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Please find in this document our point-by-point response to the reviews and the changes that were 
made in the manuscript to answer these comments. Other minor changes were also made in the 
manuscript to improve the language and clarity. Please also note that the title also been slightly 
modified.  5 

 

Reviewer # 1 

I read with great interest the manuscript "Extreme Wildfire occurrence in response to Global Change 
type Droughts in the Northern Mediterranean". This study evaluates the climatology of extreme 
wildfires in Mediterranean France and identified the emergence of new generations of fires expected 10 

with global change type droughts.  Overall, the paper is interesting and it is carefully and clearly written. 
The conclusions are significant and can sustain the interest of a broad audience. To sum up, the authors 
make a convincing analysis of the problem and their manuscript deserves publication in NHESS.  

We thank the reviewer for the very positive appreciation of our manuscript.   

Reviewer # 2 15 

The manuscript examines extreme fire events in southern France in 2003 and 2016 and compare the 
fire weather conditions with those observed on average. They conclude that increased fuel dryness 
created somewhat novel combinations of conditions, respectively marked by pronounced fuel aridity 
combined with strong wind and “nor- mal” wind combined with fuel aridity (to a lesser degree) and a 
heat wave. I find these conclusions sound and the ms. generally robust, although the discussion could 20 

be deeper given the wealth of information provided by the graphed results. My major concerns are 
some inaccuracies and errors in nomenclature (or understanding of fire dynamics?), namely: - Fuel 
aridity does not apply to dead fuel dryness induced by short-term atmospheric influences; - What the 
authors describe as “heat-driven” is in fact dryness-driven (not necessarily drought-driven, because 
drought implies a longer time scale).  25 

We thank the reviewer for this positive appreciation and thorough review of our manuscript. Following 
the main recommendations, we paid particular attention to use more appropriate nomenclature when 
describing both fire weather types and drought features that were, when necessary, modified in the revised 
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text of the manuscript. We present hereafter our detailed responses to each of the comments raised by the 
reviewer.  

(#1) P1, L24. Rephrase. The sentence suggests that spatially continuous fuels are expected to limit fire 
spread. Also simplify to “dead and live fuels”, as litter is only a factor in forests.  

Yes, this sentence has been corrected and now reads: “In a large number of ecosystems, anthropogenic 5 
ignitions are dominant and dead or live biomass are rarely limiting…” (P1, L24) 

(#2) P2, L15-16. Unclear sentence: “theirs impacts of fire behavior for vegetation communities”. Do you 
mean “their impacts on fire behavior”?. Vegetation communities is not really needed in the sentence.  

‘Vegetation communities’ has been removed  

(#3) P2, L16. They burn woody vegetation, but are in fact “foliage-fueled”.  10 

That is correct, though the expression sounds awkward. To avoid any ambiguity, the term “woody-fueled” 
has been removed.  

(#4) P2, L16. FWT refer to fire weather types, not to fire types, so correct the sentence. Also, “heat-
driven” doesn’t say anything and is incorrect to refer to this type of fires. “Plume-driven” is the right 
designation and would be the preferred option to replace the less accurate “convective”; all fires are 15 

driven by convection as the prevailing heat transfer mechanism, irrespective of their nature or intensity. 
A second objection is that you have no data supporting the claim that these types of fires are 
convection/heat/plume driven, because that depends of atmosphere stability and stratification. All you 
can say is that those fires developed under weaker winds and dry conditions. Hence you should be 
conservative and describe them as fuel-driven or dryness-driven fires.  20 

We agree about the reviewer’s main concern: “heat-driven fires” is a misleading classification, as fire are 
indeed not driven by heat. As the reviewer, correctly summarized hereafter (see comment #18), it is very 
likely that the impact of temperature on fire behavior is obtained indirectly through its effect on fuel 
dryness. Nevertheless, we believe that the fact that very large fires occur during very intense episodes of 
heat should be clearly mentioned. Thus, we have replaced the expression ‘heat-driven’ by ‘heat-induced’, 25 
a solution that actually enables to keep the reference to heat without misleading the readers about the 
main factors driving these fires. Accordingly, the paragraph describing these fire weather types has also 
been rewritten to frame these points clearly (P2, L18-L19). 
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 (#5) P2, L21. Rephrase “that transport the flame closer to fresh fuel”. The flame is not transported by 
wind, and fuel is not “fresh”.  

Yes, corrected. It now reads: “Wind-driven fires are dominated by strong winds that accelerate the rate 
of spread” (P2, L18). 

(#6) P2, L34. Correct “for to the”.  5 

Corrected 

(#7) P4, L5. I understand that these fires threatened valuable resources but find hard to accept that fires 
of ∼300 ha are classified as extreme. The nature of the fire (i.e. extreme or not as determined by the fire 
environment) should not be mixed with its impact for the purpose of a study of this type. The single fact 
of being controlled at such size suggests they were not that extreme. Please justify better.  10 

This is a relevant comment. It is our belief that the definition of Extreme Wildfire Events should not only 
be based on their final size but also on the direct (and indirect) economic, social and environmental 
impacts. Having said that, we understand that the reviewer might be surprised that a wildfire of 250 
hectares could be considered as extreme while some wildfires can burn tens of thousands of hectares in 
some other areas, e.g. Portugal. However, in Mediterranean France where landscapes are highly 15 
fragmented and firefighting system strongly control fire size, most of the fires are small and only few 
fires reach extended surfaces. For instance, in Mediterranean France 43,436 fires occurred over the period 
1996-2016 but only 145 were larger than 250 ha (less than 0.4%; source: www.promethee.fr). We agree 
that such information should have been mentioned on the manuscript and is now included (P4, L24-L27). 
The main reason why we chose to focus on 2003 and 2016 extreme wildfire events is indeed at the core 20 
of what motivated our study. 

(#8) P4, L13. This is not true, i.e. extreme fires can spread for several days. I suggest you justify the 
option by stating that the main fire runs often occur on the first day. 

Yes, we agree that stating that fires generally do not last more than one day in the Mediterranean is wrong. 
Although this statement is true for the vast majority of large fires in southern France, it can be misleading 25 
when generalized to other Mediterranean countries. We are aware that fires in Portugal (e.g. 2003, 2005, 
2017) and in Greece (e.g. 2007) can last several days. Accordingly, we followed the reviewer’s advice 
and rephrased this sentence that now reads: “Only the weather and fuel conditions of the day of fire 
occurrence were analyzed because the main runs of large fires often occur on the first day in in this part 
of the Mediterranean” (P4, L14-L16). 30 
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(#9) P4, L13-14. The concept of fuel aridity (check the original papers) is different from low fuel moisture 
contents attained on the short to mid-term so you should not use it in this context. Can an absence of 
rain for 4-6 weeks (drying time for the fuels represented by the DMC) be designated as “drought”?  

That is true, we changed the term ‘aridity’ and adopted the more appropriate term ‘dryness’ throughout 
the manuscript, namely in section 2.3 (P4, L14) and in Figure 9. 5 

(#10) P4, L16. Again, this is not correct, the fuel moisture content of surface fuels in the FWI system is 
expressed by the FFMC. The DMC accounts for the part of the forest floor that produces flame plus more 
compacted layers that smoulder, i.e. it includes sub-surface fine and coarse fuels.  

Also true. This sentence has been rephrased and now reads: “The DMC is generally associated with the 
moisture content of slow drying surface fuels and is computed from daily rainfall, relative air humidity 10 
and air temperature during and prior to the fire day.” (P4, L17-L19)  

(#11) P4, L19. Make the sentence clearer, because the DC was not conceived to track the moisture 
content of live fuels.  

Yes, this sentence has been rephrased to clarify the primary purpose of DC. It now reads “The DC was 
initially developed to estimate the soil water content of relatively deep and compacted duff and is 15 
generally associated to very slow drying fuels. It is calculated from daily rainfall and air temperature 
during and prior to the fire day. In the Mediterranean, DC has also been related with the moisture content 
of living shoots of plants, although the responsiveness of living fuel to weather can greatly vary among 
species according to their ability to dynamically adjust their water status (Viegas et al., 2001).” (P4, L19-
L23) 20 

(#12) P5, L1-2. You certainly do not need to include this explanation.  

We agreed with this suggestion. This equation was removed from the manuscript.  

(#13) P5, L10. This line is not understandable.	

Yes, we apologize for this unclear sentence. It has been rephrased and now reads: “Then, to assess whether 
and to what extent does the climatology of the large wildfires of 2003 and 2016 differ from that of other 25 
large wildfires, fire climatologies were compared between them and with the mean summer daily 
conditions for the period from 1996 to 2016.” (P5, L7-L9) 	

(#14) P5, L16. Wildfire, not wildfires.	

Corrected  
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(#15) P7, L12. “charactering”.  

Corrected  

(#16) P7, L26. What about the fires of 2017 in southern France? You could discuss them in this 
framework. 

That is a relevant suggestion. Several very large fires occurred during July 2017 in what is named eastern 5 
area in the present manuscript (Figure 1) During the 24th and 25th of July 3 wildfires burnt more than 
3,500 ha and about 10,000 residents and tourists were moved by local authorities. It seems that these fires 
were associated with strong winds and that the whole year 2017 was also particularly dry while spring 
and summer were anomalously warm (and 2017 follows an already anomalous dry and warm year in 
2016). We have therefore added a sentence in the discussion to mention these fires (P7, L24-L26).  10 

 (#17) P7, L28. Not clear what you mean with “some new generations of fires”. Increase in the 
occurrence of hot droughts and press droughts simply imply that the distribution of fire behavior 
characteristics will change to include more extreme fires at higher frequency.  

The reviewer is right. Two important conclusions should have been distinguished here. In one hand and 
as the reviewer suggested it, an increase in the occurrence of hot droughts and press droughts will lead to 15 
extreme fires at higher frequency. On the other hand, our results suggest that droughts are also becoming 
more extreme, thereby leading to fire weather conditions that have not been explored before. To clarify 
these points, the sentence has been rephrased and now reads “Our study suggests that ‘hot droughts’ and 
‘press droughts’, both anticipated to occur more frequently throughout the XXI century according to the 
vast majority of models, can lead to a higher frequency of extremes wildfires and to fire weather 20 
conditions that have not been explored before” (P7, L27-L29). A sentence in the abstract has also been 
rephrased (P1, L18-L19). 

 (#18) Figure 9 is nice, but again I have problems with the nomenclature adopted (see previous 
comments): the aridity concept does not apply to fast drying fuels, and “heat driven” is quite poor and 
inaccurate when in fact these fires are driven by fuel dryness, both on the short and long term. I suppose 25 

“heat” is used because of the high temperatures, but temperature in fire behavior only acts indirectly 
through its effect on live fuel desiccation and dead fuel moisture content.  

Yes, according to the two main comments of the reviewer, Figure 9 has been modified. The expressions 
“Aridity” and “heat-driven” have been replaced by ‘dryness’ and ‘heat-induced’, respectively. Specific 
responses to can be found in our responses to comments #4 and #9 30 
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Extreme Wildfire Events are linked to Global-Change-type Droughts 
in the Northern Mediterranean 
Julien Ruffault1,2,3, Thomas Curt1, Nicolas K. Martin-StPaul4, Vincent Moron2,5 and Ricardo M. Trigo6 

1 IRSTEA, UR RECOVER Aix-en-Provence, France 5 
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4 INRA, URFM, Avignon, France 
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6 Instituto Dom Luiz (IDL), Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal  10 

Correspondence to: J. Ruffault (julien.ruff@gmail.com) 

Abstract. Increasing drought conditions under global warming are expected to alter the frequency and distribution of large, 

high intensity wildfires. Yet, little is known regarding how it will affect fire weather and translate into wildfire behavior. Here, 

we analyzed the climatology of extreme wildfires that occurred during the exceptionally dry summers of 2003 and 2016 in 

Mediterranean France. We identified two distinct shifts in fire climatology towards fire weather spaces that had not been 15 

explored before, and which result from specific interactions between the types of drought and the types of fire weather. In 

2016, a long-lasting ‘press drought’ intensified wind-driven fires. In 2003, a ‘hot drought’ combining a heatwave with a press 

drought intensified heat-induced fires. Our findings highlight that increasing drought conditions projected by climate change 

scenarios might affect the dryness of fuel compartments and lead to a higher frequency of extremes wildfires. 

1 Introduction 20 

There is increasing evidence that global changes are altering the distribution and frequency of the largest, most destructive, 

extreme wildfires (EW) in different regions of the world (Trigo et al., 2006; Bowman et al., 2017) with ensuing economic, 

social and ecological impacts (Schoennagel et al., 2017). In a large number of ecosystems, anthropogenic ignitions are 

dominant and dead or live biomass are rarely limiting (Krawchuk et al., 2009; Pausas & Fernández-Muñoz, 2012). In these 

regions, fuel dryness therefore mainly regulates wildfires (Abatzoglou & Williams, 2016; Littell et al., 2016; Nolan et al., 25 

2016; Fernandes et al., 2016; Turco et al., 2017). But while climate change is expected to increase the frequency and intensity 

of droughts in regions such as the Mediterranean (Hoerling et al., 2012), our understanding of the impact of increasing drought 

on EW remains incomplete, because of still unresolved uncertainties.  

First, meteorological drought is a complex phenomenon whose magnitude, length and timing depends on multiscale spatial 

and temporal interactions between evapotranspiration and precipitation (Ruffault et al., 2013). Several types of droughts can 30 
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be defined, depending on their characteristics (Hoover et al., 2015; Hoover & Rogers, 2016). “Press droughts” are subtle but 

chronic reductions in water availability, driven by long-term (month to seasons) reductions in precipitation and/or warmer 

temperatures, which increase potential evapotranspiration and reduce soil moisture (Hoover & Rogers, 2016). By contrast, 

“pulse-droughts” (or “flash droughts”; Mo & Lettenmaier, 2016) are short in duration (days to weeks) but extreme in 

magnitude. When combined, press and pulse droughts may yield ‘hot droughts’ (Overpeck, 2013). 5 

Second, translating drought characteristics into fuel moisture content is not straightforward, because fire-prone ecosystems 

consist of several fuel compartments that respond to drought on different timescales (Pyne, 1996; Nolan et al., 2016). Fuel 

moisture of trees and shrubs live foliage responds to mid-term to long-term droughts because of the control of vegetation over 

water fluxes (Ruffault et al., 2013). By contrast, the fuel moisture of fine, dead fuels and surface litter responds to short term 

(hours to days) atmospheric dry conditions (e.g. Resco de Dios et al., 2015).  10 

Third, large fire climatology itself (i.e. typical local-scale weather conditions associated with fires) might not be unique within 

a homogeneous biogeographic area. Indeed, after observing that the weather conditions associated to large fire occurrence may 

be different in Mediterranean ecosystems, Ruffault et al. (2016) proposed a new hypothesis wherein large fire climatology was 

described as the coexistent combination of a limited number multi-scalar weather conditions called Fire Weather Types 

(FWTs). The FWTs are the result of the linkage between instantaneous and antecedent regional weather patterns and theirs 15 

impacts on fire behavior. For instance, two main FWTs are generally observed in crown fires in forests and shrublands: wind-

driven and heat-induced (Rothermel, 1991; Flannigan & Wotton, 2001; Jin et al., 2015; Duane et al., 2015; Ruffault et al., 

2016, 2017; Cardil et al., 2017). Wind-driven fires are dominated by strong winds that accelerate the rate of spread. By contrast, 

heat induced fires are linked to anomalously warm conditions that increase fuel dryness (Jin et al. 2015, Ruffault et al. 2016). 

During the summers of 2003 and 2016, Mediterranean France (see Figure 1) experienced several extreme wildfires that raised 20 

isses regarding how increasing drought conditions might affect fire activity. Indeed, despite growing efforts in fire management 

and suppression capacities implemented since the beginning of the 90’s (Fox et al., 2015; Ruffault and Mouillot, 2015; Curt 

and Fréjaville, 2017), several fires became particularly large and devastating during these two years. Besides, the 2003 and 

2016 summers are also known to be particularly dry in Mediterranean France, although they did not share similar climatic 

characteristics. Summer 2003 combined a long drought and a summer heat-wave (Trigo et al., 2005) resulting in a ‘hot 25 

drought’. Summer 2016 was marked by a long-lasting ‘press drought’ (French national meteorological institute; Météo-France, 

2017; Figure 2) while the anomalously warm temperatures were less extreme than in 2003. Interestingly, these two events 

closely reflect the expected impacts of climate change on drought that are projected in the Mediterranean (Sousa et al., 2011; 

Hoerling et al., 2012) and in other regions of the world (e.g. Mazdiyasni & Aghakouchak, 2015).  

Following these considerations, the overarching goal of this study is to determine whether the increasing drought conditions 30 

observed during the years 2003 and 2016 are responsible for the occurrence of extreme wildfires in Mediterranean France. 

Specifically, we aimed at understanding how the weather conditions observed during these summers, although different, led 

to extreme wildfire occurrence. Our hypothesis is that fire weather types have been affected by these two droughts. To answer 
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these questions, we compared the weather and drought conditions associated to the 2003 and 2016 extreme wildfires with the 

historical climatology of large fires.  

2. Material and Methods 

2.1 Study area 

The study area includes two French administrative districts (Figure 1, total area of 11,157 km2) recognized as two of the most 5 

fire-prone regions in France (Lahaye et al., 2014). The climate is Mediterranean with hot and dry summers, cool and wet 

winters and high inter-annual variability. Although these two districts share a large number of common climatic characteristics, 

interannual variations in the amount of precipitation can differ greatly between them because of the existence of a west-east 

gradient in precipitation variability over southeastern France (Figure 2, see also Ruffault et al., 2017). Therefore, two distinct 

areas were considered in the following analyses (hereafter called the Western and Eastern area; Figure 1) based on the 10 

administrative borders of these districts. Fuels are similar in these two areas, consisting mostly of shrublands, pine forests, oak 

forests, and mixed pine oak forests (Curt et al., 2013) but the western area, which includes the Aix-Marseille Metropole urban 

area, is more urbanized (average population density of 394 inhabitants.km-²) than the eastern area (174 inhabitants.km-²) 

(French National Institute of Geographic and Forest Information; IGN, 2016). The average yearly burnt area during the summer 

season (June to September – JJAS–) from 1996 to 2016 is 1,393 ha.y-1 and 1,389 ha.y-1 in the western and the eastern area, 15 

respectively. Fire activity is highly variable from year to year and reached its highest level in 2003 (18,763 ha) and 2016 (4,825 

ha) in the eastern and western area, respectively (Figure 3). 

2.2 Fire data 

Fire data for the summer season (June to September) were extracted from the PROMETHEE fire database (www.promethee.fr) 

for the period from 1996 to 2016. This database is managed by French forest services and provides reliable fire statistics with 20 

no major inconstancies over the period examined (Ruffault and Mouillot, 2015, 2017). For each fire, PROMETHEE provides 

its ignition date, size and location of fires on a 2x2 km grid. In this study, large fires were defined as fires greater than 250 ha 

in order to match the minimum size of extreme wildfires (EW) that occurred during the 2003 and 2016 fire seasons (see below). 

This size is rather small compared to other regions and ecosystems with relatively similar Mediterranean climate conditions, 

as seen in recent mega-fires in 2017 in Portugal or California. However, in Mediterranean France where landscapes are highly 25 

fragmented, only few fires reach extended surface and less than 0.4 % of fires exceed this 250 ha threshold for the period from 

1996 to 2016 (www.promethee.fr). 

 Wildfire events were then classified into three distinct groups: (i) extreme wildfires (EW) that occurred during the summer of 

2003 in the eastern area (hereafter EW2003), (ii) EW that occurred during the summer of 2016 in the western area (hereafter 

EW2016) and (iii) other large summer wildfires that occurred between 1996 and 2016 (hereafter OLW).  30 
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EW were defined here as fires that caused or threatened to cause some economic, social, or ecological damages. Because of 

the absence of a national, comprehensive and quantitative dataset on the vulnerability of landscapes to wildfires, EW 

identification was based on a systematic literature review of scientific papers, governmental reports, newspaper articles or 

feedbacks from firefighters. We acknowledge that some subjectivity was unavoidable in this exercise, but as only few ignitions 

turn into large fires in Mediterranean France, large fires are systematically covered and well documented. In line with the 5 

detailed description of the 2003 summer fire season performed by Favre & Schaller (2004), six large wildfire events were 

particularly harmful and classified as EW for the year 2003 (Table 1). For the year 2016, three wildfires were classified as 

EW. These wildfires were extensively reported in the media and discussed by experts across the country, in part due to their 

large size but also because they threatened either industrial, socio-economical or ecological values (see Table 1). In fact, the 

occurrence of these three wildfires is one of the main reasons why we initiated our study. Finally, the OLW group consisted 10 

of all large wildfires that were not classified in either of the two previous groups (n=29; median size = 520 ha). 

2.3 Data analysis 

The climatology of large fires was characterized by using the five following daily variables: temperature, wind speed, relative 

humidity and two proxies of fuel dryness on the medium (days to weeks) and long term (weeks to months). Only the weather 

and fuel conditions of the day of fire occurrence were analyzed because the main runs of large fires often occur on the first 15 

day in this part of the Mediterranean. The drought code (DC) and the duff moisture code (DMC) of the widespread Canadian 

fire weather danger rating system (CFFDRS, Van Wagner, 1987) were used as proxies of fuel dryness. The DMC is generally 

associated with the moisture content of slow drying surface fuels and is computed from daily rainfall, relative air humidity and 

air temperature during and prior to the fire day. The DC was initially developed to estimate the soil water content of relatively 

deep and compact duff and is generally associated to very slow drying fuels. It is calculated from daily rainfall and air 20 

temperature during and prior to the fire day. In the Mediterranean, DC has also been related with the moisture content of living 

shoots of plants, although the responsiveness of living fuel to weather can greatly vary among species according to their ability 

to dynamically adjust their water status (Viegas et al., 2001).  

Daily climate records for precipitation, wind speed, temperature and relative humidity for the period 1996-2016 were obtained 

from climate stations. The two weather datasets were obtained from the Marignane (43.436°N; 5.215°E, altitude 5 m a.s.l.) 25 

and Le Luc (43.381°N; 6.385°E, altitude 80 m a.s.l) meteorological stations for the Western and Eastern Area, respectively 

(Figure 1, source Meteo France). Both stations are located close to the center of their respective area and 75% of fires are 

within a 35-km perimeter of the station (Figure 4). 

In addition to the five above-mentioned drought proxies and weather variables, we also examined the seasonal and inter-annual 

variations in live fuel moisture content (LFMC) for distinct Mediterranean shrubs species sampled from nearby wildfire 30 

locations. Historical observations of LFMC for the 1996-2016 period were obtained from the “Réseau Hydrique” dataset, fully 

available in a Zenodo repository (Cabane et al., 2017). It provides weekly measurements of LFMC during the fire season 

(generally from May to September depending on the level of fire danger) for various species and sites of the French 
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Mediterranean area. For each area, we extracted the closest site from the barycenter of the fires under study: “Le Romaron” 

(43.354°N, 5.166°E, altitude 152 m a.s.l) and “Le Haras du Rastéou” (43.477°N, 6.483°E, altitude 147 m a.s.l) for the Western 

and Eastern areas, respectively (Figure 1, Figure 4). For each site, LFMC was examined for two species with distinct post-fire 

regeneration strategies (seeder and resprouter) as they generally display some distinct functional responses to drought 

(Vilagrosa et al., 2014). 5 

2.4 Statistical analysis 

Daily weather conditions were computed for each large wildfire and averaged for each fire group. Then, to assess whether and 

to what extent does the climatology of the large wildfires of 2003 and 2016 differ from that of other large wildfires, fire 

climatologies were compared between them and with the mean summer daily conditions for the period from 1996 to 2016. For 

each weather variable, the significance of the difference between these groups was tested using the Welch’s modified t-test, 10 

which is more reliable than the student t-test when the two samples have unequal variances and unequal sample sizes (Welch, 

1947). Besides, the daily and seasonal variations in weather conditions and fuel moisture content for the year 2003 and 2016 

were also examined and compared to the mean climatic conditions. 

3. Results 

The climatology of the three wildfire groups exhibited distinct patterns (Figure 5). Wildfires belonging to OLW were 15 

associated with significantly higher daily wind speed (Welch’s two sample t-test, p<0.001), lower relative humidity (p<0.001) 

as well as both higher DC (p<0.001) and DMC (p<0.001) than the mean summer daily conditions for both areas (Figure 5a, 5f 

and 5e). This is in accordance with the dominant wind-driven fire FWT observed in Mediterranean France (Ruffault et al., 

2016, 2017). By contrast, we did not observe a significant difference between the temperatures associated to OLW and the 

mean summer daily conditions (p>0.1, Figure 5a).  20 

The climatology of EW2003 considerably differed from that of OLW. On average, EW2003 was characterized by warmer 

(p<0.001, Figure 6) and drier (DC and DMC, p<0.01, Figure 6) conditions than those of OLW (Figure 5a, 5e and 5f). 

Conversely, wind speeds associated to EW2003 were, on average, not different from the summer daily mean (p>0.1) but 

significantly lower than that of OLW (Figure 6). 

The climatology of EW2016 was very similar to that of OLW. Indeed, as OLW, EW2016 climatology was also characterized 25 

by lower relative humidity (p<0.001), higher wind speed (p<0.001), DMC (p<0.001) and DC (p<0.001) than the mean summer 

climatology (Figure 5d, 5e, 5f and Figure 6). However, EW2016 was associated with significantly higher values of DC than 

OLW and also than EW2003 (Figure 5c, Figure 6). Besides, it is worth noting here that the “Calanque” fire (‘Cal.’ on Figure 

5d) exhibited both windy and quite hot conditions (Figure 5c). This association is relatively unusual in Mediterranean France, 

where strong synoptic winds, usually blowing from the north, are generally associated with lower temperatures than usual 30 

(Figure 5c, see also Ruffault et al., 2017).  
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Weather conditions and live fuel moisture content exhibited strong anomalies in the month before and during the summer of 

2003 and 2016 (Figure 7). These anomalies are in line with the exceptional weather conditions associated to EW2003 and 

EW2016 that were described above (see Figure 5).  

During the year 2016, DC was higher than usual in the western area (Figure 7a) because drought onset conditions occurred 

earlier this year and precipitations during spring and winter were anomalously dry (Figure 7g). The DC values observed during 5 

the summer 2016 were also the highest ever recorded over the period examined (not shown). Accordingly, the fuel moisture 

content of living vegetation was very low during that year, for both seeders and resprouters type of shrubs (Figure 8a and 8c). 

By contrast, DMC and daily temperature were both close to the mean summer conditions (Figure 7c and 7e). It is worth noting 

that these Exceptional DC values were not observed in the eastern area (Figure 7d), which indicates the local nature of this 

climatic event. 10 

During the summer of the year 2003, temperatures were particularly warm from about July 15 to August 15 (Figure 7e and 

7f). Accordingly, DMC was also very high during this period and until the first half of September, especially in the eastern 

area (Figure 7d). In addition, due to precipitation deficits during spring and summer (Figure 7g and 7h), DC was also above 

the average conditions (Figure 7c and 7d) but did not reach the levels observed in the Western area during the summer 2016. 

Interestingly, LFMC was generally lower than normal for both seeders and resprouters during the summer of 2003 (Figure 8a-15 

d) but remained also higher than the levels reached in 2016 over the Western area. 

4 Discussion 

Over the next century, climate projections for the Mediterranean basin converge towards an increased severity of droughts and 

heatwaves, along with an elevated frequency of co-occurrence of these events (Sousa et al. 2011, 2015; Bador et al., 2017). 

While it is generally accepted that this warmer and drier climate will alter the frequency, intensity or severity of extreme 20 

wildfires (EW), major uncertainties remain about how it will translate into wildfire behavior and fire weather. In this paper, 

we analyzed the weather conditions associated with the EWs that occurred during the 2003 and 2016 exceptional summer 

droughts in the northern Mediterranean. On the basis of this analysis, we introduce a novel conceptual scheme summarizing 

the response of EW to climate-change droughts, which combines the fire weather type (FWT) framework adapted from 

Ruffault et al. (2016) and the drought classification from Hoover et al. (2016), which is depicted in Figure 9. According to this 25 

framework, we propose that the exceptional drought of 2003 and 2016 induced two major shifts in the meteorological “fire 

niche”, that are expressed through some modifications of FWTs.  

The first shift within the meteorological fire niche is expressed through the modification of the wind-driven FWT by press 

droughts, as illustrated by the 2016 fire season (Figure 9). Drought was longer and more intense than usual in 2016, due to an 

earlier accumulation of water deficits (since previous winter, Figure 7a and 7g). Thus, although the 2016 EWs were clearly 30 

associated with the wind-driven FWT (the dominant pattern in Mediterranean France; Ruffault et al., 2016, 2017), they were 

equally characterized by significantly drier-than-usual conditions. Taken together, the weather conditions associated to the 

Mis en forme : Anglais (E.U.)
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Supprimé: which35 
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2016 EWs appear to represent a new configuration within the fire weather space (Figure 5d), in which the probability of EW 

occurrence might be increased. Indeed, such long and intense drought periods can lead to the substantial level of desiccation 

in the living vegetation compartments, as evidenced by the significantly lower LFMC during this year (Figure 5a). This could 

lead to an increase in fire intensity, rate of spread and thereby reduce suppression opportunities. 

The second shift within the meteorological fire niche is expressed through the modification of the heat-induced FWT by hot 5 

droughts (Figure 9), as illustrated by the 2003 fire season. Our results showed that a long-term water deficit (press drought, 

Figures 7b) and a heat wave (pulse drought, Figure 7f) occurred simultaneously during the summer of 2003. Several studies 

documented the exceptional nature of this climatic event that occurred over central and southern Europe (e.g. Trigo et al., 

2005; Ciais et al., 2005). Consistent with these observations, the 2003 EWs in Mediterranean France were associated with very 

hot and dry conditions but low wind speeds which are typical of heat-induced FWT. However, the magnitude in temperature 10 

anomaly and short-term drought anomaly (illustrated here by DMC) observed in 2003 had never been observed before in the 

fire-weather space (Figure 5b). Mechanisms underlying this heat-induced FWT are still unclear but could be linked to the fast 

desiccation of plant during hot droughts (Williams et al., 2012; Allen et al., 2015), which can increase fire intensity and 

overwhelm fire suppression policies. 

Alongside these shifts within the meteorological fire niche induced by increasing droughts, consideration should also be 15 

given to the possibility of climate change causing the emergence of new FWTs. In particular, some modifications in the 

interaction between large-scale atmospheric processes and regional-scale physiographic features can lead to the alteration of 

the relationships between the major instantaneous weather parameters for fire spread: temperature, humidity and wind. For 

instance, the association of hot, windy and dry conditions is relatively unusual in Mediterranean France because strong synoptic 

winds, blowing from the north, are generally associated with lower temperatures than usual (Ruffault et al., 2017) (see also 20 

Figure 2c). So far, this constraint avoided the occurrence of “mixed FWT fires”, combining strong winds and hot temperatures, 

and that are considered as one of the most critical FWT in southern latitude countries (Pereira et al., 2005, Koutsias et al., 

2012, Fernandes et al., 2016). But the weather conditions associated to the “Calanques” fire in the northern Mediterranean 

(Figure 5c) suggest that this type of fire should be considered as an option in the near future. In this context, the large wildfires 

that occurred in 2017 in the Eastern area should also be considered but additional analysis might help to provide further 25 

evidence for the emergence of new FWTs.  

Our study suggests that ‘hot droughts’ and ‘press droughts’, both anticipated to occur more frequently throughout the XXI 

century according to the vast majority of models, can lead to a higher frequency of extremes wildfires and to fire weather 

conditions that have not been explored before. Our results underline that that the dryness of fuel is pivotal in the occurrence of 

EW and therefore urges modelers to improve our estimations of fuel moisture dynamics (see for instance Nolan et al., 2016) 30 

and mortality events. Whether some possible changes in fire management could compensate for increasing droughts and its 

impact on wildfire behavior remains an open and important question.  
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Figure 1. Map of the study area in southern France showing (i) the location of summer large wildfires (> 250 ha) classified into three 
groups, (ii) the boundary of the areas delineating different climatic patterns and (iii) the location of weather and fuel moisture 
stations. The size of fire points is proportional to the size of the corresponding fire (min = 250 ha; max = 5,646 ha). An individual 
description of the 2003 and 2016 extreme wildfires can be found in Table 1. 5 
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Figure 2. Interannual variations in a) precipitation and b) mean daily temperature in the two studied areas (see Figure 1). Dotted 
vertical lines indicate the 2003 and 2016 years.   
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Figure 3. Interannual variations in a) number of fires and b) burnt areas for the two studied areas (see Figure 1). Dotted vertical 
lines indicate the 2003 and 2016 years.   
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Figure 4. Cumulative distribution function, for each studied area, of the distance between large fires their and weather stations (a 
et c) and of the distance between large fires and the Live fuel moisture content (LFMC) stations (b and d)   

0 10 20 30 40 50 60 70

Distance (km)

0.0

0.2

0.4

0.6

0.8

1.0

F(
x)

a) Western area, Weather station

0 10 20 30 40 50 60 70

Distance (km)

0.0

0.2

0.4

0.6

0.8

1.0

F(
x)

b) Eastern area, Weather station

0 10 20 30 40 50 60 70

Distance (km)

0.0

0.2

0.4

0.6

0.8

1.0

F(
x)

c) Western area, LFMC station

0 10 20 30 40 50 60 70

Distance (km)

0.0

0.2

0.4

0.6

0.8

1.0

F(
x)

d) Eastern area, LFMC station



21 
 

 
 
 

 

Figure 5. Bivariate plots of the daily weather and drought conditions associated with summer large fires classified into three distinct 5 
groups. The size of fire points is proportional to the size of the corresponding fire (min = 250 ha; max = 5,646 ha). The mean and 
standard deviations of summer weather conditions in each area are also shown. An individual description of the 2003 and 2016 
extreme wildfires can be found in Table 1.  
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Figure 6. Comparisons of weather conditions associated to 2003 and 2016 extreme wildfires to other large fires. Values are shown 
relative to other large fires for the period from 1996 to 2016. Uncertainty bars represent the minimum and maximum values. For 
each weather variable, the significance of the difference in mean between the extreme wildfires groups and other large fires was 5 
computed with the Welch’s modified t-test (*** p<0.001, *p<0.01, ns: non-significant, p>0.1).  
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Figure 7. Seasonal dynamics of weather conditions and drought indices during the 2003 and 2016 fire seasons in the western and 
eastern areas. Mean (black line) and standard deviation (shaded area) for the period from 1996 to 2016 are also indicated. All 
variables are shown at daily time scale expect temperatures that were averaged at weekly time scale for clarity.  5 
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Figure 8. Seasonal dynamics of live fuel moisture content during the 2003 and 2016 fire seasons in the western and eastern areas. 
Mean (points) and standard deviation (shaded area) for the period from 1996 to 2016 are also indicated.  5 
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Figure 9. Schematic representation of the emergence of two new generations of fires expected with global change type droughts in 
the northern Mediterranean. Two distinct shifts in the meteorological fire niche were observed and resulted from specific 
combinations between the types of droughts and fire weather types (FWT). Each grey disc represents the daily weather and drought 5 
conditions associated with fire occurrence. The inner circle represents the historical mean summer daily values. Each slice represents 
the anomaly of the corresponding variables compared to the mean daily summer values. Panel (a) shows the modification of the 
wind driven FWT with press droughts as illustrated by the 2016 fire season. Panel (b) shows the modification of the heat induced 
FWT with hot droughts as illustrated by the 2003 fire season. 
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Name Date  Location Area 
Size 
(ha) 

Main type of 
land cover 

Main damages or threats 

Fos.  08/10/2016 Fos-sur-mer  W 2,018 Peri-urban  Major threat to a highly sensitive 
industrial area 

Vit. 08/10/2016 Vitrolles/Rognac W 2,663 Industrial/Peri-
urban 

Several structures destroyed. Major 
threat to the Marseille urban area (> 
1.5 M inhabitants) 

Cal. 09/05/2016 Parc National 
des Calanques  

W 303 Protected 
natural area 

Burnt highly protected forests. 
Contained just before arriving in the 
very the touristic area of Cassis 

Vi.1 07/17/2003 Vidauban E 6,744 Peri-urban  Large camping area partly destroyed. 
Close to several vulnerable urbanized 
areas 

St-Ra. 07/25/2003 St-Raphaël E 924 Peri-urban  Close to urbanized areas 

Vi.2 07/28/2003 Vidauban E 5,646 Peri-urban  Spread close to several villages. Four 
fatalities 

Mot. 07/28/2003 La Motte E 1,960 Peri-urban  Three camping areas threatened (> 
20,000 people)  

Gar. 08/21/2003 La Garde-Freinet E 278 Peri-urban  Close to urbanized areas 

Can. 08/31/2003 Le Cannet-des-
Maures  

E 2,728 Peri-urban  Several structures destroyed. Three 
fatalities 

  

Table 1. Description the extreme wildfires that occurred in Mediterranean France during the summers of 2003 and 2016.  

 
 


