the fire spread rate
normal to the front [61,62], and then it is converted to flame length (F—m) based on Byram’s [61]
Equation (2):

F = 0.0775 x FI°46 2)

Conditional flame length (CFL) is the probability weighted flame length given a fire occurs and acts
as a measure of wildfire hazard [63], while it is calculated by incorporating the flame length
distribution generated from multiple fires burning each cell in Equation (3):

20 (" BP '
CFL = (B—I;j(m) 3)

where, BP is Burn Probability and F; is the flame length midpoint of the ith category.

Randig uses an LCP file, similar to FARSITE [64] and FlamMap [59]. Topographic spatial inputs
(i.e., elevation, slope and aspect) were derived from ASTER GDEM V2. Extensive field sampling was
conducted on the study area on over 250 sites to record vegetation types, fuel models, crown base
height (CBH) and stand height. The main fuel modeling scheme was based on Scott and Burgan’s [65]
standard fuel models, supplemented by some custom fuel models designed for Greece [66,67]. Several
vegetation types that are typically considered non-burnable (e.g., orchards, vineyards, olive groves,
agricultural areas), were identified in the fieldwork that are not maintained in a non-burnable condition
and there is enough dead fuel to sustain a surface fire (grass that is allowed to grow beneath vines,
olive trees and orchard trees), even with very low spread rates and intensity. However, there were parts
of the study area that these vegetation types were non-burnable, and as a result, different fuel models
were used. By visual interpretation and digitization over aerial orthophotos, canopy cover was
categorized into the coverage classes supported by FARSITE and FlamMap (0—4). CBH and stand
height were attributed per stand or polygon level, based on field records (average or dominant value). In
a similar way, crown bulk density was attributed based on values derived from literature, combined with
the coverage of each stand [68—72]. All the spatial inputs of LCP file have a cell size of 30 m.

Randig accepts weather parameter inputs in the form of scenarios that define wind speed and
direction (mph at 20 feet above ground level), dead and live fuel moisture content (FMC) for each fuel
model and the selection probability of each scenario. To define these scenarios for Messinia, the daily
wind speeds of each time period were sorted into three classes (0 to 2 m/s, 2 to 4 m/s and greater than 4
m/s) that are based on the RCM wind data of the region during the high wildfire risk season (from June
till the end of September). Then, the percentage of days that fall in each category over the total number
of prediction days, as well as the wind direction frequency (%) per sector was calculated. The three
most frequent wind direction sectors were used for each wind speed category, with their frequency
been used for defining the selection probability of every scenario on Randig simulations. Eventually,
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each time period has had nine weather scenarios (three wind speeds with three directions each), with
the relevant FMC values for each wind speed category (Table 1). It is evident that differences in the
number of days of each wind speed category are relatively small, with wind direction frequencies
being the most variable and FMC values having an important change.

Table 1. Weather outputs from RCM RACMO?2 used to create the weather scenarios input
files for Randig simulations. A1, A2 and A4 are the three RCM prediction points; P:
Present; F: Future; Fuel moisture values represent 1 h, 10 h, 100 h, live herbaceous and live
woody fuel moisture content classes, respectively.

Wind Speed % of . L. Exposed Fuel Shaded Fuel
Dominant Directions . .
Category Days Moisture Moisture
5 mph-Al-P 51.91 SE/26.9% SSE/22.6% S/13.7% 6/7/8/60/90 9/10/11/90/120
5 mph-Al-F 51.28 SE/30.0 % SSE/18.5%  ESE/16.6% 5/6/7/30/60 8/9/10/60/90
10 mph-A1-P  40.22 SE/62.8% ESE/10.1% SSE/9.7% 6/7/8/60/90 9/10/11/90/120
10 mph-A1-F 41.07 SE/63.6% ESE/11.0% S/8.3% 5/6/7/30/60 8/9/10/60/90
18 mph-A1-P 7.87 SE/75.3% ESE/12.2% SW/3.5% 6/7/8/60/90 9/10/11/90/120
18 mph-A1l-F 7.65 SE/80.7% ESE/9.6% SSE/2.1% 6/7/8/30/60 9/10/11/60/90
5 mph-A2-P 76.07 SE/27.6% ESE/16.6%  SSE/12.6% 6/7/8/60/90 9/10/11/90/120
5 mph-A2-F 74.86 SE/27.3% ESE/20.6%  SSE/12.5% 5/6/7/30/60 8/9/10/60/90
10 mph-A2-P 2235 SE/39.0% ESE/37.0%  SSW/5.7% 6/7/8/60/90 9/10/11/90/120
10 mph-A2-F 23.69  ESE/40.0% SE/35.9% SSW/6.5% 6/7/8/30/60 9/10/11/60/90
18 mph-A2-P 1.58 ESE/41.4% SW/17.2% SE/15.5% 6/7/8/60/90 9/10/11/90/120
18 mph-A2-F 1.45 ESE/45.3% SW/20.8% SE/15.1% 6/7/8/30/60 9/10/11/60/90
5 mph-A4-P 74.18  SSW/23.3% SE/14.9% ESE/13.7% 5/6/7/60/90 8/9/10/90/120
5 mph-A4-F 7546  SSW/22.7%  ESE/14.3% SE/13.9% 4/5/6/30/60 7/8/9/60/90
10 mph-A4-P 2432  SSW/38.9%  ESE/24.8% E/13.6% 5/6/7/60/90 8/9/10/90/120
10 mph-A4-F 2290  SSW/45.7%  ESE/24.5% E/12.8% 4/5/6/30/60 7/8/9/60/90
18 mph-A4-P 1.50 SW/67.3%  SSW/25.5% E/5.5% 4/5/6/60/90 7/8/9/90/120
18 mph-A4-F 1.64 SSW/51.7%  SW/45.0% E/1.7% 3/4/5/30/60 6/7/8/60/90

To estimate FMC, the relative mean air temperature and relative humidity values from each wind
scenario were incorporated into the BehavePlus software [73], using the “Fine Dead Fuel Moisture
Tool” to estimate the FMC for the 10 h diameter class (0.64 to 2.54 cm). Key findings from RCM
outputs suggest that the average percent change (future vs. present) for average and maximum
temperature and relative humidity are +19.2%, +16.4% and —11.6%, respectively, for Point 1; +20.6%,
+16.8% and —12.1% for Point 2; and +21.3%, +17.9% and —14.8%, respectively, for Point 4. The
calculations were based on tables published by Rothermel [74]. The tool’s defined input parameters (in
parentheses) are the time period (May, June and July), time (12:00-13:59), slope (0—30%), aspect
(south) and a choice for the calculation of FMC values on either shaded (=50% shading) or exposed to
sunlight fuel models (<50% shading). If the change of weather parameters between the two time
periods was not very large, then the derived 10 h FMCs were the same, since Rothermel has grouped
air temperature and relative humidity values at certain range classes.

Records from three weather stations with 10 h fuel moisture sticks installed on them (from another
part of Greece with similar climate and fuels; http://meteo.aegean.gr), revealed that the average FMC
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difference between July and August is approximately 0.3%, while the decrease from June to July is
1.5%—2% and the increase from August to September is 2%—2.5%. These findings suggest that for the
two months of July and August with the vast majority of wildfire ignitions, FMC variability is low.

For 1 h (0-0.64 cm) and 100 h (2.54 to 7.62 cm) FMC diameter classes, a value of 1% was
subtracted and a value of 1% was added on the derived 10 h value, respectively. Randig has the ability
to use different FMC values depending on fuel model type. Fuel models were sorted as either shaded
or exposed (Table 2). For live FMC (herbaceous and woody), the values of 60%/90% (2/3 cured herb)
and 90%/120% (1/3 cured herb) were attributed on exposed and shaded fuel models, respectively, for
the present-day period; while for the future period, these values were modified as 30%/60% (totally
cured) and 60%/90% (2/3 cured herb), respectively. The main assumption to derive the live FMC
values is that they would change to the next driest category in the future. Each weather scenario had its
own FMC file.

Table 2. Land use/land cover types, fuel models with the relevant codes and
shading condition.

General Vegetation Type Fuel Model Fuel Code Shaded Reference

Orchards and vineyards GR1/NB9 101/99 No Scott and Burgan [65]
Olive groves and WUI GR2/NB9 102/99 No Scott and Burgan [65]
Agricultural areas GS1/NB9 121/99 No Scott and Burgan [65]
Abandoned and reforested agricultural areas GS2 122 No Scott and Burgan [65]
Sparse oak forest SH4 144 No Scott and Burgan [65]
Mixed forests and shrubs SH5 145 No Scott and Burgan [65]
Pine reforestation SH6 146 No Scott and Burgan [65]
Brush and grass (phrygana) ASO1 206 No Dimitrakopoulos and

Panov 2001 [67]
Dimitrakopoulos and

S hrub SC01 208 N
patse Stribs © Panov 2001 [67]
Dimitrakopoulos and
Shrub SC02 209 N
Fubs © Panov 2001 [67]
Oak forest TUI 161 Yes Scott and Burgan [65]
Fir forest TU3 163 Yes Scott and Burgan [65]
Mixed forest TUS 165 Yes Scott and Burgan [65]
Plane trees and chestnuts TL2 182 Yes Scott and Burgan [65]
Mixed oak with Quercus ilex TL6 186 Yes Scott and Burgan [65]
Broadleaf forest TL9 189 Yes Scott and Burgan [65]
Palaiol tal.
Pinus nigra FMO03 212 Yes 28 13310[605011 ea
Palaiol tal.
Pinus halepensis FMO02 211 Yes 28 13310[605011 ea
Non-burnable areas NB 91-99 - Scott and Burgan [65]

All the above values were grouped into new input files required for Randig execution, one for each
prediction point and time period, resulting in a total of six input files. Additional required inputs were
the fire simulation duration (300 min) (i.e., the duration of the fire growth calculations for the set of
constant fuel moisture and wind conditions), spot probability (0.1) (a setting of 1.0 will compute a spot
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distance and direction for each crown fire node and a setting of 0.0 will prevent any spot fires), number
of weather scenarios per fire (1) (i.e., how many different weather inputs can be used for each fire
simulation) and spatial resolution of calculations (60 m). The vast majority of 2000-2013 wildfire
events (88%) were extinguished within 5 h, so it was assumed that 300 min is a reasonable and
representative wildfire duration. Tests with Randig revealed that an increase in wildfire duration
produced very large burned area per fire with large CBP values. On the contrary, tests with small
wildfire duration (1 h, i.e., 33% of the 2000-2013 recorded wildfire events) revealed that the produced
wildfire sizes were not adequate to burn at least once each non-burnable cell of the study area (~30%
of burnable pixels), as suggested on several Randig implementation studies [63,75]. Results revealed
that with the defined duration, only the 3.48% and 1.54% of the burnable pixels for present and future
periods, respectively, did not burn at least once. MTT is well suited to short-range assessments of fire
growth, where weather conditions could be assumed constant (e.g., several hours) [56].

The simulated fires per prediction point was set to 100,000; i.e., an adequate number to saturate the
landscape and ensure that, in conjunction with wildfire duration, the burnable pixels that do not
experience even a single wildfire are the minimum possible. The same number of wildfire ignitions
was used for the three LCPs. Fire ignition points were randomly located across the landscape by using
an ignition probability grid that was produced by applying the kernel density estimation on the
800 mapped wildfire events. For crown fire simulations, the method proposed by Finney (1998) was
set [64], due to the fact that from previous research on the study area [76] there was strong evidence
that Scott and Reinhart’s crown fire method simulated large fires with more spotting [77]. Since
several reports and observations from the study area suggest that wildfires commonly produce new
ignitions through spotting, it was reasonable to set a value above zero, not too high (increased
simulation time) and not too low. The spatial variation of wind speed and direction was simulated by
enabling the WindNinja algorithm [78], using the weather scenarios as inputs. Burn period, spot
probability and fire number were intentionally kept constant for all simulations (present and future) so
that the differences of output values would be mainly the result of wind and moisture parameters. By
keeping the duration constant, we were able to directly compare fire sizes between the different
simulations. Randig simulation results must be contextualized as the uncontained wildfire growth in
the absence of any firefighting effort.

The three selected prediction Points (1, 2 and 4) cover the SW, N and SE parts of Messinia,
respectively (Figure 2). The regions corresponding to the area closer to each point were initially
derived using the Thiessen polygons calculation method and the results were reformed to
parallelogram shapes around each point. Due to the fact that Randig simulations do not expand to
no-data cells, areas close to the LCP edges would have unrealistic/error values. To resolve this issue, the
derived areas were expanded by 5 km inside Messinia to create three LCP files. Randig results were
clipped by the initial defined area and then merged to form the final files of present and future time
period simulations.

By using spatial data and information for values-at-risk, such as houses outside urban areas,
agricultural infrastructures (corrals, residential storehouses, auxiliary buildings, efc.), hotels, wildlife
habitats, monuments, industries/businesses and wildland-urban interface areas, a vulnerability
assessment analysis was conducted for each of them for the two time periods. Randig results (CBP and
CFL) are displayed as hex-binned scatterplots for each value-at-risk, indicating those attributes that
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have the potential of facing larger and/or intense fires. An extension of ArcGIS 10 [79] called
ArcFuels [80] was used for the post processing of Randig results. The spatial data for values-at-risk
must be in polygon format to estimate the average CBP and CFL values around them; thus, buffer
zones were created for houses, hotels, WUI, industries, agricultural infrastructures and monuments (50,
300, 1000, 100, 50 and 100 m, respectively). No additional processing was needed for wildlife habitats.
This analysis allowed the identification of important attributes with respect to high vulnerability (e.g.,
hotels, houses, etc.).

3. Results and Discussion
3.1. Fire Weather Index

Results from FWI statistical analysis (Table 3) reveal the differences among fire season months for
the RCM-derived FWI values of present and future time periods. The mean and median values for all
months show an increase for the future time period. For all months, statistical results revealed that the
means of the two time periods are statistically significantly different (z-value), with differences ranging
from 3.6 (October) to 11.3 (June). Furthermore, the number of days with low FWI class shows a
reduction in the future ranging from —100% (July) to —27.3% (September). The same pattern applies
for the medium FWI class, where the decrease ranges from —92% (July) to —31.5% (September), with
the exception of October where a slight increase (4.5%) is noticed. The high FWI class portrays lower
decrease rates, with the exception of May and October having a 238.1% and 63.2% increase,
respectively. The number of days with extreme FWI class shows large increases, ranging from 44.3%
(August) to 1320% (May), with the exception of October that remains the same between the two time
periods. It is also evident in Table 3 that the future daily FWI values for the selected fire season
months are higher compared to the present values (F > P) by a range of 61 to 81% of the total
observations. In Figure 3, the monthly FWI box plots are displayed for the two time periods, and the
increase of future average monthly and percentile values is evident.

To assess the influence of FWI on wildfire ignitions, a dataset was created with 2576 days of the
months May to October for the 2000-2013 period (971 ignitions and 1605 no-fire days), which is the
only period available with an adequate number of wildfire observations (Hellenic Fire Service records).
An independent-samples t-test was conducted to compare FWI values in fire and no-fire days. There
was a significant difference in the scores for fire (M = 24.48, SD = 12.54) and no-fire days (M = 20.43,
SD = 12.29); #(2574) = | 8.052 | and p = 0.00. These results suggest that higher FWI values do have an
effect on predicting wildfire ignitions. Further statistical tests were conducted with the point-biserial
correlation coefficient (7pb), which is a correlation coefficient used when one variable is dichotomous
and occurs naturally, while the other is on the interval (or ratio) scale [81]. Results revealed that there
is a weak but statistically significant correlation (7pb = 0.157; p < 0.01; 2-tailed test), suggesting that
there is an obvious relation of higher FWI levels with more wildfire ignitions, but it only accounts for a
portion of the total variance (approximately 1%). These results are justifiable since FWI does not
explain much about the biophysical nature of fire; i.e., wildfire ignition is not a phenomenon that relies
only on weather but also on vegetation, topography and people.
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Table 3. Fire season monthly FWI for the present (P) and future (F) time periods with descriptive statistics, differences and #-test comparisons
of the means for each month. Information is provided regarding the percentages of FWI values that are higher between the two time periods
and the percentages of monthly FWI values falling on each of the four fire danger classes.

May-P May-F Jun-P Jun-F Jul-P Jul-F Aug-P Aug-F Sep-P Sep-F Oct-P Oct-F
Mean 9.7 20.8 23.1 34.4 325 40.8 30.3 35.6 20.9 24.9 11.0 14.6
Median 8.2 20.9 22.6 33.9 314 39.7 29.8 35.1 223 25.2 8.4 16.0
Standard Error 0.25 0.38 0.36 0.36 0.33 0.33 0.34 0.34 0.33 0.38 0.32 0.31
Mean Difference 11.1 11.3 8.3 53 4.0 3.6
T-Value 1(1858) = |24.39| * (1798) = | 22.22 * (1858)= | 17.68] *  #1858)=]10.85| * (1798) = |7.95| * 1(1858) = |8.09| *
43.8 14.6 7.1 0.9 0.8 0.0 2.3 1.6 13.4 9.8 48.7 30.5
Low FWI (0-7) (%)
~70.0% —87.5% -100.0% —28.6% —27.3% —37.3%
36.6 243 24.8 33 2.7 0.2 4.2 1.0 14.4 9.9 21.6 22.6
Medium FWI (8-16) (%)
—33.5% —86.5% —92.0% ~76.9% —31.5% 4.5%
13.5 45.8 48.6 37.7 47.8 19.5 51.8 37.2 61.0 56.7 272 44.4
High FWI (17-31) (%)
238.1% —22.4% —59.3% —28.2% ~7.1% 63.2%
1.1 15.3 19.6 58.1 48.7 80.3 41.7 60.2 111 23.7 25 2.5
Extreme FWI (=>32) (%)
1320.0% 197.2% 64.9% 44.3% 113.0 0.0%
F > P (%) 81 80 75 65 62 61

* Statistical significance level p < 0.05.
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Moreover, changes in the number of days with elevated fire risk (e.g., days with FWI > 32) were
investigated. In the present climate, drier conditions and higher temperatures throughout the year in the
eastern part of Messinia lead to a high number of days with extreme fire risk; extreme fire risk ranges
between 13 days/year at the northwest part of Messinia and 70 days/year at the southeast part of
Messinia (Figure 4A). The decrease in total precipitation in combination with an increase in mean
summer temperature lead to an increase in the number of days with extreme fire risk in the entire
domain for the future (Figure 4B). An increase of up to 44 days/year is expected in the future in the
eastern part of Messinia and up to 36 days/year in the western parts of Messinia; and up to
40 days/year in central Messinia (Figure 4B).
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Figure 4. (A) Number of days per year with extreme fire risk (FWI > 32) in the present
climate and (B) projected changes in the number of days per year with extreme fire risk
between the future and the present climate in Messinia, Greece.

3.2. Randig Simulation Outputs

Randig results for the two time periods produced spatial data for CBP and CFL regarding the three
sub-areas of Messinia. It should be acknowledged that the CBP and CFL are conditional given the
presence of a fire resistant to initial control. These spatial data were clipped with the initial boundaries
of the three areas and then merged to produce a new raster file for the entire study area. Raster values
of the CBP and CFL files for the two time periods were subtracted (i.e., future minus present) to
produce new raster files of CBP (Figure 5A) and CFL (Figure 5B) differences. Positive values mean
that given a set of 100,000 randomly located ignitions on each LCP, the probability of burning given
the specified weather scenarios has increased under future climate; while on the contrary, negative
values reveal a decrease. Furthermore, a file with the simulated fire ignition points, along with their
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burned areas (ha), was derived and used to create histograms of fire size vs. frequency (Figure 6).
Randig outputs were used for averaging the area around each value-at-risk attribute and then to create
scatterplots to estimate the landscape-based conditional likelihood of burning (CBP) and potential
intensity (CFL) (Figure 7), highlighting “hot spots” for fuel treatment planning [80].
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Figure 5. (A) Conditional burn probability and (B) conditional flame length differences of
present and future time periods in Messinia, Greece.

Spatial results revealed that CBP and CFL are projected to increase under future climate change
conditions on 93.5% and 62% of the landscape, respectively (Figure 5). A low (greater than 0 to 0.001),
moderate (greater than 0.001 to 0.006) and high (greater than 0.006) increase on future CBP values
was calculated on 55.8%, 26.8% and 10.7% of the total study area, respectively; with only a 2.65%
decrease and 4.05% zero change across the landscape. A low (greater than 0 to 0.2 m), moderate (from
0.2 to 0.5 m) and high (greater than 0.5 m) increase on future CFL values was calculated on 25%, 28%
and 9% of the total study area, respectively; a decrease of CFL was calculated on the 2.13% of cells,
mostly scattered across the landscape with very few concentrations (from 0 to —0.01 m on 0.47%; from
—0.01 to —0.1 m on 1.02%; and less than —0.1 m on 0.64%). Significant parts of the landscape (35.87%)
did not have any change on CFL values, located mainly in the coastal zones and plains of Messinia,
mostly on fuel models GS1 (75%), GR2 (8%) and SH7 (4%). It is important for the reader to
acknowledge that these results must be interpreted as conditional, meaning that under different
simulation parameters absolute values can change, and emphasis should be given only at the general
trends of spatial change.

The SE tip of the Messinia region (i.e., Mount Taigetos and Mani areas that comprise about 7% of
the total study area) is expected to experience a large increase in CBP vs. the present predicted
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conditions (Figure 5A). The primary vegetation types of the area to carry the wildfires are conifer
forests, evergreen shrublands and reforested agricultural areas. An average increase of approximately
0.3 m in the CFL values was estimated for these areas (Figure 5B). Another area with high CBP
increase is on the northern part (about 4% of total study area), covered with evergreen shrublands, oak
woodlands and reforested agricultural areas (Figure 5A). The area west of Koroni in the south (about
3% of total study area), mainly covered with evergreen shrublands, has also increased CBP values as
well as the area of Pilos on the west (Figure 5A), both having a well-developed tourism sector. CFL
values in these two last areas are also expected to have a large average increase of approximately 0.5 m
(Figure 5B). Large increase in CFL values (>0.5 m) was calculated for the small islands south and west
of Messinia (Figure 5B). The area east of the Aigaleo-Mali forest (central part of Messinia) also has
increased CBP values for the future time period (Figure 5A). The coastal zone south from Kyparissia
has an average increase of CFL values by 0.4 m, covered mainly by agricultural zones (Figure 5B).

A clear trend for increased fire size exists in Figure 6, having higher frequency for fire sizes more
than 500 ha. It is expected that the number of small forest fires (<10 ha) will be reduced in favor of
larger fires. The present situation produced 30% of fire events greater than 500 ha, while the future
situation outputs had about 50%. Fire sizes of 1000 ha were rare for present (almost 5%), and
increased to 15% for future conditions. The average burned area per simulated fire (without any
simulated suppression effort), is estimated to increase from 334 ha to 589 ha for the future time period,
an expected increase of 76%.
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Figure 6. Histograms of fire size vs. frequency of present and future time periods.
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Values-at-risk were plotted with hex-binned scatterplots (Figure 7). Agricultural installations have a
moderate percentage of attributes that portray increased CBP, while there is a substantial number of
installations which portray a decrease in overall average CBP (5%) and CFL values (12%) (Figure 7A).
Although most of the hotels seem relatively less vulnerable, with low CBP and CFL increases, extra
attention must be given for those few facilities with high expected wvulnerability in the future
(Figure 7B). A decrease in overall average CBP and CFL values was predicted for 5.5% and 12% of
the records, respectively. Half of the monuments across Messinia have the potential of increased
vulnerability in the future and require attention and protective measures (Figure 7C). A decrease in
overall average CBP and CFL values was predicted for 4.3% and 5% of the records, respectively.
Hundreds of houses are also expected to increase their CBP and CFL values, but the vast majority does
not portray any change in future vulnerability (Figure 7D). A decrease in overall average CBP and
CFL values was predicted for 4.2% and 1.1% of the records, respectively. About 15% of industries and
businesses will have CBP and CFL increase, with the rest of the attributes remaining on present time
period risk levels (Figure 7E). A decrease in overall average CBP and CFL values was predicted for
8% and 2% of the records, respectively. There is a large number of WUI sites located on currently
abandoned cultivated areas that have a substantial increase in CBP values; thus, it is more likely to
burn in the future due to larger simulated fire sizes (Figure 7F). The decrease in overall average CBP
and CFL values is very low (<1%). Finally, the majority of wildlife habitats was calculated to
experience a moderate to small vulnerability change in the future period (Figure 7G), without any
record having a decrease at their future values.

4. Conclusions

Climate change research and forest fire science are in a continuous state of evolution and as our
understanding of how different aspects of climate interaction is expanding, so does our ability to
forecast future wildfire behavior. The main approach of this study was to use state-of-the-art fire
behavior models to simulate burn probability, size and intensity of present and future wildfire events
that are resistant to control and thus, to estimate the degree of change of each climatic scenario relative
to the other. The study has not tried to replicate historic fires, but to project impact to highly valued
resources based on large fires resistant to control that burn actively for several hours. Limitations and
assumptions are inherently inside each model, and several assumptions were made to transform RCM
outputs to fire behavior model inputs. A key assumption is that the CBP and CFL are conditional given
the presence of a fire resistant to initial control. Furthermore, scenarios were primarily created based
on the wind speed and direction frequencies of the total number of observation days, since wind is the
key driving force of wildfire propagation in Messinia. Wind scenarios were linked with relevant
temperature and relative humidity to calculate dead FMC values with the derived data, while live FMC
values were based on the BehavePlus fuel moisture scenarios with a change to the next driest category
for the future time period. Since almost all wildfires in Greece experience some kind of firefighting
operations (and Randig modeling is conducted with no suppression simulation), results should be
interpreted as the uncontained modeling outputs for present and future time periods. Readers should
not place emphasis on the numerical levels of any single aspect of the model’s conditional results in
isolation, but rather understand and assess the general patterns predicted by the models.



Forests 2015, 6 2233

Analysis of FWI estimated values between the two time periods revealed that a reduction on the
number of days with low FWI is expected, in favor of more frequent days with high or extreme FWI
values. A positive correlation between wildfire ignitions and FWI values and the ever-increasing
human influence on wildfire ignition frequencies indicate that more wildfires are expected in the future
period that will definitely affect the wildfire control practices and effectiveness. The number of days
with elevated fire risks increases by more than a month between 2071 and 2100, leading to
significantly longer fire seasons for the area of Messinia in the future.

Based on the results, large wildfires with increasing size and intensity are expected to occur in the
Messinia region towards the end of the 21st century, resulting in increasing conditional burn
probabilities across much of the landscape. Fire size is likely to have an increase that can substantially
affect values-at-risk. Thousands of wildfire simulations and several tests prior to producing the results
of our study provided evidence that the drivers of this increase are chiefly the cumulative effect of
decreased fuel moistures, along with increased wind speeds and spotting (used as described in
Materials and Methods). RCM-predicted lower relative humidity values are expected to lead to an
increase in future ignition frequencies, since fuel moisture has been linked to ignition probability [82];
it is important to note that this study did not account for those possible variations on ignition
probability. If future vegetation/fuel conditions could be projected and accounted for in Randig
simulations, different intensity levels and conditional burn probabilities are to be expected. By keeping
the fuel conditions stable between the two time periods, the main source of stochasticity in the
modeling procedure was the random ignition locations and the weather scenario under which the fire
subsequently burns. Any calculated change was caused by these two parameters; thus, the decrease on
some CBP and CFL pixels values had to do with the differences of wildfire ignitions, wind direction
and speed category frequency and live and dead FMC values. It is important to note that those
differences were very low and appeared on a very small portion of the study area.

Conditional results of the uncontained fire behavior simulations revealed that numerous houses and
agricultural installations will be affected by the upcoming changes in fire behavior due to their
dispersed location on the landscape, and owners will have to take extra care and fire prevention
measures to protect their property. Although most of the hotels do not portray any vulnerability change,
extra attention must be given for those few facilities located on future high CBP and CFL areas.
Monuments and cultural heritage sites have a significant shift in their risk values, and by considering
that most of them are under a low protection status, they will probably need extra protection to avoid
damages or destruction. During the 2007 season wildfires, the area of ancient Olympia (birthplace of
the Olympic Games), a world heritage site very close to Messinia, partially burned from raging
wildfires causing worldwide distress and a negative impact; and a newer catastrophe of this scale must
be avoided at all costs. WUI will probably face larger and more intense fires during the future period
and as more people tend to reside in these areas (suburbs), the risk to property and human lives will
increase. Installations of industrial infrastructure on the RUI, such as solar panels and greenhouses,
have high risk; and to avoid economic loses, owners must create fire protection zones around them. It
is expected that wildlife habitats will also experience more intense and larger fires, thus prioritization
of areas requiring the most attention must be made in advance. A decrease in future minus present
average CBP and CFL values was calculated for most values-at-risk on a considerable amount of
records. This has to do with the small number of pixels that has a lower value in the future compared to
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present time period modeling results (approximately 2%). It is important to note that most of these
differences were insignificant, with very small values.

Since weather patterns cannot be changed or modified directly by humans on a local or regional
scale and during the time needed (weather hypothesis), the only option left for protecting societies and
values-at-risk is by modifying vegetation and fuel patterns (fuel hypothesis) in an effort to reduce fuel
availability and control at some point of the wildfire activity. As a result, fuel reduction activities will
likely continue to grow over time in response to the changing climate and the concomitant increase in
fuel loads and fire [83—85]. This study’s outcomes emphasize the need for fuel treatment techniques
aiming at reducing vegetation fuel accumulations, strategically implemented around areas and facilities
that have high hazard and vulnerability.

Landscape fuel treatment plans can be derived from a number of methods, including the use of
models such as the Treatment Optimization Model (TOM) within FlamMap [59] or the Landscape
Treatment Designer (LTD) within ArcFuels10 [80], based on specific needs (point protection of
structures), wildfire risks, or expert opinion. Implementation of similar procedures as those used
during this research can be applied and tested prior to any treatment of vegetation modification in the
fields, in order to conclude which treatments are the most appropriate for each area of interest.
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