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Fire season and croplands 7 

The fire season length (FSL) is defined as the minimum number of consecutive months that 8 

contain more than 80% of the annual burned area. This definition is widely used13,62,63. If there 9 

are multiple combinations of the same number of months with more than 80% of the annual 10 

burned area, the combination corresponding to the maximum value of burned area is selected 11 

as the fire season (FS).  Fig. S1a shows the FSL obtained from GFED4 burned area data, using 12 

monthly means. 13 

The GFED4 dataset19 contains information about the land cover distribution within the burned 14 

area. Fig. S1b shows the percentage of the mean annual burned area (BA) associated to 15 

croplands (one of the land cover categories of the GFED4 data). Fires on agricultural land can 16 

correspond to human-controlled agricultural practices, with minimal relationship to weather or 17 

climate conditions. 18 
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 19 

Figure S1. a, Fire season length. b, Percentage of mean annual burned area (BA) 20 

corresponding to cropland land cover from GFED4 data19.  21 

Threshold selection 22 

We sort out global grid points with burned area data into 5 different groups according to their 23 

main Köppen-Geiger climate class20: tropical (A), arid (B), temperate (C), cold (D) and polar 24 

(E). We follow the classification criteria used by Beck et al.34 and Peel et al.64, but with a new 25 

threshold between temperate (C) and cold (D) climates. Since the definition of the Köppen-26 

Geiger climate classification several authors proposed changes, and most of these proposals 27 

were aimed at improving the C-D boundary65, such as redefining the coolest-month isotherm 28 

at 0°C34,64,66 or -3°C67.  We modified the C-D boundary to associate the cold climate (D) to the 29 

boreal forest (taiga), so we set the threshold between temperate and cold climates at 2°C of 30 
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mean annual temperature (MAT). This threshold is consistent with Whittaker68 and Woodward 31 

et al.69, who determine the temperate-boreal forest transition to occur below 5°C of mean 32 

annual temperature. Fig. S2 shows the Köppen-Geiger world classification with this 33 

modification, computed from WFDE5 climate data55. 34 

 35 

Figure S2. World general climate classification. Based on the Köppen-Geiger classification 36 

but modifying the C-D category threshold to delimit the boreal forest ecoregion. 37 

We examine next the statistical distribution of different climatic variables at fire-impacted and 38 

fireless pixels within the Köppen-Geiger main categories, to find the conditions that are 39 

suitable for fire activity. The objective is to obtain sets of climatic thresholds that univocally 40 

identify the different classes of burned areas in actual fire occurrence data, both in extent and 41 

duration of the FS. Precisely, for each main Köppen-Geiger category (Fig. S2) we compare the 42 

values of variables MAP, MAT, Pmin and Tmax in fire-prone regions (locations with BA≥100 43 

ha), against values in non-fire regions (locations with BA<100 ha). For the monthly variables 44 

Pm and Tm, we compare their magnitude during the months of the FS in places with BA≥100 45 

ha (which we will refer to as “fire points”) against the remaining monthly data (i.e. “non fire 46 

points”: all monthly values at locations with BA<100 ha and values in months that do not 47 

belong to the FS in places with BA≥100 ha). We excluded from the statistical distributions data 48 

from the fire-prone regions with a cropland land cover percentage of more than 90% (Fig. S1b), 49 

due to the likely relation of fires with agricultural practices in these places70,71. Fig. S3, S4, S11 50 

and S12 show all the statistical distributions.  51 



4 

 

We set thresholds in those variables that show a different behaviour between the values 52 

associated with high fire activity and the values that are not. The thresholds are selected 53 

automatically at the value that maximizes the area enclosed between the density function of the 54 

points with high fire activity and the density function of the points without fire activity 55 

(coloured areas in Fig. S3, S4, S11 and S12).  In an ideal scenario where the data points with 56 

fire activity were perfectly separated from the remaining points, this area would be equal to 1. 57 

In most cases, however, it is the simultaneous meeting of the conditions for two variables that 58 

determines fire risk, thus, there can be a sizeable amount of non-fire data points satisfying 59 

either of them. The objective is then that fire points, and especially those representing locations 60 

and months with more burned area, fulfil all the conditions simultaneously in the highest 61 

percentage possible, while non-fire points that do so are a minority. The obtained thresholds 62 

are rounded to easy-to-use values. Tab. S1 shows the selected threshold values, the percentage 63 

of data points that meet the thresholds and the burned area share they represent. 64 

Table S1. Threshold selection data. Fire point percentage indicates the percentage of points 65 

with fire activity (color lines in the statistical distributions) that meet the threshold. Non fire 66 

point percentage indicates the percentage of points without fire activity (black lines in the 67 

statistical distributions) that meet the threshold. BA percentage indicates the percentage of 68 

burned area associated with the points that meet the threshold. The uncertity in the obtained 69 

threshold is the size of the x-axis discretization used in the calculation. For the monthly 70 

variables, “points” refer to monthly values at any location. 71 

  Variable 

Fire point 

percentage 

Non-fire point 

percentage 

BA 

percentage 

Obtained 

threshold 

Selected 

threshold 

A - ds 

Pm 83.0% 27.3% 95.9% 84.6±3.1 mm 85 mm 

Pmin 79.1% 29.4% 95.6% 20.9±2.0 mm 20 mm 

       

B - dhs 

MAP 90.2% 30.1% 97.8% 223.6±4.3 mm 225 mm 

Tm 83.2% 58.9% 90.0% 19.1±0.5 °C 19 °C 

       

C - dhs 

Pm 55.9% 25.2% 85.5% 41.5±3.1 mm 40 mm 

Tm 86.8% 49.2% 94.3% 12.0±0.5 °C 12 °C 

       

D - hs 

Tm 85.5% 26.7% 76.3% 6.9±0.5 °C 7 °C 

Tmax 72.1% 42.6% 80.6% 14.7±0.1 °C 15 °C 

 72 
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Tropical dry season fire category 73 

Fire activity in the Tropics is confined to relatively dry months, in which the mean monthly 74 

precipitation (Pm) is less than 85 mm (Fig. S3a). This variable is the one presenting more 75 

differences between the fire-prone and the non-fire probability density functions (Fig. S3a). As 76 

shown in Tab. S1, as many as 83% of the points with high fire activity, but only 27% of the 77 

non-fire points, are to the left of the threshold. 78 

The statistical distribution of Pmin (Fig. S3c) indicates that under tropical climates, fire activity 79 

occurs in places where at least one month is extremely dry (< 20 mm). This implies that places 80 

where the dry season consists of months with mean monthly precipitations ranging between 20 81 

mm and 85 mm, will not be classified as fire-prone. A stronger precipitation seasonality is 82 

needed, where at least one month has a mean precipitation under 20 mm. If this Pmin threshold 83 

is satisfied, the number of months with Pm < 85mm is defined as the potential fire season (PFS) 84 

under tropical climates. The Pmin threshold is consistent with Cahoon et al.21, who showed 85 

that the peak burning activity month in the savannas north of the Equator receives less than 25 86 

mm of precipitation. 87 

The MAP statistical distribution (Fig. S3e) shows that fire-prone areas have relatively lower 88 

annual precipitations than the non-fire-prone regions; however, since this is likely due to the 89 

aforementioned rainfall seasonality, we find that we do not need to use an upper MAP limit to 90 

characterize the fire-prone regions in the Tropics. Neither we need to employ temperature 91 

variables in the fire-climate classification, as they do not show any distinct behaviour in the 92 

fire season (Fig. S3b,d,f). 93 

The strong link between fires in the Tropics and rainfall seasonality has been widely studied21-94 

23. The location of the Inter-Tropical Convergence Zone (ITCZ) generally determines the 95 

precipitation patterns in the Tropics, and consequently the fire activity23. 96 
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 97 

Figure S3. Tropical statistical distributions. Monthly precipitation (Pm), monthly 98 

temperature (Tm), precipitation of the driest month (Pmin), temperature of the hottest month 99 

(Tmax), mean annual precipitation (MAP) and mean annual temperature (MAT) probability 100 

density functions. For annual variables (Pmin, Tmax, MAP and MAT), green distributions 101 

represent spatial points with BA≥100 ha, and black distributions represent the remaining 102 

tropical points. For monthly variables (Pm and Tm), green distributions show monthly values 103 

of the FS of places with BA≥100 ha, and black distributions represent the remaining tropical 104 

monthly data. The selected thresholds are indicated through black vertical lines. 105 



7 

 

 106 

Figure S4. Arid statistical distributions. Same as Fig. S3 but with arid data. Fire-prone 107 

probability density functions are shown in yellow. 108 

Arid dry and hot season fire category 109 

An arid dry and hot season fire category (B-dhs) is initially defined through a MAP (Fig. S4e) 110 

and a Tm threshold (Fig. S4b). Fires are observed in regions with an annual precipitation that 111 

enables the existence of a certain amount of vegetation, so fire in dry climates is more limited 112 
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by fuel amount than by the fuel moisture72,73. Fig. S4e shows that fire-prone arid areas have an 113 

annual precipitation higher than 225 mm. This threshold is applied to all other categories (Fig. 114 

S3e, S11e and S12e) to analyse the possible future desertification due to climate change.  115 

High monthly temperatures are also related to fire activity. Fig. S4b shows that most of the fire 116 

season months in arid climates have temperatures above 19°C. Despite monthly precipitation 117 

distributions not showing significant differences between fire-prone and non-fire-prone data, 118 

we also include a Pm threshold of 85 mm (near the 95th percentile of the fire points distribution: 119 

85.5 mm) in order to detect a possible fire season shortening due to a future precipitation 120 

increase (Fig. S4a). Above this monthly precipitation value, the number of months belonging 121 

to a fire season anywhere with arid climate is almost negligible.  122 

However, these three thresholds (MAP, Tm and Pm) are not enough to characterize the fire 123 

season in certain regions. We checked the monthly values of burned area, precipitation and 124 

temperature in different fire-prone arid regions (Fig. S5, S6, S7 and S8) and found that the fire 125 

season is associated with a hot season in midlatitude arid areas where no clear wet period is 126 

observed, e.g. Kazakhstan and North America (Fig. S5 and S6), but closer to the tropics where 127 

it is warm year-round, it can be also determined by the existence of a pronounced annual wet 128 

and dry season cycle, with fires occurring sometime during the dry season, in places just at the 129 

beginning (e.g. Sahel region, Fig. S8) while in others, more toward the end of it (e.g. Botswana 130 

and Australia, Fig. S7 and S8).  131 

 132 

Figure S5. Mean monthly values for Asian arid fire-prone regions (BA>0ha). Mean 133 

monthly burned area in black, precipitation in blue and 2m air temperature in red. 134 
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 135 

Figure S6. Mean monthly values for North American arid fire-prone regions (BA>0ha). 136 

Mean monthly burned area in black, precipitation in blue and 2m air temperature in red. 137 

 138 

Figure S7. Mean monthly values for Australian arid fire-prone regions (BA>0ha). Mean 139 

monthly burned area in black, mean monthly precipitation in blue and mean monthly 2m air 140 

temperature in red. 141 
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 142 

Figure S8. Mean monthly values of African fire-prone arid regions (BA>0ha). Mean 143 

monthly burned area in black, mean monthly precipitation in blue and mean monthly 2m air 144 

temperature in red. 145 

Fig. S9 shows the distance in months between the month of maximum burned area and the 146 

wettest month (Fig. S9a), and between the month of maximum burned area and the hottest 147 

month (Fig. S9b). The values of the latter variables indicate that the maximum burned area in 148 

the cool arid regions (e.g. Kazakhstan and North America) is reached during the hottest months, 149 

so that the Tm threshold can be sufficient to define the fire season. However, in warmer regions 150 

with more tropical monsoonal climatic features, additional variables must be considered. Fig. 151 

S10a compares the MAT probability density function of areas where the month of maximum 152 

burned area precede the wettest month, i.e., it is at the end of the dry season (yellow 153 

distribution) vs. areas where the month of maximum burned area follows the wettest month, 154 

i.e., it is at the beginning of the dry season (orange distribution). According to this, we define 155 

three different arid fire-prone regions:  156 

(a) MAT < 18°C. Due to the practical absence of precipitation seasonality (Fig. S5 and S6), 157 

the fire season coincides with the hot season (Fig. S10b). 158 
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(b) 18°C ≤ MAT < 27°C. The fire season occurs at the end of the dry months, just before 159 

the wet season, when the fuel moisture reaches the lowest values (Fig. S10c). For this 160 

MAT interval we will constrain the fire season to the four months at the end of the dry 161 

season. 162 

(c) MAT ≥ 27°C. The high temperatures rapidly dry the fuel, so the fire season occurs at 163 

the beginning of the dry season, right after the wet season (Fig. S10d). Two more factors 164 

enhance the rapid fuel drying in the Sahel region, the low soil water retention71 and the 165 

grass-dominated vegetation74 in contrast with other arid regions covered mostly by 166 

shrubs or hummock grasses, as in Australia. The herbaceous vegetation desiccates early 167 

in the dry season75, favouring fires, while the severe drought suppresses grass 168 

production at the end of the dry season, limiting fires75.  In addition, fires in the early 169 

dry season are used as preventive burning strategies in order to hinder later destructive 170 

fires in Mali76 and Senegal77. Therefore, for these MAT values we will constrain the 171 

fire season to the five months at the beginning of the dry season. 172 
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 173 

Figure S9. Months from the month with highest burned area. a, Time period in months 174 

between the month with most burned area and the wettest month (ΔmP). b, Time period in 175 

months between the month with most burned area and the hottest month (ΔmT). 176 
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 177 

Figure S10. Auxiliar statistical distributions for arid climates. a, MAT probability density 178 

function of arid fire-prone points (BA≥100 ha) with ΔmP>6, i.e. with more than 6 months in 179 

between the month with most burned area and the wettest month (yellow) and with ΔmP≤6 180 

values (orange). b, For points with MAT < 18°C, probability density function of the distance 181 

in months between fire season months and the hottest month (brown). c, For points with 18°C 182 

≤ MAT < 27°C, probability density function of the distance in months between fire season 183 

months and the wettest month (yellow). d, For points with MAT ≥ 27°C, probability density 184 

function of the distance in months between fire season months and the wettest month (orange). 185 
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 186 

Figure S11. Temperate statistical distributions. Same as Fig. S3 but with temperate data. 187 

Fire-prone probability density functions are shown in red. 188 

Temperate dry and hot season fire category 189 

The Temperate dry and hot season fire category (C-dhs) is defined by setting a Pm and a Tm 190 

threshold. The fire season months are relatively dry; most of the Pm values are concentrated 191 

below a 40 mm threshold (Fig. S11a), with a pronounced peak close to 0 mm, meaning a totally 192 
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dry month. The Tm distribution (Fig. S11b) shows also significant differences between fire 193 

season months and non-fire-prone months, indicating that cooler monthly temperature values 194 

below 12°C tend to hamper fire activity. Therefore, the fire season in temperate climates occurs 195 

during dry and hot conditions. 196 

Unlike in ever warm tropical climates, where fire risk is largely determined by the lack of 197 

precipitation in the dry season, in midlatitude temperate climates with temperature seasonality, 198 

fires occur when dry conditions coincide with the warm season26-31, as cold temperatures 199 

diminish fire risk. Thus, the use of simultaneous monthly precipitation and temperature 200 

thresholds are needed. The mean annual MAT and MAP statistical distributions (Fig. S11e,f) 201 

do not show any important distinction in temperate fire-prone regions. Even so, we use a lower 202 

225 mm MAP threshold to take into account a possible future desertification. 203 

Boreal hot season fire category 204 

The Boreal hot season fire category (D-hs) is mainly defined through a Tmax and a Tm 205 

threshold, given that the fire season is characterized by the warmest conditions along the year. 206 

Fig. S12b clearly shows how most fire season months have monthly temperatures above 7°C. 207 

In a similar way as we did for the precipitation thresholds in Tropical climates, we combine 208 

this monthly threshold with a maximum monthly temperature threshold of 15°C (Fig. S12d). 209 

This indicates that boreal regions with a warm season with more moderate monthly 210 

temperatures ranging between 7°C and 15°C are not classified as fire prone. 211 

The monthly precipitation statistical distribution (Fig. S12a) indicates that the fire season under 212 

Boreal climates is wetter than the rest of the year. This characteristic of the fire season is 213 

counter-intuitive because high rainfall during the fire season does not enhance fire activity. 214 

However, it is typical of boreal climates to present higher precipitation in warm months, as the 215 

very cold air masses in winter contain little moisture and precipitation amounts are commonly 216 

small, especially in regions away from the coast. Therefore, we do not use a lower limit for 217 

monthly precipitation, and instead, we set an upper threshold of 110 mm (near the 95th 218 

percentile of the fire point distribution: 113 mm) to consider a possible future decrease in fire 219 

activity due to a monthly precipitation increase during the fire season (Fig. S12a). 220 

Due to the practical absence of polar (E) fires, as cold temperatures are registered year around 221 

and vegetation consists of tundra, we excluded this general climate class from our analysis. 222 
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Tab. 1 show all defining criteria for the four classes, including the Köppen-Geiger-based 223 

general classification of climates zones and the specific fire classification thresholds. One 224 

spatial point is classified as fire-prone if at least one month meets all the conditions. The months 225 

that meet the thresholds conform the potential fire season (PFS). 226 

 227 

Figure S12. Boreal statistical distributions. Same as Fig. S3 but with cold data. Fire-prone 228 

probability density functions are shown in blue.  229 
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Fire-climate classification reliability 230 

We note that some fire-impacted areas have not been classified (in grey in Fig 2a). 231 

Notwithstanding, they correspond for the most part to areas with relatively low fire incidence, 232 

as combined they only account for about 5% of the global mean annual burned area. 233 

Among the unclassified regions, maybe the most notorious is South-Eastern Australia. 234 

Australia is sometimes considered the most fire-prone continent78. Most of its area is classified 235 

as A-ds and B-dhs, with some smaller regions in the C-dhs category. The fire season in the 236 

South-Eastern region takes place during summer (Fig. S13), but high precipitation values 237 

during these months prevent this area from being classified as C-dhs. In fact, it is a region 238 

without a dry season. The monthly burned area time series of Fig. S13 evidences that the fire 239 

activity in this Australian region is dominated by a high interannual variability, with much of 240 

the mean annual burned area concentrated in just a few months of the entire 1996-2016 period. 241 

Fires in the South of Australia are less frequent but more severe7,78, resulting in high BA values 242 

coming from few fires. 243 

Other important fire-prone areas that are not classified in Fig. 2 are located in the Great Plains 244 

and South-eastern North America, Eastern China and in a region north of the Black Sea and 245 

the Caspian Sea belonging to Ukraine and Russia. The burned area observed in these regions 246 

is mainly associated with agricultural management fires in croplands (Supplementary Fig. 247 

S1b), despite existent bans on the practice in countries like Russia70. Major agricultural regions 248 

like the Corn Belt of the U.S., Eastern China, and Southern Australia, where there are areas 249 

that display little synchrony between natural eco-climatic seasonality and fire seasonality, 250 

present great influence of anthropogenic activities on fire activity71. Other regions that are not 251 

classified show lower values of mean annual burned area, like the Pampa region or South-252 

eastern Brazil (Supplementary Fig. S14), where the fire activity is low but extended during the 253 

whole year. South-eastern maritime Asia (Indonesia, Malaysia and Papua New Guinea) is a 254 

region that is regularly not fire-prone, except when fire activity is favoured by inter-annual dry 255 

seasons associated with El Niño events, as suggested by the coincidence of low precipitation 256 

periods and high fire activity during the El Niño episodes of 1997/1998, 2002/2003, 2009/2010 257 

and 2015/201619,79,80 (Fig. S15). 258 
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 259 

Figure S13. 1996-2016 time series of mean monthly values (a, c, d) and the mean annual cycles 260 

(b, d, f) of burned area (a, b, in black), precipitation (c, d, in blue) and 2m air temperature (e, f 261 

in red) for the South-eastern Australia fire-prone region (BA>0ha).  262 
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 263 

Figure S14. Same as Fig. S13 but for the Pampas and Southern Brazil fire-prone region 264 

(BA>0ha).  265 
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 266 

Figure S15. Same as Fig. S14 but for the Malay Archipelago fire-prone region (BA>0ha).  267 

On the contrary, some regions with BA=0ha are classified as fire-prone (in black in Fig. 2a). 268 

Most of them correspond to boundaries between arid fire-prone areas (B-dhs) and deserts (e.g. 269 

Afghanistan, Ethiopia, Niger or Australia), which are difficult to define based solely on mean 270 

annual precipitation. In the Scandinavian Peninsula the burned area data do not reflect high fire 271 

activity. However, our classification identifies a fire-prone region from Northwest Russia 272 

towards the North of Sweden. The mismatch between our results and the burned area data in 273 
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this case could be due to the effective fire suppression system in Nordic countries like 274 

Finland81. 275 

Although there may be coincidences between our climate classification and fire regimes, e.g. 276 

infrequent fires in Boreal regions (D-hs) or frequent fires in the Tropics (A-ds)62, our 277 

classification is not related to fire regimes because these are strongly dependent on other factors 278 

such as vegetation traits82 or human action83. 279 

Future changes in precipitation and temperature  280 

To understand the factors behind the future changes in the spatial expansion of the fire-prone 281 

regions and in the length of the potential fire season, we examine the precipitation and 282 

temperature differences between future and present data. The global future change projections 283 

for mean annual precipitation (MAP) and mean annual temperature (MAT) are shown in Fig. 284 

S16. We next focus solely on regions that are classified as fire-prone either at the present, the 285 

future or both, and analyse temperature and precipitation changes for their fire season months. 286 

Figure S17 shows at any given location, the average changes in precipitation and temperature 287 

for the months that are not fire-prone at the present but are projected to become so in the future. 288 

If there isn’t any expansion of the fire season, the point values are null. Note that some areas 289 

do not have any fire activity at the present but conditions for fire will become favourable in the 290 

future during some months, and the average changes for those months are shown in the map. 291 

Conversely, Fig. S18 represents at any given location, the average changes in precipitation and 292 

temperature for the months that presently are but will no longer be fire-prone in the future. For 293 

points that have no fire activity at the present, or where the fire season is not projected to reduce 294 

in the future, the values are null. Finally, Fig. S19 depicts for any given location, the average 295 

changes in precipitation and temperature for the months that are fire prone at the present and 296 

will continue to be so in the future. If the point does not have fires in both the present and the 297 

future, or if they occur in different months, the values are null. 298 
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 299 

Figure S16. Future changes in annual mean precipitation and temperature. a, Difference 300 

between 2070-2099 MAP and 1996-2016 MAP (ΔMAP). b, Difference between 2070-2099 301 

MAT and 1996-2016 MAT (ΔMAT). 302 
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 303 

Figure S17. Future changes in precipitation and temperature for the months that are 304 

projected to become fire-prone in the future at any given location. a, Difference between 305 

2070-2099 and 1996-2016 mean monthly precipitation for the months that are not classified as 306 

fire-prone in the present but are classified as fire-prone in the future, at any given location 307 

(ΔPm). b, Difference between 2070-2099 and 1996-2016 mean monthly temperature for the 308 

months that are not classified as fire-prone in the present but are classified as fire-prone in the 309 

future, at any given location (ΔTm). 310 
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 311 

Figure S18. Future changes in precipitation and temperature for the months that are 312 

projected to become fireless in the future at any given location. a, Difference between 2070-313 

2099 and 1996-2016 mean monthly precipitation for the months that are classified as fire-prone 314 

in the present but are not classified as fire-prone in the future, at any given location (ΔPm). b, 315 

Difference between 2070-2099 and 1996-2016 mean monthly temperature for the months that 316 

are classified as fire-prone in the present but are not classified as fire-prone in the future, at any 317 

given location (ΔTm). 318 
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 319 

Figure S19. Future changes in precipitation and temperature for the months that are 320 

projected to remain fire-prone at any given location. a, Difference between 2070-2099 and 321 

1996-2016 mean monthly precipitation for the months that are classified as fire-prone in both 322 

the future and the present, at any given location (ΔPm). b, Difference between 2070-2099 and 323 

1996-2016 mean monthly temperature for the months that are classified as fire-prone in both 324 

the future and the present, at any given location (ΔTm).  325 
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