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Abstract. This work analyzes the effects of high temperature attention from the media in summer. Agricultural abandon-
days on large wildland fires during 1978-2010 in Aseag ment is the main cause of an increased fuel load @vliket
(NE Spain). A high temperature day was established wheral., 1998), but wildland fuel homogeneity and continuity are
air temperature was higher than 20 at 850 hPa. Tempera- also major facilitators of both a fast fire propagation and a
ture at 850 hPa was chosen because it properly characterizésggher fire line intensity (Molina et al., 2010; Vega-Giarc
the low troposphere state, and some of the problems that afand Chuvieco, 2006). In addition, climate and weather are
fect surface reanalysis do not occur. High temperature dayswo of the main factors influencing fire regime (Trouet et al.,
were analyzed from April to October in the study period, 2009), and climate change could have an important impact
and the number of these extreme days increased significantlypn ecosystems due to increases in area burned and fire inten-
This temporal trend implied more frequent adverse weathesity/severity (Flannigan et al., 2000). Regato (2008) showed
conditions in later years that could facilitate extreme fire be-that climate change could provide an increase in the inten-
havior. The effects of those high temperatures days in largesity and frequency of summer heat waves (short periods with
wildland fire patterns have been increasingly important in thevery hot days, very low air humidity and frequently with
last years of the series. strong winds) that increase the probability of large wildland
fire (LWF).

Typically, just a few LWFs cause the majority of the dam-
age (Alvarado et al., 1998; Ganteaume and Jappiot, 2012)
1 Introduction because they account for a very high percentage of the total

burned area (Stocks et al., 2003), and their severity is nor-
Mediterranean countries like Spain have numerous Wildlano}“a”y higher. In these LWF events fire behavior is often ex-
fires each year (Pereira et al., 2011). Fire has always beefleme, making suppression difficult. Therefore, LWFs affect
part of the traditional Mediterranean agrarian land manageqr ecosystems, human safety and properties to the utmost

ment, occasionally developing into unwanted fires (84ill (Alvarado et al., 1998) and also demand vast resources to
et al., 1998). However, over the past 30yr wildland fires gyppress them.

have became more extreme, with fire behavior more and |t js essential to know what factors influence LWFs. We

more often exceeding firefighting capabilities (Miralles et al., nave focused on days with high temperatures (HTDs) to as-
2010; Molina et al., 2010), and fire agencies experience dif-gess their potential impact on the development of LWFs.
ficulties in suppressing extreme-behavior fires while provid- previous works indicate that HTDs might provide more ex-
ing safety for both firefighters and citizens, as reviewed inyreme weather conditions (Montserrat, 1998), which have
Werth et al. (2011). The social and physical/biological envi- 5 important role in forest fire behavior (Crimmins, 2006).

ronment has changed dramatically, and wildfires constituteot days decrease fuel moisture and increase the ignition
nowadays one of the problems that consistently obtain more
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Fig. 1. Geographic location of Ardm and air temperature at 850 hPa (legentiGj for 2 July 1994. Sourcevww.wetterzentrale.de

probability and, as a result of that influence, other aspect2 Methods
such as longer flame length, most likely involving crown fire

activity and spotting activity (long distance ignition by con- 2.1 Study area
vection processes). Therefore, HTD has the potential to in- o o .
crease the probability of having a LWF. In a similar way, Aragon s the fourth largest region in Spain (47 71%%mnd

Mills (2005) indicates that unusually strong temperature gra_is located in the northeastern part of the country (Fig. 1). The
dients at 850 hPa (which usually stands for a level aroun

Jegion has 1.34 million inhabitants, comprises the provinces
1500 m up in the atmosphere) may have the potential to iden®f Huesca, Teruel and Zaragoza, and it is politically divided
tify unusually severe fire weather events. It would be ex-In 33 counties. Aragn has a high altitudinal gradient that
tremely profitable to be able to discriminate between the sim-9enerates several ecosystems in the region. There is a ma-
ply “bad” and the “disastrous” fire days with some reason-10" fiver (Ebro) bordered by two mountain chains: the Pyre-
able lead time (i.e., 24 or 48 h). nees (maximum altitude 3404 m, Aneto) and the Iberian Sys-

The five largest LWFs on record in Arag did develop tem (maximum altitude 2314 m, Moncayo). The climate in_
under HTDs. In addition, those HTDs were extreme. The/Ar2gon can be generally regarded as a Mediterranean cli-
largest fire in Aragn affected 16832ha in Villarluengo mate with continental nuances, but the irregular topography
(Teruel) on 2 July 1994, and air temperature at 850 hPa andhfluences it and generates local climate variability. The envi-
at 00:00 UTC in the Ara;i_]n region was higher than 226 ronment varies from the high mountains of the north-central
(Fig. 1), during the day of the fire and also on the two pre- Pyrenees, with perpetual ice (glaciers) _to the steppg or semi?
vious days. In this case, the synoptic weather pattern thagesert. areas, such as Monegros, and intense continental cli-
caused the HTD was a hot air mass inlet (south advectiog"@t€ in other areas. The mean annual temperature ranges
from the Sahara desert). from 22.5°C in the Ebro valley to 8C in the highest ar-

The exploration for underlying causes and visible patterns£@S Of Pyrenees, and the average annual rainfalls also ranges
of LWFs is instrumental to plan best strategies for our sup-7om 1800 mmin the highest mountains to 300 mm in the val-
pression resources and to foresee extreme fire behavior. I§Y (AEMET, 2012). The vegetation is conditioned by relief
this study, we have analyzed HTDs in the Spanish regiorf’md climate. In upland forests there are several tree species
of Aragbn and their relationship to the LWF official records (Pine; fir, beech, oak), shrubs and meadows. In the Ebro val-

both in terms of amount and cumulative area burned and®Y: 0@k and juniper trees are the most common and there
number of LWFs in HTDs versus non-HTDs. are degraded areas covered by shrubs and grasslandénArag

has high ecological value with several protected wilderness
areas.
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2.2 High temperature days in Araghn trends in the number of LWFs, LWF area burned and average
LWF size under both HTDs and non-HTDs.

In order to characterize the high temperature days, reanaly- In the study period, there were 193 wildland fires in

sis data from the National Centers for Environmental Predic-Aragon larger than 100 ha that burned 132000 ha approx-

tion (NCEP) were used (Kalnay et al., 1996). We analyzedimately. All of them affected forest and agricultural areas,

daily air temperature maps (850 hPa at 00:00 UTC) to asses®mads and people. For instance, the four forest fires that

whether there was a HTD condition in the territory. Air tem- occurred on 22 July 2009 in Teruel (the Aliaga, Alloza,

perature at 850 hPa is the air temperature at an altitude it€edrillas and Corbah fires) burned about 10000 ha in to-

the atmosphere where pressure is 850 hPa (around 1500 m wal.

in the atmosphere). The 850 hPa air temperature daily maps

were available at Wetterzentrale (2013). We established tha?-4 Statistical analysis

there was a HTD when air temperature at 850 hPa was equal ) ) .

to or higher than 26C in at least two-thirds of the Ar@m re- 1 1€ relationship between HTDs and LWFs was assessed in

gion. We chose the temperature at 850 hPa because it is gef?® Period up to two days immediately before LWF occur-

erally used to analyze past fire weather and fire weather forel€Nce date, and analyzed according to the following four

casts (Milan et al., 1998; Garcia-Ortega et al., 2011; Trigo HTD classes:

etal., 2006). It provides a regional coverage as well because _ ~|ass A: LWFs that start on a HTD (day 0), HTD (day 1)

it is sufficiently close to the surfgce tq be representative of and HTD (day 2), therefore, LWFs under a very strong
the low troposphere state, and it avoids some of the prob- HT period.

lems that affect near-surface reanalysis variables (Trigo et
al., 2005; Ogi et al., 2005). An air temperature at 850hPa — Class B: LWFs that start on a HTD (day 0), HTD (day 1)
equal to or higher than ZI is associated with heat waves, and non-HTD (day 2), therefore, LWFs under a strong
and this condition provides high temperatures in surface and  HT period.
low relative humidity in the territory (Montserrat, 1998).

Weather conditions were characterized every day from — €lass C: LWFs that start on a HTD (day 0), non-HTD
1978 to 2010 in the fire season from April to October (in- (day 1) and HTD or non-HTD (day 2), therefore, LWFs
cluded). We analyzed the number of HTDs and the duration ~ Under aweak HT period.

and frequency of the high temperature (HT) phenomena as _ Class D: LWFs that start on a non-HTD (day 0), HTD or

a proxy for potential fire behavior. We defined “HT periods” non-HTD (day 1) and HTD or non-HTD (day 2). There-
as the number of uninterrupted times that a HTD occurred. fore, they were fires with minor influence of HT condi-

] ] tions.

2.3 Large wildland fires

Only two days before all LWFs have been used in this
Large wildland fires (LWFs) are defined in this work as analysis. Several days before each LWF were analyzed
those over 100 ha threshold (Moreno et al., 2011; De Zed5 days), but they did not influence the results, and previous
Bermudez et al., 2009). In order to understand the interacdays (day 3, day 4 and day 5) did not supply more informa-
tions between HTD and LWF in the study period (1978-tion than HT classes used (above). We evaluated the influ-
2010) in Aragn, we processed the historical fire data recordsence of HTD on LWF on three consecutive days by using
from Spain’s EGIF database (General Statistics on Wild-an ANOVA analysis and group comparison with the Fisher
land Fires; seevww.magrama.gob.esiccessed last time on method with a 95 % confidence interval.
30 October 2012), which includes the wildland fire reports We also quantified how many LWFs were conditioned by
sent to the Ministry of the Environment by the firefighting HTDs (only on the day that the fires started), and we sum-
and forest management services of all the Spanish regionsnarized statistics in the studied period. We established the
This database has an entry from each fire, regardless of sizeumber of LWFs, burned area swept by them, the average
and contains the same fields of information for each fire.size and percentage of LWFs under HTDs and non-HTDs.
The first years of the database (1968-1977) were not used We determined if there were significant changes (decrease,
in this study because the area burned on private propertiescrease, no difference) in the studied variables (number of
were usually underreported in those years because the Fot\WFs, area burned by LWFs and number of HTDs) from
est Service mandate was to suppress only on state-owned 4978 to 2010 with a linear regression analysis on annual
state-controlled forest but not privately owned lands (Anto-raw data. The annual variability in fire occurrences is high,
nio Mufoz, Forest Service, personal communication). Manyboth in terms of large fire frequencies and their burned ar-
fires smaller than 100 ha in the database most likely burneaas (Stocks et al., 2003). This variability is caused by diverse
a larger area (maybe more than 100 ha) because foresters dihvironmental factors, such as human influence (Mollicone
not account for the area of burnt private land. Therefore, thereet al., 2006) and climate (Gillett et al., 2004). For this rea-
are missing 100 ha fires prior to 1977. We have analyzed son, we added the evolution in time of the variables with the
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30 4 Table 1. Trends in annual number of large wildland fires (LWFs),
annual area burned, and annual number of high temperature days
%1 (HTDs) in Araghn from 1978 to 2010.
2
5 . Variable Total HTD Non-HTD
-§ 101 N Number of LWFs —(0.003) n.s (0.411) <0.001)
3 Area burned n.s (0.968) n.s (0.590) —(0.014)
5 1 HTD + (<0.020)
0 © - o - o - o + significantly increased; — significantly decreased &0.05; n.s. not significant.
§ § § § % § § Values in parentheses are tRestatistic.

Annual number of HTD =====Moving seven-year average

Fig. 2. Annual number of high temperature days (HTDs) (light grey (P vValue<0.001). It diminished from 8 LWFs in 1981 to
line) in Aragon from 1978 to 2010 and moving seven-year average2 LWFs in 2007 in terms of seven-year average values. By
(black line) from 1981 to 2007. contrast, the annual number of LWFs under HTDs did not

decrease in the study period. Neither total annual area burned

nor annual area burned under HTDs changed in the study pe-
moving average method in order to obtain a better displayriod. Nevertheless, a significant decrease was found in the an-
in the figures. This smoothing technique was applied to mit-nual area burned under non-HTDs. It decreased from 2204 ha
igate the effect due to year to year random variation. Thisin 1981 to 780 ha in 2007 in terms of seven-year average val-
practice, when properly applied, reveals more clearly the un-ues.
derlying trend (Legendre and Legendre, 1998). “The method HTDs also influence the average LWF size, and HTD
calculates successive arithmetic averages over-2lnton- classes explain the variable average size of the LWs (
tiguous data as one moves along the data series” (Legendi®003). Table 1 lists the number of LWFs, area burned and
and Legendre, 1998). In this study, we used simple movingaverage size of LWFs in each HTD class (1978-2010). The
average with seven-year periods £ 3). HTD class comparison analysis shows that there was a sig-
nificant difference between both A and B classes and D class.
Average LWF size in D class was a third of those of both A
and B classes (Table 2). No significant difference between
class C and other classes can be established.

We split the study period in two intervals (1978-1993

The annual number of HTDs increased in the study periog®nd 1994-2010) because in 1994 there were LWFs with an
significantly (» value= 0.020). It rose from 8 HTDs in 1981 extreme behavior under very strong HTD conditions. The

to 15 in 2006 in terms of seven-year average values, adVerage LWF size incre_ased significantly between 1978—
shown in Fig. 2. The number of HT periods also increased!993 and 1994-2010 periods (424 havs. 1275 paplue=
(p value= 0.022). Therefore, in recent years, we have more0-001). Additionally, the average LWF size under HTDs is
periods influenced by HTD phenomena. However, the averSignificantly larger in the 1994-2010 period (1923 ha) than in

age duration of HT periods did not change in the study periodin® 1978-1993 period (590 hg) Yalue= 0.024). However,
with an average duration of 2.2 days. the average LWF size under non-HTDs did not change be-

The majority of HTD events took place in mid-summer tween two periods (389 ha). In the first interval (1978-1993),

(July and August) with more than 80 % of the total. June hasth® majority of LWFs were under D class with 5.59 LWFs

11.5% of days and September 5.8 %. In April, there were noA"d 1987 ha burned per year. In the second interval (1994~

HTDs:; in October, there was only one HTD in the studied pe_2010), the results changed significantly and the annual num-
riod. June had a significant increase in the number of HTDSer of LWFs was 1.69 and the annual area burned was 858 ha

from 0.7 days in 1981 to 2.7 in 2006 in terms of seven-year(1aPle 2). By contrast, in HTD classes (A, B and C) neither

average. In July, August and September, no significant trend@Mnual number of LWFs nor annual area burned decreased
were observed. between the two time intervals, and the annual area burned

was higher in 1994—-2010 interval in both A and B classes
3.2 Large wildland fires while the percentage of LWF number under HTD versus to-

tal LWF number was 54.2 % and the area burned was 81.7 %.
A decrease in the total annual number of LWFs was ob-Additionally, in the 1994-2010 period, most of the surface
served in Ara@n during the study periogp(value=0.003). (76 %) was burned by LWFs under A and B classes (in which
It diminished from 12 LWFs in 1981 to 3 LWFs in 2007 HTD conditions were strong or very strong). The HTD in-
in terms of seven-year average values. The annual numfluence in LWF increased in Arég in the study period as
ber of LWFs under non-HTDs also decreased significantlyshown in Fig. 4 with two ratios that indicate that most LWFs

3 Results

3.1 HTD trends
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Table 2. Number of large wildland fires (LWFs), area burned and average size in high temperature (HT) classe$mfidragl978 to
2010.

Classes Number Area Average Annual number Annual number Annualarea  Annual area
of fire  burned size of fires® of fire burned (ha) burnefl (ha)
(ha) (ha) 1978-1993 1994-2010 1978-1993 1994-2010

A 25 35311 1412699 0.82£0.29 0.6%H0.25 462+ 122 1716+1087

B 26 34388 1323%419 0.53+:0.22 1.06+0.24 2914+182 1840+ 919

C 20 14913 746423 0.94+0.47 0.25+0.06 604+ 390 291+ 66

D 122 47502 389 49 5.59+1.21 1.6%0.39 198'A 437 858+ 251
Total 193 132114 68% 115 7.88+1.67 3.6%H1.04 3344756 4704+ 2156

2 Absolute values in the study peridﬂMean and standard errar (/n) values over the period.Annual mean and standard errey/(/n) values.
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Fig. 4. Ratio of LWF area burned under HTDs versus total area
Fig. 3. Number of large wildland fires in Aram under high tem-  burned and ratio of LWF number under HTDs versus total number
perature days (HTDs), non-high-temperature days (non-HTDs) anadf LWFs in Aragbn from 1978 to 2010. Moving seven-year average
total number of large wildland fires (LWFs) in Arag from 1978to  from 1981 to 2007.
2010. Moving seven-year average from 1981 to 2007. Vertical lines
are the annual standard error values.

those elements are not frequently used or available by all

took place nowadays under HTDs and that was not the cas® weather forecast agencies (Charney and Keyser, 2010;
in the 1980s and 1990s. The ratio of LWF number underCrimmins, 2006). For that very reason, we highlight the im-
HTDs versus total number of LWFs increased in the studyPortance of discerning between HTD and non-HTD defined
period (Fig. 3) from 0.28 in 1981 to 0.65 in 2007. The ra- PY 850 hPa synoptic conditions in planning pre-suppression
tio of LWF area burned under HTDs versus total area burnecfforts to stand up to large fires. _
also increased from 0.45 in 1981 to 0.82 in 2007 (Fig. 4). The Anincrease was found in the number of HTDs in the study
values of these ratios are in seven-year average. period, and this agrees with Rodriguez-Puebla et al. (2010).
In terms of area burned by LWFs, the worst years of theThe main source of this increase might be related to the
series were 1994 and 2009 with 32600 ha and 21 925 ha re¥eather regime that brings hot dry air masses from the
spectively. More than 90 % of the total burned area (in thesdorth of Africa (Rodriguez-Puebla et al., 2010). Different au-

two years) was burned under HTD conditions. These yearéhors suggested that this increase might be linked to an in-
also have a very high annual number of HTDs: 27 HTDs in crease of temperature in northeastern Spain due to climate

1994 and 23 in 2009. Moreover, the largest fires in Arag change (Moreno, 2005; Giannakopoulos et al., 2009; Ket-
did spread in this HTD conditions. tunen et al., 2007). Giannakopoulos et al. (2009) suggested

that the number of hot daygifax>30°C) and heat wave
days ((max>35°C) will increase in Spain. Giannakopoulos
4 Discussion et al. (2009) estimate that there will be 1 to 3 additional hot
weeks per year. The mean annual temperature will increase,
While it is recognized that the major elements for fire with greatest warm-up rate in southern Europe (Moreno,
weather forecasts are low humidity, high temperatures2005; Castro et al., 2005; Kettunen et al., 2007). Van Wagner
and strong winds near the ground, meteorological indexegnd Pickett (1985) remarked that the fire weather index will
planned to evaluate temporal and spatial dissimilarities inincrease in summer (i.e., increasing fire risk). Therefore, if
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HTDs become more frequent and these conditions are ablencidence of both the nhumber of HTD and HT periods has
to decrease air humidity and fuel moisture and increase théncreased significantly in the study period.
fire behavior potential, we may be facing larger wildland fires It would be extremely profitable to be able to discriminate
in the future, and very likely extreme-behavior fires beyondbetween the simply “bad” and the “very bad” or “terrible”
suppression capacity (Molina et al., 2010). We also foundfire days with some reasonable lead time (i.e., 24 or 48h).
that in the last years of the series there were more days undéke suggest that this classification regarding HTDs and non-
HT conditions in June. This may be translated as an increaselTDs (at 850 hPa) be used for that discrimination.
in fire season length. In terms of burned area, a decrease was observed only in
Both the total annual number of LWFs and the annualannual area burned under non-HTDs. Total area burn is sta-
number of LWFs under non-HTDs decreased in Aragom ble. This may indicate greater fire damage as more area is
1978 to 2010. Nevertheless, the annual number of LWFs unburned under HTDs.
der HTDs did not decrease in the same period. The total an- Most HTDs are in July and August (82 % of total). How-
nual area burned did not decrease due to the area burned leyer, June is becoming more active in HTDs lately. This in-
LWFs under HTDs. However, a decrease in the annual aredicates an earlier, longer fire season.
burned under non-HTD conditions was observed. Addition-
ally the percentage of both LWF occurrence and area swept
by LWFs under HTDs also increased. Three main reasong.cknowledgementsiNe are thankful to the University of Lleida
could explain this. First, the number of HTDs was greaterand Pau Costa Foundation for supporting this study through a
at the end of the time series, and it is more likely to have apartial grant to fund Cardil's PhD studies. We also thank Joaguim
LWF under HTDs. Second, in the last years, fire suppressiorfsarda-Codina, Miguel Lazaro and Luis Besold for help in the
resources have improved in technology and training, and,clgssificati.on of HTDs and othgr detailed checking in the official
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under HTDs have lower fuel moisture content and can prop- '
agate faster and with higher fire line intensity. Third, HTDS ggiteq by: B. D. Malamud
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smaller fires) that split suppression resources.
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