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SUMMARY

Portugal is regularly affected by destructive wildfires that have severe social,
economic, and ecological impacts. The total burnt area in 2017 (�540,000 ha)
marked the all-time record value since 1980 with a tragic toll of 114 fatalities
that occurred in June and October events. The local insurance sector declared
it was the costliest natural disaster in Portugal with payouts exceeding USD295
million. Here, the 2017 October event, responsible for more than 200,000 ha of
burnt area and 50 fatalities is analyzed from a compound perspective. A pro-
longed drought led to preconditioned cumulative hydric stress of vegetation in
October 2017. In addition, on 15 October 2017, two other major drivers played
a critical role: 1) the passage of hurricane Ophelia off the Coast of Portugal,
responsible for exceptional meteorological conditions and 2) the human agent,
responsible for an extremely elevated number of negligent ignitions. This disas-
trous combination of natural and anthropogenic drivers led to the uncontrolled
wildfires observed on 15 October.

INTRODUCTION

The climate conditions of the western Mediterranean are characterized by the coexistence of sub-tropical

and mid-latitude influences.1 The dependence of Mediterranean ecosystems in terms of precipitation

amounts and soil moisture makes these biomes particularly sensitive to weather-driven natural hazards,

namely droughts,2–6 heatwaves,7–11 wildfires,12–14 and floods.15–17

Recently, several authors have stressed that some of the most extreme weather-driven natural hazard

events result from a combination of extremes, in what has become known as compound events.18–20 Ulti-

mately, the interaction between different physical processes at multiple temporal and spatial scales can

lead to the exacerbation of the impacts compared to when hazards occur individually.20–22 This interplay

between different co-occurring drivers or cascading events have been widely reported in recent years,

namely focusing on soil moisture-temperature feedbacks,23–25 on the relation between dry and hot ex-

tremes,26–29 as well as between weather and fires,19,30 and on the impacts on different sectoral activities.31

In this context, it is crucial to analyze this interplay following a compound event approach in order to foster

a deeper understanding on how the different hazards interact, and also on how such compound events can

induce more extreme impacts when compared to the occurrence of an isolated extreme event. This type of

approach also has the advantage of allowing for the development of more robust evaluation andmitigation

measures when facing the occurrence of such extremes.22

Recently, a new framework for studying compound events was proposed by Zscheischler et al.22 According

to these authors a compound weather event refers to a combination of drivers and/or hazards that

contribute to societal or environmental risks. This type of framework can be particularly relevant within

the scope of climate change as, under the projected warming and drier conditions,32 the occurrence of

more extreme compound events is expected to be enhanced,33 namely over semi-arid susceptible areas

such as the Mediterranean.29,34

In the last two decades, southern Europe was struck by several major compound events (e.g. summer heat

waves and droughts), some of them with heavy socio-economic impacts, especially on food production,

public health, air pollution, and mortality.35–43 Some of these events led to catastrophic fire seasons,

such as those in 200544 and 201714 in Portugal, or the one in 2007 in Greece.19 The occurrence of
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catastrophic wildfire events due to compound drought and heat extremes are not limited to Europe, but

also takes place in other regions of the world such as Brazil,45 the US,46 and Australia.47 In addition,

some studies focus also on the boreal regions.48,49

Portugal is regularly affected by large and destructive wildfires leading to serious impacts at social, eco-

nomic, and ecological levels.14,40,42,50 Since 1980, the mean annual burnt area has been around

115,000 ha with large inter-annual variability, including particularly severe years, such as 2003

(�425,000 ha), 2005 (�350,000 ha), or the all-time record value of 2017 (�540,000 ha).

Whatever the perspective, the 2017 fire season in Portugal was outstanding, recording the highest total

burned area (�540,000 ha) ever registered since reliablemeasurements started in 1980, representing nearly

60% of the total burn area in Europe in that year. More significantly, this exceptional fire season set the

tragic toll of 114 fatalities.14,51,52 Furthermore, the unusual extent of the 2017 fire season implied that

the two most tragic events occurred prior (17–20 June) and after (15–17 October) to the official fire season

window set by the Portuguese authorities, which until that year, encompassed only the months of July,

August, and September. The economic losses due to the 2017 wildfires in Portugal totaled almost

USD1.2 billion, and the local insurance sector declared the costliest natural disaster in the country’s history

with payouts exceeding USD295 million.53

The different nature of the June andOctober events is worth being emphasized. It has been shown that the

June episode was triggered by a record-breaking heat wave week in mid-June that affected western

Europe and, in particular, the entire Iberian Peninsula.38 The case of October was shaped by the coupling

of very dry vegetation with very strong southerly winds.54 Vegetation stress was due to a persistent drought

situation,55 whereas the southerly winds were steered by the close offshore passage of hurricane Ophelia

moving northward.52 It is worth noting that the socio-economic impacts of the Hurricane Ophelia were not

only felt in Portugal but struck Ireland in its extratropical transition having caused major damages, losses of

around 90 million euros56 and 3 casualties.

Several studies and official reports analyzed the 2017 fire season,42,52,54,57 but they lack the holistic perspec-

tive of analyzing the compound nature of the event. Thus, the main goals of this paper are 2-fold:

� to show the compound nature of the exceptional fires that occurred in Portugal in October 2017 by

assessing the different drivers and hazards that contributed to it;

� to characterize in detail the different components of the fire weather index (FWI) from a bivariate

perspective (concurrent versus accumulated effects of meteorological conditions), with the aim of

objectively establishing their different contribution to the extreme value of FWI, and to the excep-

tional fire events of October 15.
RESULTS

The 2017 fire season

Burned area in Portugal presents a marked inter-annual variability (Figure 1A), with the three largest

peaks, in 2003, 2005, and 2017, having occurred in the second half of the period analyzed (1980–

2020), which starts when fire events have begun to be officially recorded. The inter-annual variability

of burned area in Portugal is partly attributable to thermal and hydric stress conditions of vegetation

as a result of the amount of precipitation in the fire season and in the preceding late spring season,

and partly to the occurrence of atmospheric circulation patterns in the summer that induce extremely

hot and dry spells over western Iberia.58 The increasing occurrence of drought episodes and heatwaves

further enhance the onset of extreme episodes and are related to global warming.27,59 Striking examples

of extreme years are 2003, that was characterized by exceptionally warm weather in Europe during the

first two weeks of August, when a devastating sequence of large fires was observed,40 and 2005 when the

Iberian Peninsula was hit by the worst drought episode recorded since the beginning of the 20th

century.36

The record-breaking fire season in Portugal took place in 2017, when the total burn area reached the

amount of 540,000 ha, but the 2017 fire season is also outstanding for its highly unusual annual cycle (Fig-

ure 1B), the months of June and October both presenting the highest monthly amounts recorded in
2 iScience 26, 106141, March 17, 2023



Figure 1. Inter-annual and intra-annual variability of burned area (ha) in Portugal

(A) The inter-annual variability of burned area (ha) in Portugal for the period 1980–2020.

(B) Annual cycle of monthly burned areas in Portugal. For each month and for the period 1980–2020 (excluding 2017),

boxes delimit the first and third quartiles, the segment inside the box indicates the median and the whiskers extend down

from the minimum up to the maximum. The annual cycle of 2017 is represented by the black circles, and it is worth noting

the exceptionality of the area burned in October.
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1980–2020. The amount recorded in October is especially impressive since it almost reached the maximum

of burned area in August and represents by far the largest contribution to the annual amount. This is worth

being noted since June andOctober are both out of the traditionally defined fire season spanning from July

to September. However, it is noteworthy that the monthly amounts of burned area in June and October

2017 were well above the maximum of the respective month (Figure 1B) when considering the period

1980–2020 (2017 being excluded).

The exceptional monthly values of June and October 2017 were due to two extremely large fire events that

took place on 17–20 June and 15–16 October (Figure 2), respectively. In the June event, the largest fires

occurred in central Portugal (Pedrogão-Grande and Gois, red areas in Figure 2), the burned area reaching

circa 50,000 ha and the fast convective nature of the Pedrogão fire contributing to the 64 fatalities regis-

tered.52,60 The October event was responsible for more than 200,000 ha of burnt area and 50 fatalities in

Portugal. In the latter, more than 500 ignitions were recorded and several of them developed into major

fires burning a very large area in a very short period of less than 10 h. The maximum rates of spread

were above 3 km/h and up to 9 km/h,52 and an average of 10,000 ha burned per hour was recorded in cen-

tral Portugal.57 From this point onwards, we will focus on the October event paying special attention to the

preceding drought conditions and the importance of the passage of hurricane Ophelia off the coast of

Portugal.

The 2016/2017 drought and effect on the vegetation stress

The 2016/2017 drought was unprecedented and affected western and central Europe.55 The main differ-

ence from other European droughts is that this event displayed a highly unusual spatial pattern affecting

both northern and southern European regions, with drought conditions affectingmore than 90% of central-

western Europe, hitting record-breaking values (regarding the historical period of 1979–2017) in 25% of the

area. The 2016–2017 drought was also outstanding in terms of persistence, with the accumulated values for

most months of the period laying below the 10th percentile of the climatological distribution, reaching far

lower values than the 2004–2005 drought at the European level.55 Themain dynamical driver of the drought

was the consecutive occurrence of blocking anticyclones and sub-tropical ridges, sometimes displaced

from their typical locations.61 This led to latitudinal shifts of the jet stream and record-breaking positive

geopotential height anomalies over most of the continent. The extreme drought conditions had different

socio-economic impacts such as crop and water supply failures, forest fires, and hydroelectric power pro-

duction reduction. In addition, the reduced soil moisture in Europe in late spring 2017 contributed to

several heat waves39,55,62 that occurred in the summer 2017.38,63
iScience 26, 106141, March 17, 2023 3



Figure 2. Location of burned areas resulting from fires that took place between June and October 2017

The burned areas are colored according to the month of occurrence.
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Regarding the Iberian Peninsula, dry conditions started in July 2016 (as indicated by the 12-month SPEI,

supplemental information Figure S1) and lasted until May 2018, indicating that this drought event can

be categorized as a hydrological drought persisting for more than a year. While the drought severity varied

in space and time, snapshots of the 12-month SPEI reveal widespread dry conditions for all months of the

analyzed period. In order to analyze the influence of the drought conditions during the 2017 fires, we have

represented the evolution of the accumulated 1-month SPEI averaged over continental Portugal, as dis-

played in Figure 3A, for the monthly values of some of the driest years in southern Europe. Accumulated

1-month SPEI values, for Portugal, were below �10 at the end of the period of study, marking the excep-

tionality of the event which was considered the most severe European drought at the continental scale, at

least since 1979.55

The impact of drought conditions on vegetation hydric stress is assessed by means of the Normalized Dif-

ference Vegetation Index (NDVI), here shown for April 2017, July 2017, and October 2017 (Figure 3B). Pixels

in gray represent those that are contaminated by clouds and therefore not considered in the remaining

analysis. During the hydrological year of 2017 negative anomalies of NDVI were particularly spread

throughout the country from August to October, whereas from May to July they were mainly confined to

the southern region. Therefore, the previous months of the fires show clear negative values of NDVI anom-

alies throughout the country.

The role of Hurricane Ophelia

It is now widely recognized that, although not landing on the Iberian Peninsula, hurricane Ophelia caused

widespread impacts on the region, being one of the catalyzers of the October 2017 Iberian wildfires.54,57

Moreover, hurricane Ophelia fits within the context of an apparent increase in tropical cyclone activity in

the north-eastern part of the North Atlantic basin,64,65 including four recent events in the north-eastern

part of the North Atlantic basin all producing impacts in either continental Portugal (Ophelia in 2017, Leslie

in 2018, and Alpha in 2020) or in the archipelago of Azores (Lorenzo in 2019). Hurricane Ophelia in October
4 iScience 26, 106141, March 17, 2023



Figure 3. 2017 accumulated monthly SPEI-1 and NDVI anomalies

Accumulated monthly SPEI-1 from January 2017 to December 2017 (A) and NDVI anomalies for the months of April (Apr),

July (Jul), and October (Oct) 2017 (B). The lines in (A) represent the most outstanding drought years in Portugal.
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201766 and Hurricane Leslie in 201867 affected the Iberian Peninsula with important socio-economic

impacts. As mentioned previously, Ophelia track was off the coast of mainland Portugal, as Category 1

hurricane, being one the few tropical cyclones that affected the Iberian Peninsula since 1851 (Figure 4).

Hurricane Ophelia had its origin in the first week of October, farther north of typical cyclogenesis areas

for most TCs in the NA basin,65 where it stayed relatively stationary for about two days, gathering intensity

over the warm waters, due to the presence of a mid-latitude ridge located north. On October 12th, the

ridge erosion helped to induce the gradual movement of Ophelia eastward while it intensified into its

maximum intensity of 100 kt (south of Azores), corresponding to a category 3 on the Saffir-Simpson

hurricane wind scale.

AsOphelia was located approximately mid-way between the Azores and continental Portugal (October 15),

and still classified as a hurricane, despite the unusual location for such a strong tropical cyclone, a very

strong southerly flow was steered over continental Portugal. This intense meridional circulation due to

the strong pressure gradient associated with Ophelia is depicted in Figure 5. This synoptic configuration

produced a very strong advection of warm and dry air originating from northern Africa, as visible by the

high potential temperature (Q) values over western Iberia during that day. High Q values provide a typical
iScience 26, 106141, March 17, 2023 5



Figure 4. Tracks (gray lines) and ciclogenesis density (color shaded) of TCs that reached the Northeastern section

of the North Atlantic basin (North of 25�N, East of 40�W) for the 1851–2020 time period

Emphasis on Ophelia (2017) that shows its track (colored circles) as well as each 6-h location and intensity.
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fingerprint of desertic air masses intrusions, which are recurrent over Iberia,62 and are often responsible for

a significant fraction of extreme temperature events in the region.

On 15 October, hurricane Ophelia was sufficiently close to the Portuguese coastal region to foster the

transport of a warm and dry air mass, but it was still located too far from continental Portugal to put the

territory under the direct influence of the moist tropical air associated with the cyclones’ core and outer

bands, which could provide some relief from severe fire weather conditions. This is clearly observed as

the day progressed, and wildfires started, with a very steep west-east gradient for both Q and relative hu-

midity (Figure 5 panel c-d).

On 15 October, local meteorological conditions including sustained southerly wind speeds between 30

and 40 km/h and maximum wind speed between 50 and 80 km/h were recorded in central Portugal (where

most fires occurred) during the afternoon. As a consequence of the previously described advection mech-

anism, on 15 October near-surface relative humidity below 20% was widespread across Portugal54 and 70%

of the weather stations recorded values above 30 �C, an unusually high value for October in Portugal. In

fact, most of the coastal weather stations located north of Lisbon broke their October maximum temper-

ature record during this day.68 During the following day (16 October, supplemental information Figure S2),

Ophelia moved northward in the direction of Ireland, leading to the intrusion of cold and humid air

occurred leading to rainfall in western Iberia, heavily assisting the extinction of wildfires.51

In short, the preconditioning record-breaking drought that had been affecting western and central Europe

since July 201655 and its effects on vegetation stress in Portugal played amajor role as discussed previously.

The unusual presence of hurricane Ophelia, as well as its very specific positioning, were determinant to

produce the exceptional meteorological conditions observed at the date of the fires’ onset (i.e. very

high temperatures, very low relative humidity, and strong surface wind).

In the next section, we will discuss how the preconditioned 2016/2017 drought and the exceptional mete-

orological conditions on October 15 affected the likelihood of an extreme fire event from a compound

event perspective.
6 iScience 26, 106141, March 17, 2023



Figure 5. Evolution of the sea level pressure (black contours), potential temperature (colored shading), and

relative humidity (blue/red dots) in the lower troposphere (1000-700 hPa), as well as surface wind (wind barbs)

at the onset of the October 2017 wildfires in Portugal (October 15, 2017), with hurricane Ophelia located

offshore

The hours correspond to (A) 00UTC; (B) 06 UTC; (C) 12UTC and (D) 18UTC. The increasing size of the blue (red) dots

depicts relative humidity values higher than 70%, 80%, and 90% (lower than 30%, 20%, and 10%) of the climatolgy,

respectively.
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The extreme fire weather index on 15 October, the compound perspective of the event

The exceptionality of the 15 October 2017 event is evident when comparing the components of the Cana-

dian Forest Fire Weather Index System (CFFWIS) for that day with the respective components for the

41-year period 1980–2020. The CFFWIS rationale and its integrated components are fully described in

the STAR Methods section. The CFFWIS includes the Fine Fuel Moisture Code (FFMC), the Duff Moisture

Code (DMC) the Drought Code (DC), the Initial Spread Index (ISI), the Build Up Index (BUI), and the Fire

Weather Index (FWI).

Results are presented in Figure 6 and it is worth noting that values of all components of CFFWIS (i.e.,

FFMC, DMC, DC, BUI, ISI, and FWI) on 15 October 2017 rank first among the 41 daily values of respec-

tive components observed on the same day of the year for the period 1980–2020. More significantly,

when comparing the components on 15 October 2017 with the respective components in October

1980–2020 (31 3 41 = 1271 daily values), all components rank first, except FFMC and DC that rank 7

and 43, respectively. When the comparison extends to the period 1 April-31 October 1980–2020

(214 3 41 = 8774 daily values), ISI and FWI rank first, BUI ranks 16, DMC ranks 20, DC ranks 115 and

FFMC ranks 128. It is worth stressing that the slow-varying nature of drought-related indices (DC,

DMC, BUI) implies that the slightly top rank attained by 15 October in this last all-year comparison

masks the fact that in only one of the previous years, the 15 October 2017 value was surpassed several

times.
iScience 26, 106141, March 17, 2023 7



Figure 6. Time series of daily values of the six components of CFFWIS (as identified by the labels in each panel) for

the period from 1 April to 31 October 1980–2020

Time series for 2017 is colored in orange and those for the remaining years are colored in gray. The three integers

separated by slashes in top left corner in each panel indicate, for the respective component, the ranking of the value on 15

October 2017 (identified as a solid orange circle) among the values recorded in 1980– 2020, respectively for the period

between 1 April-31 October (8774 events), for the month of October (1271 events) and for the 15th October (41 events).
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The high ranks of FFMC, DMC, and DC on 15 October 2017 clearly indicate that both short-term and long-

term atmospheric conditions contributed to the exceptionally high stress of the vegetation, both in terms

of proneness to ignition and to fire spread that translate into the high ranks of ISI and BUI. It is also worth

stressing the role played by the passage of hurricane Ophelia in steering extremely high wind speed, which

contributed to the top ranks of ISI and FWI on 15 October 2017.

The exceptional level of cumulative stress on vegetation that was induced by long-term atmospheric

conditions during the spring and summer 2017 is conveniently assessed when comparing the time series

of cumulative Daily Severity Rating (DSRcum) with the corresponding curves of the period 1980–2020 (Fig-

ure 7A). The Daily Severity Rating (DSR) is an extension of CFFWIS and is directly obtained from FWI, and

rates the difficulty of controlling fires.69 As a rating of vegetation stress, we will make use of cumulative DSR

(DSRcum) that, for each day of the year, is simply defined as the accumulated daily values of DSR since April 1

of that year (see the STAR Methods section for more detail).

From 13 August onwards, the curves of DSRcum for 2017 and 2005 assume a leading position, 2005 ranking

first until 9 September, and 2017 taking the first position after this date and reachingmaximum values in the

last three weeks of October. As already mentioned, the Iberian Peninsula was affected in 2005 by the most

intense drought episode ever recorded36 and, in terms of cumulated vegetation stress, 2017 closely follows

2005 and even surpasses it in October.

A comparative assessment of the roles played by long-term and short-term atmospheric conditions may be

performed by analyzing the relative contributions of BUI and ISI to FWI. Figure 8 shows FWI as a function of

BUI and ISI, and the relative contributions of these two components reflect on the slope of contour lines of

FWI. For BUI below 75, contour lines present a very high slope, indicating that ISI has a very small contri-

bution; on the contrary, for values of BUI above 175, contour lines are almost horizontal, and therefore

ISI has a prominent contribution to FWI. Figure 8 also presents (gray circles) the values of BUI and ISI

observed during the period 1 April-31 October 1980–2020. The outstanding values of BUI, ISI, and FWI

on 15 October 2017 are conspicuous, and the contribution of ISI to FWI is worth stressing. For comparison

purposes, two other outstanding days are also represented, namely 2 August 2003 and 4 August 2005 asso-

ciated with daily values of area burned of 97,509 ha and 25,291 ha, respectively, well below the recorded

value of 252,734 ha that was recorded on 15 October 2017. Values of FWI on 2 August 2003 and 4 August
8 iScience 26, 106141, March 17, 2023



Figure 7. Time series of daily values of DSRcum and Ignitions for the period from 1 April to 31 October 1980–2020

Time series of daily values of DSRcum for the period from 1 April to 31 October 1980–2020 (A) and (B) as in Figure 6, but for

the time series of the ignitions. Time series for 2017 and 2005 are colored in orange and blue, respectively, and those for

the remaining years are colored in gray. The solid orange circle identifies the value of DSRcum on 15 October 2017.
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2005 are above percentile 99 (but well below the value on 15 October 2017), and the contribution of ISI is

also worth noting in both cases.

Although a necessary condition, vegetation stress, and associated atmospheric conditions, either in terms

of ignition or propagation of fire, are not a sufficient condition for a wildfire to occur. In the case of 15

October 2017, the number of ignitions was also outstanding and, as shown in Figure 7B, the number of ig-

nitions ranked first, third, and 103 when compared with the same days, months, or the period from 1 April to

31 October respectively. This extremely high number of ignitions on a day characterized by extreme fire

weather danger may be partially attributable to the fact that rain was forecasted for 16 October, and

most of these ignitions were of human origin and related to agricultural practices.52
DISCUSSION

The 2017 fire season in Portugal was truly exceptional in many ways, namely due to: i) the extraordinarily

high value of total burned area at the end of the extended summer (540,000 ha); ii) the burnt area in

both months of June and October presenting the highest monthly amounts recorded in 1980–2020 and

responsible for 114 fatalities; and iii) the outstanding burned area in October, with more than 200,000 ha

occurring in just 24 h and provoking 50 fatalities.

As mentioned before the June episode was triggered by a record-breaking heat wave week in mid-June

that affected the entire Iberian Peninsula38 along with convection mechanisms responsible for the fast

spreading of the wildfires.60 Despite the record-breaking heat wave in mid- June and the drought

conditions in the region as shown in Figure 3, no NDVI negative anomalies were presented in central

and northern Portugal for June (supplemental information Figure S3). It is expectable that the extreme

June heatwave accelerated the vegetation stress levels in the Portuguese territory, thus promoting favoring

conditions for the October event which is shown to a large extent in the analysis of the SPEI and NDVI that

integrate those effects over different time scales.

This work highlights the compound nature of the exceptional fires in Portugal during October 2017 by

assessing the different drivers that contributed to it. A particular emphasis is committed to the various

components of the meteorological fire danger given by the fire weather index (FWI).

It is worth considering the key drivers of the 15 October compounding event in the framework of the three

sides of the traditional ‘‘fire triangle’’ concept (supplemental information Figure S4 and Pyne et al.70 and

Moritz et al.71). In this context, the fuel side is represented by vegetation cover properties, such as biomass

amount, connectivity, inflammability and terrain slope that determines the type of combustion that may

take place. The oxygen side is determined by weather conditions, namely wind speed and atmospheric

instability that determine oxygen availability that feeds the combustion process, as well as air temperature
iScience 26, 106141, March 17, 2023 9



Figure 8. FWI as a function of BUI and ISI

Values for the period 1 April-31 October 1980–2020 are represented as gray circles, and the values observed on 2 August

2003, 4 August 2005, and 15 October 2017 are highlighted as black circles and labeled. Orange curves represent the

contour lines of percentiles 75, 95, and 99 of the set of observed values of FWI. The grey curves correspond to diferent FWI

isolines between 10 and 70.
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and humidity that regulate the state of fuels. Finally, the heat side is predominantly linked to human activ-

ities, either negligent or intentional, which originate fire spots that may spread and intensify according to

the type of landscape and the weather.

The exceptional outcome of this event was steered by the combined effect of extended prior meteoro-

logical conditions with concurrent fire weather, with FWI reaching an all-time record value on 15 October

2017, as represented in the space framed by coordinates BUI and ISI (Figure 8). Under this perspective, it

is clear that the exceptionally high value of FWI on that day is due to the catalytic effect of concurrent

exceptionally high value of BUI, reflecting a very high level of vegetation stress with propensity to

burn with the also exceptionally high value of ISI, reflecting a propensity of fires to spread at extreme

speed. The very high value of BUI resulted from the prolonged drought conditions, whereas the record

value of ISI, resulted from exceptionally intense winds associated with the passage of hurricane Ophelia.

The resulting record value of FWI translated into previously unseen conditions of meteorological fire

danger that, in case of occurrence of ignitions, would likely lead to exceptionally large fire events.

The use of FWI as a tool to forecast meteorological fire danger is extensively used in Europe72,73 and

also in Portugal.54,74 In particular, the compound event of 15 October 2017 reinforces the need to

make use of all components of CFFWIS, in particular, BUI, a slow varying component that reflects the

cumulative effects of atmospheric conditions on vegetation stress, and ISI that varies from day to day

and is very sensitive to wind speed. On the other hand, assessment of fire danger at short to medium

ranges can also take advantage of information provided by ensemble forecast systems,72,75 such as

the European Center for Medium-Range Weather Forecasts (ECMWF) or the NCEP operational Global

Forecast System (GFS).

The compound nature of droughts and hot extremes have been often associated with disastrous impacts

on the ecosystems such as wildfires.22,76,77 Their occurrence is not regionally limited and did not occur only

in Europe78,79 but also in different regions of the globe such as Brazil,45 the US46 and in Australia.47 In all

these regions, drought preceding conditions played an important role in intensifying the concurrent

heat and wildfire conditions. However, in the case of the October 2017 event in Portugal, the role of a Hur-

ricane was one of the key drivers (and not present in any of the other examples) in the development of the

event as previously discussed.
Limitations of the study

As stated in the discussion section, the compound event approach adopted in this study was in the

framework of the classical fire triangle, by looking at the exceptional character of all three sides on

October 15, 2017, namely the extreme drought (fuel side), the extreme wind (oxygen side) and the
10 iScience 26, 106141, March 17, 2023



Figure 9. Key drivers of the 15 October compounding event

The long-term drought (light green box) that drove the vegetation stress (precondition, in light brown) were amplified on

15 October by two additional drivers (Hurricane Ophelia and ignitions associated with agricultural practices in darker

greenish colored boxes). The blue box corresponds to the Hazard (wildfires) and the red one to the socio-economic

impacts.
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extreme number of ignitions (heat side). The concurring character of the three factors (drought, wind,

and ignitions) was analyzed at the daily level and at the scale of the country. However, it is likely that

regional and sub-daily factors could also contribute to catalyze the extreme fires, namely atmospheric

instability, the daily cycle of meteorological fire danger, and the orientation of the vegetation patches

that were affected by the largest fires. For instance, FWI does not incorporate any component that con-

siders the local (or regional) atmospheric instability, a feature that can be relevant in some regions80

including Portugal.60 This shortcome might be circumvented by using a fire weather index enhanced

with atmospheric instability information.81 In addition, in this work, the FWI is computed at a daily scale

(at 12p.m. local time) and therefore no account was taken of the evolution of the FWI at an hourly time-

scale during the 15 October, as done in Castellnou et al.57 Data for an extended FWI to the hourly scale

is already computed82 but we believe that it is out of scope in the research here presented. Finally, no

analysis was performed on the predominant south-north orientation of some of the vegetation patches

most affected by large fires on October 15, in close agreement with the extremely strong southerly winds

that blew on that day. The impact of such unusual wind direction in October could be assessed by using

a directional FWI, e.g. defined by means of a vector whose direction and magnitude are wind direction

and FWI, respectively.

We acknowledge that this work does not follow a standard approach for compound events’ assessments83

but follows a storyline structure84 instead, aiming to point out the main drivers that contributed the most to

the exceptionality of the event.
Conclusions

Extreme and compound events are expected to be severely exacerbated in a future warmer climate,

particularly if a sharp decrease in the emissions of greenhouse gases does not take place in the next

two decades.32 Compound events are especially threatening to society and the environment, therefore,

to provide scientific support to policy making, studies which account for a combination of factors are vital

in the context of climate change mitigation and adaptation.

The results are presented in a compound events framework.22 These authors refer to compound weather

events as a combination of drivers and/or hazards that contribute to societal or environmental risks that

potentially cause an impact. This event falls in the preconditioned compound event category from the

typology presented in Zscheischler et al.22 and the key elements of the 15 October 2017 are summarized

in Figure 9. The main climate driver prior to this event was the long-term drought (light green box in Fig-

ure 9) that led to preconditioned cumulative hydric stress of vegetation in October 2017 (light brown box).

On 15 October 2017, two other major short-term drivers must be considered (darker green boxes in Fig-

ure 9), namely: 1) the passage of hurricane Ophelia off the Coast of Portugal responsible for exceptional

meteorological conditions (high wind speeds, high temperature, and low relative humidity) and 2) a

negligent human driver activity that was responsible for an extremely elevated number of ignitions

mostly associated with agricultural practices. This disastrous combination of precondition vegetation

stress with the two additional drivers for 15 October 2017 led to uncontrolled wildfires (the hazard, blue

box on Figure 9) with extensive fire damage socio-economic and ecological impacts and deaths (red

box, Figure 9).
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In short, the exceptionality of the meteorological conditions, strong wind speeds, and low relative

humidity, associated with the passage of Hurricane Ophelia, along with the preconditioned environment

of drought and vegetation hydric stress, were the disastrous background for the higher number of negli-

gent human ignitions becoming uncontrolled wildfires with very dramatic consequences.
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de incêndios florestais de 2017 em Portugal
continental, premissas de uma quarta
‘geração’? Territorium 26, 35–48. https://
doi.org/10.14195/1647-7723_26-2_3.

45. Libonati, R., Geirinhas, J.L., Silva, P.S.,
Russo, A., Rodrigues, J.A., Belém, L.B.C.,
Nogueira, J., Roque, F.O., DaCamara, C.C.,
Nunes, A.M.B., et al. (2022). Assessing the
role of compound drought and heatwave
events on unprecedented 2020 wildfires in
the Pantanal. Environ. Res. Lett. 17, 015005.
https://doi.org/10.1088/1748-9326/ac462e.

46. Abatzoglou, J.T., Rupp, D.E., O’Neill, L.W.,
and Sadegh, M. (2021). Compound
extremes drive the westernOregon wildfires
of September 2020. Geophys. Res. Lett. 48.
e2021GL092520. https://doi.org/10.1029/
2021GL092520.

47. Squire, D.T., Richardson, D., Risbey, J.S.,
Black, A.S., Kitsios, V., Matear, R.J.,
Monselesan, D., Moore, T.S., and Tozer,
C.,R. (2021). Likelihood of unprecedented
drought and fire weather during Australia’s
2019 megafires. npj Clim. Atmos. Sci. 4, 64.
https://doi.org/10.1038/s41612-021-
00220-8.

48. Irannezhad, M., Liu, J., Ahmadi, B., and
Chen, D. (2020). The dangers of Arctic
zombie wildfires. Science 369, 1171. https://
doi.org/10.1126/science.abe1739.

49. Hessilt, T.D., Abatzoglou, J.T., Chen, Y.,
Randerson, J.T., Scholten, R.C., vanderWerf,
G., and Veraverbeke, S. (2022). Future
increases in lightning ignition efficiency and
wildfireoccurrence expected fromdrier fuels
in boreal forest ecosystems of westernNorth
America. Environ. Res. Lett. 17, 054008.

50. Amraoui, M., Pereira, M.G., DaCamara,
C.C., and Calado, T.J. (2015). Atmospheric
conditions associated with extreme fire
activity in the Western Mediterranean
region. Sci. Total Environ. 524–525, 32–39.

51. Guerreiro, J., Fonseca, C., Salgueiro, A.,
Fernandes, P., Iglesias, E.L., Neufville, R.,
Mateus, F., Ribau, M.C., Silva, J.S., and
Gomes, V.M.F. (2017). Análise e
apuramento dos factos relativos aos
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60. Pinto, P., Silva, Á.P., Viegas, D.X., Almeida,
M., Raposo, J., and Ribeiro, L.M. (2022).
Influence of convectively driven flows in the
course of a large fire in Portugal: the case of
pedrógão grande. Atmosphere 13, 414.
https://doi.org/10.3390/atmos13030414.

61. Kautz, L.A., Martius, O., Pfahl, S., Pinto, J.G.,
Ramos, A.M., Sousa, P.M., andWoollings, T.
(2022). Atmospheric blocking and weather
extremes over the Euro-Atlantic sector–a
review. Weather Clim. Dynam. 3, 305–336.
https://doi.org/10.5194/wcd-3-305-2022.

62. Sousa, P.M., Barriopedro, D., Garcı́a-
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

ERA5 reanalysis data ECMWF https://doi.org/10.24381/cds. adbb2d47

International Best Track Archive for Climate

Stewardship Project version 4

NOAA/National Climatic Data Center https://doi.org/10.1175/2009BAMS2755.1

Monthly gridded climate data Climatic Research Unit https://doi.org/10.1038/s41597-020-0453-3

Normalized Difference Vegetation Index Copernicus Global Land https://land.copernicus.eu/global/products/

ndvi
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, A.M. Ramos

(alexandre.ramos@kit.edu).
Materials availability

This study did not generate new datasets.

Data and code availability

d This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed

in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Data

The fifth generation of the European Center for Medium-Range Weather Forecasts (ECMWF) global rean-

alysis - ERA585 was used. The ERA5 has hourly data with 137 levels up to 0.01 hPa, which is an improved

spatio-temporal resolution, compared to previous reanalysis ERA-Interim. We extracted the following

meteorological variables that are available in ERA5: 2m temperature, 2m relative humidity, 10m wind

speed, precipitation, and the potential temperature in the lower troposphere, which was computed by us-

ing air temperature at pressure levels between 1000hPa and 700 hPa.

In addition, the International Best Track Archive for Climate Stewardship Project version 4 (IBTrACS v486)

was used for the Tropical Cyclone (TC) analysis. This dataset contains global information regarding TC ac-

tivity since 1851, aggregating variables such as geographical location along with maximumwind speed and

sea level pressure at 6-hour time steps.

Monthly gridded data from the Climatic Research Unit (CRU) TS4.04 for the 1901–2019 period at 0.5º res-

olution were extracted and used in this study to analyze drought. The CRU TS4.04 includes cloud cover,

diurnal temperature range, frost day frequency, potential evapotranspiration (PET), precipitation, daily

mean temperature, monthly average daily maximum and minimum temperature, vapor pressure, and

wet-day frequency.87 Therefore, it is a dataset suitable for the study of climate variability that has already

been successfully used for drought assessment in Iberia.29,88,89
Drought index and Normalized Difference Vegetation Index (NDVI)

The CRU potential evapotranspiration (PET) used is based on the Penman–Monteith equation which was

later used to calculate the Standardized Precipitation Evaporation Index (SPEI) for different temporal

scales. SPEI is a well-established multi-scalar drought indicator for drought characterization.89–93 Here,
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SPEI was computed using a log-logistic probability distribution function and the L-moment method for the

parameter estimation.94 The drought analysis in the present work is constrained to Portugal.

The impact of drought conditions on vegetation health was here assessed by means of the Normalized Dif-

ference Vegetation Index (NDVI), as obtained from Copernicus (http://land.copernicus.eu/global/

products/NDVI) at 1 km resolution. Copernicus Global Land NDVI product is a 10-day synthesis product

derived from Top of Canopy SPOT/VEGETATION or PROBA-V data, which was then converted to monthly

means over Portugal for the period ranging from 2000 to 2019. Afterwards, the monthly climatology and

respective long-term anomalies (20 years) were computed.
The Canadian Forest Fire Index System

The role played by meteorological factors in the occurrence of severe fire episodes is conveniently as-

sessed by means of meteorological fire danger indices that rate the likelihood of a fire event.95 One of

the most reliable and globally applied fire rating methodologies is the Canadian Forest Fire Weather Index

System (CFFWIS) that is based on empirically derived relationships between meteorological variables and

the stress of different components of typical fuels that are present in jack pine forests of Canada.69,96 How-

ever, since the end of the last century CFFWIS is known to be particularly suitable to ratemeteorological fire

danger, namely for the ecosystems of Mediterranean Europe.97,98

The system consists of six components that account for the effects of fuel moisture and wind on fire

behavior (see Figure). The first three components i.e., the Fine Fuel Moisture Code (FFMC), the Duff Mois-

ture Code (DMC) and the Drought Code (DC) rate the average moisture content of the different layers of

the soil.99 These components are combined into the Initial Spread Index (ISI), that incorporates wind speed

and rates the initial fire spread, and the Build Up Index (BUI) that rates the total amount of fuel available for

combustion. Finally, ISI and BUI are combined into the Fire Weather Index (FWI) that rates fire intensity and

is suitable as a general index of fire danger. Directly obtained from FWI, the Daily Severity Rating (DSR) is an

extension of CFFWIS and rates the difficulty of controlling fires69; as a rating of vegetation stress, we will

make use of cumulative DSR (DSRcum), that, for each day of the year, is simply defined as the accumulated

daily values of DSR since April 1 of that year.
A schematic representation of the Canadian Forest Fire Index System
FWI has been successfully used to define classes of meteorological fire danger over Mediterranean Europe

e.g., by fitting a generalized Pareto (GP) model with FWI as a covariate for the scale parameter either to the

duration of fire episodes derived from hot spot observations from space73 or to the released energy by

active fires as derived from satellite observations of fire radiative power.54 In turn, DSR has shown to be
18 iScience 26, 106141, March 17, 2023
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a suitable parameter to model burnt area variability in Portugal at daily and monthly scales,100 to set up

wildfire potential outlooks for Portugal by using a statistical model to estimate the probability that the total

burned area during summer will exceed a given threshold,101 and to improve the predictive capacity of

structural wildfire susceptibility and hazard models for Portugal.102,103 The six components of CFFWIS

and DSRcum were computed using ERA5 daily values of air temperature, air relative humidity, wind speed

and accumulated precipitation at 12 p.m local time.
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