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Large wildland fires and extreme
temperatures in Sardinia (Italy)

Adrian Cardil ”, Michele Salis **, Donatella Spano *?,
Giuseppe Delogu “, Domingo Molina Terrén "

Heat-wave events are commonly recognized as adverse impacts on agriculture,
forests, and economic activities. Several studies showed that future climate
changes in the western Mediterranean Basin will lead to an increase in extreme
weather events, mainly in the summer season. For this reason, it is crucial to
improve our knowledge on the effects of extreme temperature events on wild-
land fire activity. This work analyses the relation between high temperature
days (air temperature higher than 25°C at 850 hPa) and large wildland fires in
Sardinia (Italy) during the period 1991-2009. Our results showed that the in-
fluence of high temperature days on large wildland fires was remarkable.
Neither the number of fires nor the area burned decreased under high tempe-
rature days, although a decrease of both parameters was observed on other
days. Additionally, the average size of fires, the probability of large fire occu-
rrence, the daily area burned and daily number of fires were higher on high

temperature days.
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Introduction

Heat-wave days cause adverse impacts on
forests and economic activities (Kuglitsch et
al. 2010, Mills 2005, Trigo et al. 2006). In
addition, they play a key role on human
health and death (Garcia-Herrera et al.
2005). The last 13 years (2000-2012) were
characterized by frequent heat waves, which
often triggered the occurrence of large wild-
fires (Barriopedro et al. 2011, Mills 2005,
CNFDB 2013, Trigo et al. 2006) in the
Euro-Mediterranean region (Italy and Gree-
ce, 2007; Portugal, 2003 and 2005; Spain,
2006 and 2009) and overall the world (Aus-
tralia, 1983 and 2009; Canada, 2004; Russia,
2010; USA, 2000, 2006 and 2007). In hot
days, usually associated with very low fine
dead fuel moisture content, the ignition
probability is higher and wildland fire beha-
vior could be extreme (e.g., increasing flame
length, rate of spread, crown fire activity,
and spotting activity). Therefore, fires can
burn rapidly and intensely, and originate

large and severe wildland fires difficult to
extinguish, exceeding the fire-fighting capa-
bilities (Molina et al. 2010, Salis et al.
2012b).

Climate change projections for the western
Mediterranean Basin show a greater variabi-
lity in weather conditions and an increase in
extreme weather events, mainly in the sum-
mer season, when longer and more frequent
heat waves are expected to happen (Arca et
al. 2012, Barriopedro et al. 2011, Moriondo
et al. 2006, Regato 2008). This will result in
an increase in wildfire activity (Arca et al.
2012, Flannigan et al. 2000, IPCC 2007, Ri-
afio et al. 2007). For this reason, it is crucial
to investigate the effects of temperature ex-
treme events on fire activity and large wild-
land fires.

We chose the island of Sardinia (Italy) as
case study for our analysis. Sardinia is a fire-
prone area experiencing thousands of wild-
fires every year (Arca et al. 2007, Pereira et
al. 2011, Salis et al. 2012a); some of them
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were very large fires as Bonorva’s fire (23
July 2009 - 9500 ha burned) and Nuoro’s
fire (23-25 July 2007 - 9150 ha burned).
Wildland fires larger than 100 ha (LWF) re-
present a small percentage of the total num-
ber of occurring fires but account for most of
the area burned and cause the most of da-
mage (Ganteaume & Jappiot 2012, Salis et
al. 2012a, Stocks et al. 2003) with more
severe fire behavior (Molina et al. 2010).

In this work, we assessed the historical re-
lationship between high temperature days
(HTD) and LWF in Sardinia, Italy. High
temperature days were defined as those days
in which the 850 hPa air temperature was
equal or higher than 25 °C in at least two-
thirds of north and south Sardinia. The 850
hPa pressure level is representative of the
Earth surface and has the potential to identi-
fy unusually severe fire weather events
(Mills 2005). It is generally used by Forest
Services to analyze past fire weather and
forecast daily potential fire occurrence and
behavior (Garcia-Ortega et al. 2011, Trigo et
al. 2006). We analyzed the historical trends
of LWF and HTD in north and south Sardi-
nia from 1991 to 2009 and their relation-
ships in terms of fire number, burned area,
and mean fire size. We also assessed the
probability of having LWFs in HTD and the
role of other factors (wind speed and number
of ignitions) influencing LWF occurrence
and burned area in HTD. Finally, we ana-
lyzed the differences between north and
south Sardinia considering fire number, bur-
ned area and mean fire size.

Methods

Study area

Sardinia is a large island in the Mediter-
ranean Sea (Fig. 1 - 24 235 km?) located
between 38° 51’ N and 41° 15° N latitude
and 8° 8’ E and 9° 50’ E longitude. The ter-
ritory includes eight administrative provin-
ces and a population of about 1.7 million in-
habitants. In this work, we identified two
reference areas (Fig. 1): northern Sardinia
(including Sassari, Olbia-Tempo, and Nuoro
provinces) and southern Sardinia (including
Oristano, Ogliastra, Cagliari, Medio-Cam-
pidano, and Carbonia-Iglesias provinces). In
a preliminary analysis of fire size data (larger
fires in the northern part) and the number of
high temperature days (higher number in the
southern part) showed a marked difference
between north and south Sardinia; for these
reasons, the island was divided in two parts.

Overall, the island has a complex topo-
graphy with hills and low mountains (Ricotta
et al. 2012). The average elevation of the is-
land is 338 m a.s.l. and the highest point is
Punta la Marmora with 1834 m a.s.l. in the
center of the island.

The flora includes 2407 taxonomic species,
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Fig. 1 - Geographic location of Sardinia (Italy) and northern and southern parts of the island.

of which 10% are endemic (De Angelis et al.
2012). Large areas are covered by scrub and/
or herbaceous vegetation associations (ap-
prox. 35% in the north and 36% in the
south), comprised primarily of Pistacia len-
tiscus L., Arbutus unedo L., Erica arborea
L., Myrtus communis L., Olea europea L.,
Phyllirea spp., Juniperus spp. and Cistus
spp. (Salis et al. 2012a). Woodlands and
forest area is approximately 23% in the north
and 17% in the south of Sardinia, with the
main tree species being Quercus ilex L., Q.
suber L., Q. pubescens Willd., and Q. con-
gesta Presl. Pine plantations with Pinus
pinea L. and P. halepensis Mill. only cover
3% of the island and are mainly concentrated
along the coast (Salis et al. 2012a). Pastures
and agricultural lands represent about 36%
in the north and 39% in the south, while the
urban areas cover 3% of the island.

The climate is classified as Mediterranean,
with dry hot summers and an important wa-
ter deficit from May to September (Chessa &
Delitala 1997). The mean annual tempera-
ture ranges from 17.8 °C in the southern
coast to 12.8 °C in the mountainous areas.
Maximum temperature peaks are higher than
30.8 °C during the summer season. Average
annual rainfall is 1300 mm in the mountains,
but slightly less than 500 mm in the coast,
and most of the annual rainfall occurs in fall
and winter.

Fire data

We used the historical fire data records
from the Sardinian Forest Service (CFVA -
Corpo Forestale e di Vigilanza Ambientale)
from 1991 to 2009 in north and south Sar

dinia. The CFVA database has an entry for
each wildfire ignition and provides informa-
tion on date, municipality and location of the
ignition, and area burned. On average, in the
last years (1995-2009) Sardinia experienced
approximately 2500 fires per year and about
17 000 ha burned per year. Wildfires are ty-
pically concentrated from June to Septem-
ber, with the maximum in July for both igni-
tions and area burned (Salis et al. 2012a).
Therefore, this work was focused on the
June-September period. Similar to elsewhere
in Euro-Mediterranean ecosystems (Molina
et al. 2010), a few large wildland fires ac-
count for most of the burned area (Salis et al.
2012a). For instance, in Sardinia fires larger
than 100 ha accounted approximately for
60% of the total area burned. In the studied
period, fires larger than 100 hectares were
806 and the area burned about 290 000 ha.
We analyzed large wildland fires considering
three different size classes: wildland fires
larger than 100 ha (LWFy), 500 ha (LW-
Fsoo), and 1000 ha (LWFlooo).

High temperature days (HTD)
Re-analysis data from the National Centers
for Environmental Prediction (Kalnay et al.
1996) were used to characterize the high
temperature days on a synoptic scale. Daily
air temperature maps at 850 hPa pressure
level were analyzed to assess the influence
of high temperatures on LWF for both north
and south Sardinia from 1991 to 2009. We
defined high temperature days when the 850
hPa air temperature was equal or higher than
25 °C at 00:00 UTC in at least two-thirds of
both parts of Sardinia. Reversely, we defined

as non-HTD those days characterized by 850
hPa temperature lower than 25 °C at 00Z in
the period June-September. The 850 hPa air
temperature was chosen as reference for se-
veral reasons. First, it is generally used by
Forest Services to analyze past fire weather
and to forecast daily potential fire occurren-
ce and behavior (Garcia-Ortega et al. 2011,
Trigo et al. 2006). Second, it is sufficiently
close to the surface to be representative of it,
while some of the problems that affect near
surface reanalysis variables do not occur
(Ogi et al. 2005, Trigo et al. 2005, 2006).
Third, it provides a regional coverage of air
temperature. A temperature equal or higher
than 25 °C at 850 hPa is commonly asso-
ciated to heat waves (Montserrat 1998) and
this condition is responsible of high tempe-
ratures at ground level in the territory, as oc-
curred in Portugal in the summer of 2003
(Trigo et al. 2006) or in Russia (2010). Fur-
thermore, we analyzed duration and frequen-
cy of HTD, and we used HTD as a proxy for
the potential occurrence of fires larger than
100 ha.

Statistical analysis

We analyzed the number of HTD, LWF
number and area burned for northern and
southern parts of Sardinia using the ANOVA
analysis and considering the normalized va-
lues of: (1) annual area burned by LWF for
1 - 10° ha; and (2) annual number of LWF
for 1 - 10° ha.

We analyzed the trends of number of HTD,
LWF number and area burned and the diffe-
rences in LWF number, LWF area burned
and LWF size under HTD and non-HTD.

To investigate the relationship between
HTD and large fires, we defined the follo-
wing indicators: (1) number of HTD with at
least one LWF with respect to the total HTD
(%); (2) normalized LWF average number
per HTD with LWF; (3) normalized LWF
average area burned per HTD with LWF;
and (4) area burned by LWF under HTD
with respect to the total area burned by LWF
(%). To assess significant differences bet-
ween HTD and other days, we calculated the
same indicators considering non-HTD. The
number of days classified as HTD or non-
HTD was calculated in the June-September
time frame because the HTD were concen-
trated in these months, and about all LWF
were observed in those four months (Salis et
al. 2012a, Trigo et al. 2006).

We also evaluated the influences of some
explanatory variables on LWF. First, we cal-
culated the number of fire ignitions for each
HTD and the differences in ignition number
considering days with and without LWF to
understand how much the number of igni-
tions was associated to the occurrence of
LWF in these extreme days. Second, we col-
lected daily average wind speed data from
several weather stations of the island to eva-
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Large wildland fires and extreme temperatures

Tab. 1 - Normalized average annual large wildland fire (LWF) number, normalized average LWF area burned, average LWF size and ave -
rage annual number of high temperature days (HTD) and standard error in north and south Sardinia, from 1991 to 2009. The trend analysis
for all variables in the time frame is also reported. (+): significantly increased at P<0.05; (-): significantly decreased at P<0.05; (ns): not si-
gnificant. Values in parenthesis are the P statistics.

North South
F Normalized  Normalized Normalized  Normalized
Indicator average an- average annual Average = Average average an- average annual Average Average
class g 8 LWF size annual HTD g & LWEF size annual HTD
nual LWF LWF area (ha) number nual LWF LWF area (ha) number
number burned (ha) number burned (ha)
Average LWFp 16.2+3.8 7553 £ 1977 465 + 54 1.84 18.7+3.5 5121 +1093 273 +£19 3.73
Value LWFs0o 3.1+£09 4811 +£1492 1551 +243 2.1+0.5 1924 + 604 927 + 135
LWF 00 1.2+0.5 3426 £ 1224 2790 + 541 042+0.2 852 +439 2013 + 554
Trends LWFq - (0.035) ns (0.30) ns ns (0.865) -(0.028) ns (0.08) ns ns (0.269)
LWFsy ns (0.17) ns (0.61) ns ns (0.23) ns (0.32) ns
LWF 000 ns (0.24) ns (0.84) ns ns (0.45) ns (0.43) ns

luate how wind velocity influenced HTD
with or without LWF. We used four weather
stations (Alghero and Olbia for north Sardi-
nia, Capo Frasca and Decimomannu for
south Sardinia). The weather data of these
stations are available at http://www.tutiem
po.net. Fire data were coupled with the
closest weather station (among the above
mentioned ones) to the fire ignition point.

Results

The normalized annual number of LWF 4
in northern Sardinia was 16.2 fires per 10°ha
of wildlands and the normalized average an-
nual area burned was 7553 ha per 10° ha of
wildlands, while in the south there were re-
spectively 18.7 LWF o and 5121 ha burned.
However, no significant differences between
the two areas were found for both LWF g
number (p-value = 0.604) and area burned
(p-value = 0.299). In north Sardinia, the total
number of LWF,o calculated as five-year
average decreased significantly along time
from 38 to 10 fires (p-value=0.035) and in
south Sardinia from 44 to 14 fires (p-va-
lue=0.028 - Tab. 1, Fig. 2). The number of

Fig. 2 - Large wildland fire number (100+ ha)
in north and south Sardinia from 1991 to
2009 (June-September).
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LWF,p under non-HTD also decreased in
both northern and southern parts of Sardinia,
but the number of LWF,p under HTD did
not decrease in the study period (Tab. 2). In
terms of burned area, we observed a decrease
in the burned area under non-HTD in the
two parts of the island for LWF 4 (Tab. 2).
Fig. 3 displays the LWF burned area in both
north and south Sardinia.

Focusing on fires larger than 500 ha and
1000 ha, there were not significant differen-
ces between north and south Sardinia in both
the normalized annual LWF number and the
total area burned of LWFsy and LWFg
(Tab. 1). Moreover, not significant trends
were also observed for normalized annual
LWF number and total area burned conside-
ring days with fires larger than 500 and 1000
ha. However, the number of LWFsy under
non-HTD decreased significantly along time
in both areas, and the normalized annual
LWFsy burned area also decreased in south
Sardinia in these conditions (Tab. 2). These
variables were not analyzed in LWF 0 due
to the insufficient amount of data to perform
a statistical analysis.

90 ~
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LWF100 Number

30
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The normalized annual average values of
LWF number and burned area were signifi-
cantly different between north and south
Sardinia in LWF, and LWFsy under non-
HTD (Tab. 3). However, not significant dif-
ferences were observed between the two
parts of the island in LWF occurred under
HTD.

Tab. 4 shows the relationships between
HTD and non-HTD and LWF in both nor-
thern and southern Sardinia. There were dif-
ferences between HTD and non-HTD in
terms of LWF daily area burned and LWF
daily number. In the north, the area burned
by LWF 4 under HTD equaled to 28.8 % of
the total area burned and the normalized ave-
rage daily area burned per HTD with LWF
in LWF,( category was significantly higher
(2 503 ha day’ in 1-10° ha of wildlands)
than in non-HTD (541 ha day'in 1 - 10° ha
of wildlands - Tab. 4, Tab. 5). Similar results
were obtained considering the average daily
number of LWF in HTD and non-HTD with
values of 2.7 ha day’ vs. 1.4 ha day’, re-
spectively (Tab. 4 and Tab. 5). The average
size of LWF in north Sardinia was signifi-

A ddibalda. 1Ly

1998 1999 2000 2001 2002 2003 2004 2005 2006

2007 2008 2009

Year

B North M South

164

iForest (2014) 7: 162-169


http://www.tutiempo.net/
http://www.tutiempo.net/

Cardil A et al. - iForest 7: 162-169

Tab. 2 - Trend analysis of normalized average annual large wildland fire (LWF) number, normalized average annual large wildland fire
(LWF) area burned under high temperature days (HTD) and non-HTD in north and south Sardinia, from 1991 to 2009. (+): significantly in -

creased at P<0.05; (-): significantly decreased at P<0.05; (n.s.): not significant. Values in parenthesis are the P statistics.

North South
Trends LWF Normalized average Normalized average Normalized average Normalized average
class annual LWF number annual LWF area annual LWF number annual LWF area
burned (ha) burned (ha)
LWF 00 n.s. (0.662) n.s. (0.409) n.s. (0.844) n.s. (0.881)
HTD LWF, n.s. (0.709) n.s. (0.314) n.s. (0.217) n.s. (0.896)
LWF 400 Insufficient values to test the trends
LWF 40 -(0.018) -(0.049) -(0.017) -(0.028)
Non-HTD LWFs, -(0.027) n.s. (0.119) -(0.036) -(0.047)
LWEF 400 Insufficient values to test the trends
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cantly different between HTD and non-HTD
in LWF4 (944 vs. 396 ha, respectively). In
the southern part, differences between HTD
and non-HTD were also important, as shown
in Tab. 4 and Tab. 5.

Considering the LWFsy and LWF g, si-
gnificant differences were observed between
HTD and non-HTD in daily number of large
fires, but not in relation to LWF daily bur-
ned area (Tab. 5) in north Sardinia. By con-
trast, in the southern part of the island, signi-
ficant differences were found in LWF daily
area burned in LWF sy and LWF 4, while in
the case of the LWD daily number only LW-
Fsoo showed significant differences.

Our analysis highlighted that the annual

number of HTD cannot significantly explain
the annual LWF area burned and the annual
number of LWF. However, in HTD the like-
lihood of having a LWF is higher than in
other days. The percentage of HTD asso-
ciated with LWF 4 was 41.6% in the north
and 30.6% in the south of the island (Tab.
4). By contrast, under non-HTD, the LWF
were 8.6% and 12.0%, respectively. The
same was observed for other LWF classes,
with high differences between HTD and
non-HTD (Tab. 4). In addition, the ratio
between LWF area burned under HTD and
the total area burned by LWF was very high
in north and south Sardinia, as shown in
Tab. 4. This percentage under HTD was

Fig. 3 - Large wildland area burned (100+ ha)
in north and south Sardinia from 1991 to
2009 (June-September).

26.2% for LWF,4, 34.7% for LWFso and
39.4% for LWF 4 in the north. In the south,
these values were 19.9% in LWFq, 35.8%
in LWF5()0 and 45.8% in LWF1000.

We finally investigated on the possible in-
fluence of the daily number of ignitions and
the average wind speed in the occurrence of
LWF in days classified as HTD. HTD with
LWF were characterized by a significantly
higher number of fire ignitions than days
without LWF, as shown in Tab. 6, with ap-
proximately the double of ignitions in all
LWEF categories for both northern and sou-
thern Sardinia. Additionally, the wind speed
was higher in days with LWF sy and LWF 409
in the northern part of the island, in particu-

Tab. 3 - Comparison between north and south Sardinia in terms of normalized average annual LWF number and normalized average annual
large wildland fires (LWF) area burned from 1991 to 2009. The values reported are P statistics.

Normalized average annual

Normalized average annual

Indicator IiWF LWF number LWF area burned Average LW size
class
HTD Non-HTD HTD Non-HTD HTD Non-HTD
Comparison between LWF 0.097 0.032 0.136 0.002 0.186 0.001
north and south LWFs 0.238 0.005 0.293 0.028 0.468 0.065
Sardinia LWF 000 0.294 0.077 0.598 0.180 0.478 0.215
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Large wildland fires and extreme temperatures

Tab. 4 - Summary of the relationship between large wildland fires (LWF) classes and days classified as high temperature days (HTD) or
non-HTD, in the northern and southern part of Sardinia, from 1991 to 2009.

. L. North South
Kind Description
LWFIOO LWFSOO LWFIOOO LWFIOO LWFSOO LWFIOOO

HTD Number of days classified as HTD 36 72
HTD with LWF (%) 41.6 222 11.1 30.6 11.1 2.8
Normalized LWF average number per HTD 27069 2.1+£065 22+£075 1.6+021 1.2+021 08«0
with LWF
Normalized LWF average daily area burned 2503 +£ 1219 4593 +2325 6423+ 3066 882 £295 1638 £ 7153708 = 1735
per HTD with LWF (ha day™)
Average LWF size (ha) 944 +£244 1934 +£530 2973 £901 536+ 153 1358 +513 4612 £ 2159
LWF area burned during HTD / LWF total area 26.2 34.7 39.4 19.9 35.8 45.8
burned (%)

Non-HTD Number of days classified as non-HTD 2283 2246
Non-HTD with LWF (%) 8.6 1.6 0.7 12 29 0.7
Normalized LWF average number per 14+0.10 12+009 1.1+£0.10 1.2+0.05 09+0.06 0.80+0
non-HTD with LWF
Normalized LWF average daily area burned 541+91  1972+487 2815+922 290+23 711+£96 1097 +715
per non-HTD with LWF (ha day™)
Average LWF size (ha) 39650  1371+268 2682+696 243+11 788+63 1364 +129
LWF area burned during non-HTD / LWF total 73.8 65.3 60.6 80.1 64.2 54.2

area burned (%)

Tab. 5 - Comparison between high temperature days (HTD) and non-HTD of the average large wildland fire (LWF) size and for those days
with at least one LWF: (i) average daily number of LWF; (ii) average daily area burned per LWF for all LWF classes from 1991 to 2009.
Values in parenthesis are the P statistics.

Normalized LWF average number Normalized LWF average daily area

Indicator LWEF class per HTD/non-HTD with LWF burned [z:lrt lIl-II'f\];I/;;on-HTD Average LWF size
North LWF 00 Significant difference (<0.001) Significant difference (<0.001) Significant difference (0.001)
LWFs00 Significant difference (0.029) No significant difference (0.084) No significant difference (0.312)
LWF 000 Significant difference (0.016) No significant difference (0.139) No significant difference (0.801)
South LWF 00 Significant difference (0.008) Significant difference (<0.001) Significant difference (<0.001)
LWFsq No significant difference (0.069) Significant difference (0.023) No significant difference (0.069)
LWF 000 No significant difference (0.95) Significant difference (0.008) Significant difference (0.008)

Tab. 6 - Normalized average number of fire ignitions and standard error in high temperature days (HTD) with and without large wildland
fires (LWF), in north and south Sardinia, from 1991 to 2009.

North South
Parameter Normalized average Normalized number
number of fire ignitions p-value of fire ignitions p-value
Days with LWF 144+1.7 <0.001 23.0+2.0 <0.001
Days without LWF 7.0+0.6 12.8£0.7
Days with LWF5q 16.2+2.0 <0.001 28.4+4.0 <0.001
Days without LWF s 83£0.9 14.3 £0.8
Days with LWF 0 17.1£3.7 0.011 41.8+7.2 <0.001
Days without LWFmoo 9.2+0.9 152+0.8

Tab. 7 - Normalized average wind speed and standard error in high temperature days (HTD) with and without large wildland fires (LWF), in
north and south Sardinia, from 1991 to 2009.

North South
Alghero Olbia Capo Frasca Decimomannu

Parameter

Normalized ave- _val Normalized ave- _val Normalized ave- val Normalized ave- _value

rage wind speed p-value rage wind speed p-value rage wind speed p-value rage wind speed p-va
Days with LWF 4 14.6 +1.8 0.119 12.7+1.7 0.546 18.6+1.4 0.700 143+1.5 0.936
Days without LWF 11.8+0.7 11.7+0.8 179+ 1.1 144+0.9
Days with LWFsq 179+2.5 0.002 12.7+£2.8 0.712 20.8 +1.8 0.270 157+2.2 0.552
Days without LWF s 11.6 £ 0.6 11.9+0.8 17.7+0.9 142+0.8
Days with LWF 900 189+4.5 0.015 9.1+0.7 0.200 263 +5.1 0.107 21.0+23 0.152
Days without LWF 140 12.3 +£0.8 12.5+0.9 17.8+7.2 142 +0.8
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lar considering the weather station of Alghe-
ro. On the other hand, we did not find signi-
ficant influences of wind speed on LWF in
the southern part of the island (Tab. 7).

Discussion

Whereas it is accepted that the major com-
ponents for fire weather forecasts are low at-
mospheric humidity, high temperatures, and
strong winds near the ground surface (Pyne
et al. 1996), meteorological indexes deve-
loped to evaluate temporal and spatial varia-
tions in meteorological conditions are not
frequently used or available for all fire
weather forecast agencies (Charney & Key-
ser 2010, Crimmins 2006). For that reason,
we highlight the significance of discerning
between HTD and non-HTD defined by the
850 hPa synoptic conditions in developing
pre-suppression efforts to stand up to large
fires. It would be extremely useful to be able
to identify the simply “bad” and the “very
bad” fire days with some reasonable lead
time (i.e., 24 or 48 hours). We advise that
this classification concerning HTD and non-
HTD (at 850 hPa) can be used for that dis-
crimination.

Some studies have established that mean,
maximum and minimum temperatures have
increased and will very likely increase in the
next years in south Europe (Arca et al. 2012,
Cane et al. 2012, IPCC 2007, Moriondo et
al. 2006, Regato 2008). Giannakopoulos et
al. (2009) studied possible differences bet-
ween two reference periods (from 1961-
1990 to 2031-2060) in terms of number of
hot days (days with Tim,>30 °C on the sur-
face) and heat-wave days (Tm.>35 °C) in the
Mediterranean basin: in some of these areas,
like for instance central Spain or north Italy,
an increase in the occurrence of hot days and
heat waves is expected, with 1-3 additional
weeks per year. Therefore, in Mediterranean
areas, HTDs are expected to become more
frequent and to determine a decrease in air
humidity and fuel moisture (Moreno 2005),
along with an increase in the fire behavior
potential (Arca et al. 2012). Overall, in the
Mediterranean basin, most HTD are related
to the weather regime bringing hot dry air
masses from north Africa (Pereira et al.
2011, Rodriguez-Puebla et al. 2010).

In recent years, an increase in the frequen-
cy of heat waves identified using the 850
hPa synoptic conditions as indicator was ob-
served in northern Spain (Cardil et al. 2013).
However, our work highlighted that the
number of HTD did not change significantly
from 1991 to 2009 in neither north nor south
Sardinia. Furthermore, both the total norma-
lized annual LWF number and area burned
under non-HTD decreased in north and
south Sardinia from 1991 to 2009 as in
northern Spain (Cardil et al. 2013). In parti-
cular, the normalized annual area burned de-
creased significantly under non-HTD condi-
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tions. Nevertheless, the normalized annual
burned area and number of LWF under HTD
did not change in the same period. In short,
fire numbers and area burned have been re-
duced only on days of mild weather condi-
tions in recent years. This fact could be ex-
plained with more efficient fire control acti-
vity due to important investments in fire sup-
pression technology and training in the last
years under non-HTD (http://www.sardeg-
naambiente.it/protezionecivile/).

Additionally, as expected, the normalized
LWF average daily number with LWF, the
normalized LWF average daily area burned
with LWF, the percentage of days with LWF
and the average LWF size were significantly
higher under HTD than non-HTD condi-
tions. Therefore, HTD influenced the occur-
rence of LWF and the area burned in those
days. Moreover, this work suggested that
HTD are critical for both fuel managers and
firefighters, although the number of HTD
did not increase in the study period. Proba-
bly, fires spreading under HTD can propa-
gate faster and more intensely due to the low
dead fuel moisture content and the water
stress for live fuels.

Besides, this study shows that HTD with
LWEF had a higher number of ignitions than
HTD without LWF. This could determinate a
collapse in the efficiency of the fire suppres-
sion system during extreme weather condi-
tions. Moreover, some fires remained smal-
ler than 100 ha due to the quick and effective
efforts of the firefighting forces. This is to
say, some fires might have not grown larger
in recent years because of a larger suppres-
sion power, in particular in non-HTD condi-
tions.

Our work also highlighted relevant diffe-
rences between north and south Sardinia re-
garding the relationship between fires and
HTD. In the northern part of the island, the
average frequency of HTD was lower than in
the south (1.84 vs. 3.73 HTD per year, re-
spectively), but the incidence of large fires
burning in those days was clearly larger in
terms of LWF area burned, number and size,
particularly as far as LWFsp and LWFg
were concerned. This result suggested that
the susceptibility to suffer large fires in the
north of the island is higher than in the
south, and that the use of 850 hPa synoptic
conditions needs a careful evaluation and
analysis to take into account other local phe-
nomena (influence of topography, continen-
tality effects, local winds, fuel types, etc.).
From this point of view, for instance, wind
speed was identified as a key factor to affect
the occurrence of LWFsp and LWF 4 du-
ring HTD in northern Sardinia.

In recent years, most of the largest wild-
fires in Sardinia happened in extreme HTD,
as in 2007, 2009 or 2012 (Salis et al.
2012b). This supports the statement that
HTD provides more extreme conditions for
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fire propagation and more difficulties to sup-
press those fires. This also occurred in other
countries (Mills 2005, Trigo et al. 2006,
Barriopedro et al. 2011, Pereira et al. 2011,
CNFDB 2013) for the severe wildfires that
affected Portugal (2003, 2005), Greece
(2007), Spain (1994, 2006, 2009), Russia
(2010), USA (2000, 2006 and 2007),
Canada (2004), Australia (2005, 2006, 2009,
2011, 2012).

Using fine-scale simulation modeling on
weather scenarios historically associated
with large fires (i.e., heat waves and strong
winds) could help fire managers to be more
effective in addressing fire management in
the Mediterranean basin, and to identify the
priority areas in terms of extreme fire inten-
sity or exposure of values of interest and as-
sets (Farris et al. 2000, Ager & Finney 2009,
Salis et al. 2012a, Thompson et al. 2012a). It
also allows for developing efficient methods
and guidelines in a perspective of fire risk
mitigation and budgetary planning (Ager et
al. 2011, Thompson et al. 2012b).

We are aware that in the future an impor-
tant effort could be done in order to refine
the division of the island in more pyro-cli-
matic areas. Nonetheless, this study repre-
sents an important base for further investiga-
tions, and is so far the first study covering
the complex relationship among tempera-
tures at 850 hPa, large fires, and weather
conditions in an Italian fire-prone area.

Conclusions

Results showed that neither the number of
fires nor the area burned decreased under
high temperature days (HTD), although a de-
crease of both indicators was observed on
other days. Furthermore, the number of HTD
did not significantly increase from 1991 to
2009 in Sardinia. However, we found a clear
relationship between HTD and both LWF
occurrence and LWF area burned.

Predicting HTD with reasonable lead time
is critical for both fuel managers and fire-
fighters to implement more efficient fire sup-
pression tactics and strategies. The classific-
ation of HTD and non-HTD (at 850 hPa)
could be used for discriminating those days
in order to optimize fire control activities
and the available firefighting resources.

Despite the increased amount of money in-
vested in suppression resources in the period
analyzed, the total normalized annual area
burned by LWF under HTD did not decrease
in either northern or southern Sardinia. Ad-
ditionally, the normalized LWF average
daily area burned, the normalized LWF ave-
rage daily number, the percentage of days
with LWF and the average LWF size were
significantly higher under HTD than non-
HTD conditions. Therefore, HTD conditions
may be a useful indicator of an increased
probability of the occurrence of severe wild-
land fires.
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