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Abstract. Human-induced climate change is increasing the incidence of fire events and associated impacts on
livelihood, biodiversity, and nature across the world. Understanding current and projected fire activity together
with its impacts on ecosystems is crucial for evaluating future risks and taking actions to prevent such devas-
tating events. Here we focus on fire weather as a key driver of fire activity. Fire weather products that have a
global homogenous distribution in time and space provide many advantages to advance fire science and evaluate
future risks. Therefore, in this study we calculate and provide for the first time the Canadian Fire Weather Index
(FWI) with all available simulations of the 6th phase of the Coupled Model Intercomparison Project (CMIP6).
Furthermore, we expand its regional applicability by combining improvements to the original algorithm for the
FWI from several packages. A sensitivity analysis of the default version versus our improved version shows
significant differences in the final FWI. With the improved version, we calculate the FWI using average rela-
tive humidity in one case and minimum relative humidity in another case. We provide the data for both cases
while recommending the one with minimum relative humidity for studies focused on actual FWI values and the
one with average relative humidity for studies requiring larger ensembles. The following four annual indicators,
(i) maximum value of the FWI (fwixx), (ii) number of days with extreme fire weather (fwixd), (iii) length of the
fire season (fwils), and (iv) seasonal average of the FWI (fisa), are made available and are illustrated here. We
find that, at a global warming level of 3 °C, the mean fire weather would increase on average by at least 66 % in
duration and frequency, while associated 1-in-10-year events would approximately triple in duration and increase
by at least 31 % in intensity. Ultimately, this new fire weather dataset provides a large ensemble of simulations
to understand the potential impacts of climate change spanning a range of shared socioeconomic narratives
with their radiative forcing trajectories over 1850-2100 at annual and 2.5° x 2.5° resolutions. The produced full
global dataset is a freely available resource at https://doi.org/10.3929/ethz-b-000583391 (Quilcaille and Batib-
eniz, 2022) for fire danger studies and beyond, which highlights the need to reduce greenhouse gas emissions
for reducing fire impacts.
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1 Introduction

Anthropogenic climate change tends to make fires less pre-
dictable and exacerbate their impacts (Anon, 2019; Sander-
son and Fisher, 2020). The Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC ARG6)
concluded that fire weather has become more widespread,
longer-lasting, and more intense compared to preindustrial
periods in some regions (e.g., the Mediterranean) and that
these changes are expected to increase with higher global
warming levels (Seneviratne et al., 2021). This is generally
associated with an increased occurrence of concurrent hot
and dry conditions with increasing global warming (Senevi-
ratne et al., 2021). Unfortunately, we have already suffered
several damaging wildfires in recent years throughout the
world (e.g., Australia, Turkey and Greece, Siberia, Sweden,
Canada, USA), with some of them formally attributed to
human-induced climate change (Li et al., 2019; van Olden-
borgh et al., 2021). Fires are not only destructive, but also
release carbon stored in vegetation and thereby increase at-
mospheric CO, concentration (Lasslop et al., 2020). For ex-
ample, released CO; emissions from 2019-2020 wildfires in
Australia were at least higher than 35 % of the country’s an-
nual amount (Li et al., 2021; van der Velde et al., 2021).

Fire weather is defined as those conditions conducive to
the occurrence and sustenance of fires, and it is character-
ized by compound hot, dry, and windy events. These condi-
tions are increasing in frequency and intensity across many
regions due to anthropogenic climate change (Abatzoglou
et al., 2019; Ranasinghe et al., 2021; Seneviratne et al.,
2021). Further increases in greenhouse gas forcing are likely
to increase the occurrence of these compound conditions, fa-
voring the occurrence of extreme events of fire emissions and
burned area (Li et al., 2021; Jones et al., 2022; Ribeiro et al.,
2022), more fire-prone regions, and more complex fire dy-
namics. It can also induce preconditions that can exacerbate
the impacts of fire, such as tree mortality (Stevens-Rumann
et al., 2012) and fuel accumulation (Marlon et al., 2009).

In addition to fire weather, human activities affect fires in
multiple ways. On the one hand, agricultural expansion and
landscape fragmentation caused by humans make the vegeta-
tion less flammable and create a decreasing trend in satellite
observations (Jolly et al., 2015; Andela et al., 2017). On the
other hand, human influence increases the fire risk in some
regions due to negligence or arson. For example, the use of
fire as a land-clearing tool for agriculture and deforestation
may ignite uncontrollable wildfires and burn large forested
areas, particularly during compound dry and hot events in re-
gions such as the Amazon (e.g., Libonati et al., 2022; Ribeiro
et al., 2022). At the same time, the most disastrous wildfires
occur in wildland and urban transition areas, where the hu-
man effect is the largest (Bowman et al., 2017). Even though
these dynamics are hard to investigate in a future climate, it
is necessary and requires projected land-use transition and
socioeconomic scenarios.

Earth Syst. Sci. Data, 15, 2153-2177, 2023

Y. Quilcaille et al.: Fire weather index data under historical and SSP projections in CMIP6

Historical fire weather can be investigated with observa-
tions, remote-sensing products, or more spatially and tempo-
rally homogeneous reanalysis datasets (Vitolo et al., 2019).
Some of these datasets cover decades and allow longer sta-
tistical analysis. For example, fire season duration is increas-
ing according to recent long-term satellite observations (Jolly
et al., 2015). However, future fire activity is an enigma given
the potential changes in ecosystems due to climate change
and human activities. The interactions of human influence
and climate change with fire dynamics are so complex that
each ecosystem must be studied in its own right. Therefore,
improvements to fire indices and a better understanding of
the interactions between mean climate, climate extremes, hu-
mans, and fire are required to project future fire activity and
to mitigate its consequences.

Several indicators of fire weather have been proposed over
the years (Table Al). Although all of them have been de-
veloped to inform about fire risk, each one responded to
different needs. Here, we focus on the Fire Weather Index
(FWI) from the Canadian Forest Fire Danger Rating Sys-
tem (Van Wagner, 1987) for several reasons. First, this in-
dex represents potential fire danger rather than actual fire oc-
currence, only seizing how fire activity is prone according
to meteorological conditions. The four major drivers of fire
weather at a global scale (temperature, precipitation, relative
humidity, and wind speed) are accounted for, also through
the impact of the moisture content of potential fuel on the fire
intensity. The second reason is that clear relationships have
been shown between the FWI and the burned area in Earth
system models (ESMs) (Bedia et al., 2015; Abatzoglou et al.,
2018; Grillakis et al., 2022; Jones et al., 2022), making this
index relevant for impact assessments. Finally, this index can
be used at a global scale (Field et al., 2015) for fire danger
predictability and warning systems (de Groot et al., 2015;
Bedia et al., 2018) or fire activity under projected climate
change (Abatzoglou et al., 2018; Jain et al., 2020; Ranas-
inghe et al., 2021).

Here, we present a new dataset of the FWI, based on cli-
mate data from the 6th phase of the Coupled Model Inter-
comparison Project (CMIP6) and using an improved algo-
rithm. We build upon the work of Abatzoglou et al. (2019)
for the previous generation of CMIP models. The novelty of
this work comes from (1) the expanded regional applicability
thanks to improvements in the original algorithm, (2) using
the latest CMIP data covering historical and shared socioe-
conomic pathways (SSPs), from 1850 to 2100, and (3) pro-
viding the whole database to the users, thus enabling a large
range of usages. Several packages have proposed different
adjustments to the initial algorithm of the FWI. By gathering
these improvements, our new algorithm allows us to compare
the sensitivity of the product to these modifications. We pro-
duce an updated FWI dataset which enables analyses over
longer timescales while considering climate sensitivity and
internal variability. We envision this open-access dataset of
fire weather as a valuable resource for scientists in the fields
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of climate change and risk assessment, insurance companies,
and forestry agencies.

2 Data and methods

2.1 Climate model data

We use all available CMIP6 simulations (Eyring et al., 2016)
of climate models to create FWI data over 1850-2100 us-
ing the experiment historical and all SSPs (O’Neill et al.,
2016; Tebaldi et al., 2021), namely, sspl19, sspl126, ssp434,
ssp534-over, ssp245, ssp460, ssp370, and ssp585. Using all
SSP experiments allows us to represent high/low mitiga-
tion and adaptation challenges resulting in different radia-
tive forcings by the end of 2100. We retrieve daily maximum
temperature (fasmax), precipitation (pr), wind (sfcWind), and
minimum relative humidity (hursmin) data from all available
ensemble members of all available ESMs. More precisely,
the FWI is calculated only if the four variables are provided
for the experiment. For scenarios, there is an additional con-
dition: it depends not only on the availability for the experi-
ment, but also on whether the corresponding historical could
be run. The algorithm of the FWI requires the last values of
historical as initialization for the scenario for continuity rea-
sons (more details are provided in Sect. 2.2). The full list of
runs calculated is represented in Fig. 1.

The algorithm for the FWI requires daily temperature, rel-
ative humidity and wind speed at noon, and the daily accu-
mulated precipitation (Van Wagner, 1987). Using variables
at subdaily resolution would significantly reduce the num-
ber of available runs. Instead of noon variables, daily maxi-
mum temperature and daily minimum relative humidity can
be used, as done for CMIPS5 for one ensemble member per
model (Abatzoglou et al., 2019).

Some applications may need to maximize the number of
ensemble members per model, and thus a second dataset is
provided. The first dataset deduces the FWI from daily mini-
mum relative humidity, while the second one uses daily mean
relative humidity (hurs) instead, because this variable is pro-
vided for more model runs. In Sect. 3.4, we provide a sen-
sitivity analysis comparing the FWI based on daily average
relative humidity against daily minimum relative humidity,
while Fig. A1 summarizes the available runs with daily aver-
age relative humidity.

We highlight that using CMIP6 data comes with limita-
tions. Although this is the result of a large community effort
(Tebaldi et al., 2021), there may be some biases and discrep-
ancies in these inputs (Wilcox and Donner, 2007; Rossow
et al., 2013; Pfahl et al., 2017; McKitrick and Christy, 2020).
Analysis of these biases has been performed for tempera-
tures in Fan et al. (2020), regional precipitations (Rivera and
Arnould, 2020; Agel and Barlow, 2020; Ajibola et al., 2020),
relative humidity (Douville et al., 2022), and wind (Shen
et al., 2022). A bias-corrected version of CMIP6 data may be
used as inputs, but existing datasets do not provide the nec-
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essary variables for the computation of the FWI (Carvalho
et al., 2021; Xu et al., 2021), nor the full ensemble that we
use here.

2.2 FWI and adjustments

The FWI system consists of several indices calculated in
three steps (Van Wagner, 1987; Lawson and Armitage, 2008)
as illustrated in Fig. 2. The moisture contents of organic
materials are calculated first through the Fine Fuel Mois-
ture Code (FFMC), the Duff Moisture Code (DMC), and the
Drought Code (DC). The FFMC rates the moisture content
of fine fuels and the litter, hence the probability of ignition.
The DMC rates the moisture content of slightly compacted
organic layers at medium depth, giving a sense of the fuel
consumption. The DC rates the moisture content of deep
and compact organic layers, depicting the behavior of slow-
burning materials and representing seasonal effects. These
three indexes are actually bookkeeping systems, accounting
for changes in moisture through precipitation and drying. It is
crucial to note that they are unitless and that they are defined
“with values rising as moisture content decreases for the best
psychological effect” (Van Wagner, 1987), as illustrated with
Eq. (5) of Lawson and Armitage (2008).

Afterwards, two indices are deduced from these moisture
contents. The Initial Spread Index (ISI) is an indicator of the
likely rate of fire spread, while the Buildup Index (BUI) en-
compasses the fuel available for combustion. Together, they
are used to deduce the FWI rating of the fire intensity. It is
important to note that the FWI is entirely based on atmo-
spheric variables, only providing a sense of how likely or
intense a fire would be under these conditions. Information
regarding vegetation is essential for assessing variables such
as burned area or fire emissions.

The first published algorithm for the FWI was provided
by Simard (1970) and then continuously updated for differ-
ent programming languages (Wang et al., 2015). The latter
source corresponds to the same equations and parameters,
and it is hereafter referred to as the original algorithm. It has
been translated into several packages, although with several
adjustments, expanding the initial focus on Canadian forests
for an adaptability to other regions. These adjustments make
use of or extend further the suggestions from Lawson and Ar-
mitage (2008). In this current study, we implement in python
the major options for the three types of adjustment described
below (day length, “drying factor”, and overwintering) and
test their effect applied to all latitudes and to bins of latitude
in Sect. 3.1 to 3.3. To our knowledge, the effects of such ad-
justments have not been published, except for overwintering
(McElhinny et al., 2020). The details of the considered pack-
ages are provided in Table 1.

During the calculation of the DMC, the effective day
length is used, and several packages proposed alternatives to
day lengths adapted to Canada and the month of the year. A
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Figure 1. Runs used throughout the study. For each experiment, each ESM is selected if at least one ensemble member is available and

valid for all the variables used as input for the calculation of the FWI. The outermost circle indicates the corresponding number of ensemble
members of each ESM and scenario. Altogether, 1321 runs are used here.

longer effective day length would reduce the moisture con-
tent of slightly compacted organic layers.

During the calculation of the DC, a parameter called “day-
length adjustment” is used to calculate the potential evapo-
transpiration, i.e., as a drying factor of the compact organic
layers. Several packages propose adapting this value depend-
ing on the hemisphere. To avoid confusion with the adjust-
ment brought to effective day length, we call this parameter
the drying factor.

Earth Syst. Sci. Data, 15, 2153-2177, 2023

Besides adjusting for the drying factor, Lawson and Ar-
mitage (2008) give details on how to overwinter the DC com-
ponent to account for the effects of abnormally dry winters.
The effects of dry or wet winters would not carry over up to
spring in the fine fuels (FFMC) or in the moderately com-
pacted organic layers (DMC) but may for the compact or-
ganic layers (DC). In the original algorithm (Wang et al.,
2015), the moisture content of deep organic layers is almost
saturated in spring, even though this should not be the case
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Figure 2. Conceptual structure for the calculation of the Fire Weather Index (inspired by the figure at Natural Resources Canada, 2022).
The drying factor is an adjustment to the day length used for drying in the Drought Code (DC), renamed here to avoid confusion with the

effective day length.

Table 1. Details of the adjustments for each one of the codes considered. The codes for each package are available online (Wang et al., 2015;
pyfwi, 2022; NCAR/fire-indices, 2022; cffdrs, 2022). The drying factor is an adjustment to the day length used for drying in DC, renamed
here to avoid confusion with the effective day length. Options in bold are those used for the data provided by this study.

Adjustment Method | Package
Name Description ‘ Original pyfwi NCAR cffdrs Current study
Original Values depending on the month ‘ X X
Effective day length (DMC)  Bins of lat. Bands of latitude (° N): X X
[—90, —30]; [-30, 01; [0, 30]; [30, 90]
Bands of latitude (° N): X
[—90, —30]; [-30, —10]; [—10, 10];
[10, 30]; [30, 90]
Continuous lat. Function of latitude of grid cell and day X X
of year
Original Values depending on the month ‘ X X X
Drying factor (DC) . .
Two hemispheres Depends too on the hemisphere: North- X X
ern identical and Southern shifted by
6 months
Two hemispheres  Bands of latitude (° N): identical for X X
and tropics [20, 90], shift of 6 months for
[—90, —20], average for [—20, 20]
Overwintering (DC) Original No ‘ X X
Overwintering Yes ‘ X X

in regions with dry winters. The adjustment for overwinter-
ing uses the value of DC at the end of the fire season and
the precipitation up to the start of the fire season, as defined
in McElhinny et al. (2020). The onset of the fire season is
defined here when the temperature is above 12°C for the
current day and the next 2d and up to when the tempera-
ture is below 5 °C for the current day and the 2 former days

https://doi.org/10.5194/essd-15-2153-2023

(Wotton and Flannigan, 1993). We note that two parameters
are introduced by the overwintering adjustment, which are
the carry-over fraction of last fall’s moisture and the effec-
tiveness of winter precipitation in recharging moisture re-
serves in spring. The value of the carry-over fraction depends
mostly on the local snow cover, and a bare soil during win-
ter has a fraction of 0.5, while a thick cover would increase
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it to 1. Because we do not have this information from the
ESMs, we use 0.75 as a default value everywhere. The sec-
ond parameter, the effectiveness of winter precipitation, de-
pends mostly on the soil type: well-drained soils would favor
percolation and runoff and thus a low fraction of 0.5, while
poorly drained soils would be more efficient with a fraction
of 0.9. Similarly, without this information from the ESMs,
we use 0.75 as a default value everywhere. This adjustment
is initially developed for northern latitudes (Van Wagner,
1987), hence the terms of fall, winter, and spring, but it is
applied here for all the latitudes.

The three moisture codes keep track of the past climate,
changing every day the values of DMC, DC, and FFMC
with the current weather and the values on the former day.
This implies that the scenarios are initialized with their cor-
responding historical run, the same ESMs, and the same en-
semble members. The full time series are used for calculation
of the FWI, without any interruption out of the fire season, to
conserve the full continuity. For the historical period, the val-
ues are initialized using the proposed method in Lawson and
Armitage (2008).

2.3 Database features

After calculation of the FWI on the native grid of the ESM,
we then use second-order conservative remapping (Jones,
1999; Brunner et al., 2020) to regrid them onto a com-
mon 2.5° x 2.5° longitude-latitude grid to enable compari-
son across different models.

Annual indicators are made available and presented in
Sect. 3 to illustrate these data and ease their interpretation.
We use the four following annual indicators, all of them de-
fined in Abatzoglou et al. (2019) and Jolly et al. (2015),
although with a reference period of 1850-1900 instead of
1861-1910.

— An extreme value of the FWI (fwixx): local annual max-
imum value of the FWI

— Number of days with extreme fire weather (fwixd): local
annual number of days above the local threshold defined
as the 95th percentile of the FWI over the reference pe-
riod

— Length of the fire season (fwils): local number of days
above the local threshold defined as the mid range of the
extrema in the FWI over the reference period.

— Seasonal average of the FWI (fwisa): local annual max-
imum of the 90 d running average of the FWI.

Here, fwixd uses a definition of what “extreme” fire
weather is based on the 95th percentile like in Abatzoglou
et al. (2019) and not an absolute set of classes. This ap-
proach generalizes the method for analyzing the FWI, which

attributes fire danger classes (e.g., “very low”, “low”, “mod-
erate”, “high”) to intervals of values. These classes are rather
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used for local or regional cases and are hence defined for
the region, such as China (Tian et al., 2011), Europe (San-
Miguel-Ayanz et al., 2022), Greece (Varela et al., 2018), On-
tario (Martell, 2000), and Malaysia and Indonesia (Dymond
et al., 2005; de Groot et al., 2007). The proposed procedure
to define these classes is to assume how many extreme days
should be allowed on average for each season and todeduce
the threshold for the “extreme” class from this assumption
and a sample of the FWI over a reference period. In our case,
we cover the whole Earth, and the “extreme” fire danger class
needs a consistent definition. By assuming a local threshold
based on the 95th percentile, it is consistent with the assump-
tion of about 18d per year that is considered locally as ex-
treme fire weather. No other fire danger classes are used by
our other annual indicators.

As a remark, there are two definitions for the fire season,
which are kept for consistency reasons. The adjustment for
overwintering DC uses a definition of the fire season based
on temperature thresholds as described in Wotton and Flanni-
gan (1993). However, according to Abatzoglou et al. (2019),
the annual indicator fwils defines the fire season when the
daily FWI is above a local threshold defined as the average
of the minimum and the maximum of the FWI in the refer-
ence period.

Given that the FWI is calculated only using atmospheric
variables, regardless of the vegetation cover, we mask the re-
sults according to the ESA CCI land cover of 2016 (ESA-
CCI, 2017, 2019). Similarly to Abatzoglou et al. (2019),
when more than 80 % of the surface of the grid cell is flagged
as bare areas, water, snow, and ice or sparsely vegetated, it is
considered to be infrequent burning.

No bias correction is applied here, as it is not within the
scope of this paper and because the method may depend on
the intended application of the FWI. One may decide to cor-
rect the FWI through adjustments in the four inputs of the
algorithm via various possible ways to account for climate
model biases (Frangois et al., 2020), while others may pre-
fer to correct the FWT itself through observation-based FWI
(Field et al., 2015; Field, 2020).

3 Results

3.1 Sensitivity to the adjustments on the day length

As indicated in Table 1, several adjustments are introduced to
the effective day length used for the calculation of the DMC.
We show the effect of these adjustments in Fig. 3 with exam-
ple maps for 1 July 2014 and climatologies. Figure A2 repli-
cates Fig. 3, albeit for 1 January 2014. The DC and FFMC are
not represented, because they are not affected by this factor.
The adjustments mostly change values in the Southern Hemi-
sphere, where the effective day lengths were not prepared in
the original calibration. For instance, in December—January,
when the fire season is active in southern land, a longer ef-
fective day length means a slightly drier organic layer. As

https://doi.org/10.5194/essd-15-2153-2023
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Figure 3. Sensitivity to the day length factor of the ESM ACCESS-CM2 in the experiments historical and ssp585 over the ensemble member
rlilp1fl. The first row of maps (a, b) shows the values of the DMC and the FWI, the first and final indices affected by this factor, in the
original version of the algorithm (Wang et al., 2015). The following maps (c¢—f) show the differences with the adjusted version of the algorithm
(Table 1). The following rows show the daily climatologies over 1995-2014 (solid line) and 2081-2100 (dashed line), represented in terms
of the average and =+ 1 standard deviation ranges. Northern land (g, h) is defined as grid cells over 20° N and is not marked as infrequent
burning. Similarly, southern land (i, j) is below 20° S, and tropical land (k, 1) is the intermediate latitude band.

moisture content decreases, the DMC values increase, and
so does the FWI. We note that using the day length function
(daylight_fao56, 2022) tends to extend the day length, thus
increasing the FWI in northern land as well.

https://doi.org/10.5194/essd-15-2153-2023

For the first adjusted version (pyfwi, 2022), the day is
shorter below 30° N, and thus the drying is lower (Fig. 3c—
f). In southern land, this version increases the DMC by
up to 62 % in December—January and decreases the DMC
by —38 % in June—July (Fig. 3k). In 2081-2100 of ssp585,
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these differences change, respectively, to 60 % and —36 %,
and then with just a slight reduction of the range (Fig. 3k).
This reduction might be due to the stronger drying regime
at the end of ssp585 compared to the historical period, caus-
ing this adjustment affecting drying not to matter as much.
With a lower DMC, the BUI is reduced, thus decreasing the
FWI (Fig. 31). The FWI is then increased by up to 14 % in
December—January and decreased by up to —14 % in June—
July. The range of the change in the FWI changes to 15 %
and —10 % in 2081-2100 of ssp585. Tropical and northern
land are less affected because the magnitude of the adjust-
ment to the effective day length is smaller (Fig. 3g—j).

For the second adjusted version (NCAR/fire-indices,
2022) in southern land, the FWI is increased by up to 19 %
in December—January and decreased by up to —6 % in June—
July (Fig. 3k-1). In 2081-2100 of ssp585, the range of these
differences is changed to 21 % to —5 %. However, north-
ern land is also affected, with an increase in the FWI by up
to 10 % in December and only by 1 % in April.

3.2 Sensitivity to the adjustments in the “drying factor”

The drying factor has also received several adjustments in
the considered packages (Table 1 and Fig. 4). We note that
the original name of this factor is “Day-length adjustment
in DC” (Wang et al., 2015), but it is renamed here to avoid
confusion with the adjustments brought to the “effective day
length”. Figure 4 shows the effect of the adjustments brought
to this drying factor through maps on 1 July 2014 and cli-
matologies, while Fig. A3 shows its equivalent on 1 January
2014. The DMC and FFMC are not represented here, because
they are not affected by this factor.

As described in Table 1, the original code proposes a sin-
gle monthly value over the Earth, while the first adjustment
(pyfwi, 2022) proposes one monthly value for each hemi-
sphere, and the last one (NCAR) goes further by adding one
constant value between 20° S and 20° N. In Fig. 4, this is why
this adjustment has mostly an impact below 20° S and to a
lesser degree between 20° S and 20° N. For this reason, and
similarly to Fig. 3, we mainly discuss here the effect in south-
ern land, which is identical in the two adjusted versions. For
1 July 2014, DC is lower in the adjusted versions (Fig. 4). Ac-
cording to the algorithm, the drying factor is lower in July at
these latitudes, causing a lower potential evapotranspiration,
consistent with a higher moisture content and a lower DC.

The major differences for the DC in southern land, be-
low 20° S, are an increase by up to 43 % in February—March
and a decrease by up to —38 % in July—September. The ad-
justment to the drying factor in southern land is at its peak
in July and at its minimum in January, 1 month before the
observed maxima in the differences in DC. With a lower DC,
the BUI is also decreased, causing the FWI to decrease. In
southern land, the FWI increases by up to 4 % in February—
March and decreases by up to —4 % in July—September.
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This adjustment has a smaller impact on FWI than on DC
and is also relatively lower compared to the effect of the ad-
justment on the effective day length. However, sensitivities
of FWI are by increasing order to FFMC and then DMC and
finally DC (Dowdy et al., 2010), mostly because a fire starts
with the least compact organic layers to move to the most
compact ones. Even though this adjustment has a relatively
low impact, for latitudes below 20° S, these adjustments help
in adapting the climate effects on the most compact organic
layers, which is of interest to reproduce seasonal cycles and
long-term effects of climate change (Van Wagner, 1987).

3.3 Sensitivity analysis to the overwintering

Overwintering the DC was suggested in Lawson and Ar-
mitage (2008) to account for the effects of abnormally dry
winters as explained in Sect. 2.2. This adjustment affects
mostly the DC above 20° N because of the climatological
conditions at these latitudes. The stronger impact can be seen
during northern winter. Figure 5 illustrates the effect of this
adjustment for 1 July 2014 and climatologies, while Fig. A4
does so for 1 January 2014. As expected, this adjustment af-
fects mostly the DC above 20° N and the winters below 20° N
are not dry enough, except in the south of Argentina and
Chile.

We observe a reduction in DC by up to —55% in
December—January in northern land. The DC is decreased
over the full year, the minimum of this reduction being —6 %
in July—September. By definition, a lower DC means a higher
moisture content of compact organic layers. Normally, the
moisture content after a dry winter should be lower than after
an average winter. In the default algorithm, the calculation of
the FWI stops during winter and resumes in spring. To ini-
tialize the calculation in spring, DC uses the default value
of 15 as a saturated moisture content (Van Wagner 1987).
This leads to an overestimation of the moisture content in
spring, especially after dry winters. Similarly to Abatzoglou
et al. (2019), in the version called “original”, we run the full
time series, without interruption in winter, meaning no initi-
ation of the DC with a saturated level. In Fig. 5, we see that
adding overwintering increases the moisture content in win-
ter and spring. This implies that running the full time series
with the default code tends to overestimate the drying during
winter. In this sense, this is consistent with McElhinny et al.
(2020). The added value of overwintering is to balance the
overestimation of spring moisture content when interrupting
calculation of the FWI or the underestimation of spring mois-
ture content in uninterrupted calculation of the FWI.

With too dry moisture content in the compact organic lay-
ers, the FWI in northern land tends to be higher in the origi-
nal version (which runs the code throughout the year) relative
to the overwintered version. Overwintering reduces the FWI
by up to —18 % during January—February and brings an im-
portant adjustment to DC. Calculating the full time series of
FWI means not reusing the saturated starting value for spring
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The first row of maps (a, b) shows the values of the DC and the FWI, the first and final indices affected by this factor, in the original
version of the algorithm (Wang et al., 2015). The following maps (c to f) show the differences with the adjusted version of the algorithm
(Table 1). The following rows show the daily climatologies over 1995-2014 (solid line) and 2081-2100 (dashed line), represented in terms
of the average and the £ 1 standard deviation range. Northern land (g, h) is defined as grid cells over 20° N and is not marked as infrequent
burning. Similarly, southern land (i, j) is below 20° S, and tropical land (k, 1) is the intermediate latitude band.

DC, causing moisture content over the year to be too low, and 3.4 Sensitivity to using daily mean relative humidity
hence the DC is too high. We consider that overwintering is

necessary when adjusting this effect in full time series. The default approach would be to use as inputs daily mini-

mum relative humidity and daily maximum temperature. As
explained in Sect. 2.1, here we use daily mean relative hu-
midity as an alternative, because daily minimum relative hu-
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Figure 5. Sensitivity to the overwintering of ACCESS-CM2 in the experiments historical and ssp585 over the ensemble member rlilplfl.
The first row of maps (a, b) shows the values of the DC and the FWI, the first and final indices affected by this factor, in the original version
of the algorithm (Wang et al., 2015). The following maps (¢, d) show the differences with the adjusted version of the algorithm (Table 1).
The following rows show the daily climatologies over 1995-2014 and 2081-2100, represented in terms of the average and =+ 1 standard
deviation range. Northern land (e, f) is defined as grid cells over 20° N and is not marked as infrequent burning. Similarly, southern land (g,
h) is below 20° S, and tropical land (i, j) is the intermediate latitude band.

midity is not provided for many CMIP6 runs, reducing the
total number of runs from 1486 to 1321. We show in Fig. 6
the influence of this choice, with climatologies and maps for
1 July 2014. Figure AS extends this figure using the maps for
1 January 2014.

The DC takes as climate inputs only temperature and pre-
cipitation but not relative humidity. This component is there-
fore not affected by this choice. Using daily mean relative
humidity instead of the daily minimum relative humidity in-
creases the moisture content of the other two components,
as evidenced by lower DMC and FFMC. For DMC, it is re-
duced above 20° N by —25 % (January) to —21 % (October—

Earth Syst. Sci. Data, 15, 2153-2177, 2023

November). In tropical land, between 20° N and 20° S, this
reduction changes to —15 % (March—April) to —28 % (June—
July). Finally, below 20° S, the DMC is reduced by —34 %
(June—July) to —20 % (November—December). The reduc-
tions tend to be stronger for FFMC, ranging from —45 %
in June below 20° N to —22.7 % between 20° S and 20° N.
With a more humid climate as input and consequent lower
DMC and FFMC, the FWI itself is reduced. During the fire
season, the FWI is reduced by about —33 % (June) above
20° N, —35 % between 20° S and 20° N (May), and —29 %
(December) below 20° S. Over 2081-2100 of ssp585, these
reductions of the FWI are changed to —31 % (June) above
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Figure 7. Averages of annual indicators at the preindustrial and changes in averages at different global warming levels (GWLs). The average
maps in 1851-1900 are shown in panels a, f, j, and n for the four annual indicators. Each column corresponds to the changes in averages at
different GWLs, each row corresponding to a different annual indicator. The agreement of models in the sign of the change is used to define
the robustness of the signal. More details are provided in Text Al.
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20° N, —30% (June) between 20° S and 20° N and —25 %
(November) below 20° S.

We note that the reduction in the FWI caused by using
mean relative humidity instead of minimum relative humid-
ity is roughly identical during the fire seasons across the
planet, be it over 1994-2014 or 2081-2100. This implies that
analysis based on relative changes in the FWI would not be
strongly affected by this choice. As discussed in Sect. 2.1,
the annual indicators are provided for both cases, i.e., using
daily mean relative humidity and using daily minimum rela-
tive humidity.

3.5 Main results

As illustrated in Fig. 1, the FWI was calculated for a total
of 1321 runs, deduced from 28 ESMs, run over the historical
period (1850-2014) and over eight scenarios (2015-2100)
and with a total of 108 different ensemble members. To syn-
thesize these gridded daily products, annual indicators are
provided, as detailed in Sect. 2.3. To summarize these annual
indicators, we choose to show their evolutions at different
global warming levels (GWLs) in Figs. 7 and 8 while repre-
senting the robustness of the signal. Figure 7 shows the aver-
age of the runs at each GWL, and Fig. 8 shows the 90th per-
centile. A signal is defined as robust where at least 80 % of
the models agree on the sign of the change with reference to
1851-1900. More details on the method used to synthesize
these data are provided in Text A1l of the Appendix.

In Fig. 7, we observe that all robust signals in the annual
indicators of the FWI show an increase. In other words, there
is nowhere on Earth where ESMs agree at 80 % or more on a
decrease in fire weather, in any of the four annual indicators
represented here. For most regions of Earth and incremental
warming levels, all four annual indicators show an increase in
their average, even if this signal is not robust in all regions.
Still, there are non-robust decreasing trends in the average
in central Africa, India, and north of the Tibetan Plateau.
This concerns the length of the fire season, the annual max-
ima, and the seasonal average of the FWI but not the num-
ber of days with extreme fire weather that continue to show
an increasing trend in these regions. The regions with robust
signals are central North America, northern South America,
Europe, southern Africa, and Australia. We note the higher
GWL and the larger spatial extent of the robustness of the
signal across the regions.

From Fig. 7, we infer that the annual maximum of the FWI
has increased by up to +37 % with a GWL of 1.0 °C. With a
GWL of 3.0 °C, this indicator is increased by up to +120 %,
its average being +9 %. Western Australia exhibits the high-
est robust trend for this indicator. The number of days with
extreme fire weather has increased by up to +128 % with a
GWL of 1.0°C. With a GWL of 3.0 °C, it increases by up to
a factor of 5.0, while its average is +86 %. South America
would be the most affected with 48 d of extreme fire weather
per year, while the world would have on average 26d. The
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length of the fire season increases as well, even at a GWL
of 1.0°C, up to a factor of 4.0. With a GWL of 3.0 °C, it may
increase by a factor of 15.0 and on average 466 %. Such a
high relative increase happens in northern Siberia, where the
statistical distribution of the daily FWI and the definition of
this indicator lead to an extremely short fire season. Never-
theless, the average increase by 466 % shows that the fire
season is overall increasing, lasting about 45d on average.
At a GWL of 1.0 °C, the seasonal average of the FWI is also
increasing, by up to 56 %. However, at a GWL of 3.0°C, it
increases by up to +250 % and on average by +17 %. In-
donesia would be the most affected region according to this
criterion.

Overall, these annual indicators emphasize that, under cli-
mate change, atmospheric conditions tend to increase the
number and intensity of fires. An approximate estimate is
that we would expect at least an average +66 % in both the
frequency and the duration of fires at a GWL of 3.0 °C rela-
tive to 1851-1900, although this is highly dependent on the
metric and the region.

In analogous fashion to Fig. 7, we show the FWI indica-
tors of the 90th percentile in Fig. 8. The 20-year window
centred at the time of exceedance of the GWL is used here
to deduce the 90th percentile instead of the average. It as-
sumes that, over the 20 years at each GWL, the distributions
of the annual statistics of the FWI are stationary enough such
that the contribution of the local warming trend is lower than
the local natural variability. Under this assumption, the per-
centiles of all runs exceeding the GWL provide the local 1-
in-10-year event and the local model agreement. More details
are provided in Text Al of the Appendix. In Fig. 7, all robust
signals are increasing trends, while decreasing trends are al-
ways non-robust signals. In Fig. 8, all signals, robust or not,
are increasing trends. Regarding the robustness of the signal,
we notice that the area extent of the robust signals is higher
for the 90 % percentile than for the average. In other words,
even if ESMs may disagree in some regions on the sign of the
average change in annual indicators of the FWI, they agree
much more that 1-in-10-year fires will be higher. As a sum-
mary for these trends, at a GWL of 3.0 °C, we calculate an
average relative increase in the 1-in-10-year events of +-31 %
for the annual maximum of the FWI, 4192 % for the number
of days with extreme fire weather, +177 % for the length of
the fire season, and +46 % of the seasonal average. Overall,
the 1-in-10-year events would thus almost triple in duration
and increase by at least 31 % in strength. These findings high-
light how fire management, even more than nowadays, would
increasingly become an absolutely crucial element of forest
protection across the world. However, there would be some
limits to the adaptation possible to these projected changes,
highlighting that the best course of action would require lim-
iting global warming to as low as possible.
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Figure 8. 90th percentiles of annual indicators at preindustrial and changes in averages at different GWLs. The average maps in 1851-1900
are shown in panels a, f, j, and n) for the four annual indicators. Each column corresponds to the changes in the 90th percentiles at different
GWLs, each row corresponding to a different annual indicator. The agreement of models in the sign of the change is used to define the

robustness of the signal. More details are provided in Text Al.

4 Data availability

The Fire Weather Index data have been generated us-
ing data archived in the ETH Zurich CMIP6 repository.
CMIP6 model outputs can also be accessed through differ-
ent Earth System Grid Federation (ESGF) data nodes. The
Fire Weather Index produced in this paper is made available
in netCDF format, and it is openly and anonymously accessi-
ble through https://doi.org/10.3929/ethz-b-000583391 (Quil-
caille and Batibeniz, 2022). All files are stored as .zip in the
archive. They are named “[Long name of the fire weather
indicator] for all available CMIP6 runs (computed using
[Long name of the humidity used for calculation])”. Each
.zip file contains the results for this indicator for different
ESMs, scenarios, and ensemble members. For storage rea-
sons, some of them are stored in several parts. Within each
of the .zip files, the results for each Fire Weather Index,
ESM, scenario, and ensemble member are saved individu-
ally in separate files in netCDF4 format under the name “[in-
dicator]_ann_[ESM]_[scenario]_[member]_g025.nc”. Here,
“ann” designs the annual resolution, while “g025” designates
the name of the grid.

5 Code availability

The Fire Weather Index results have been generated us-
ing the open-source model developed by Yann Quil-
caille and improved by Yann Quilcaille and Fulden Bat-
ibeniz. The code to reproduce the results of this paper
is available in a repository on GitHub (https://github.com/
yquilcaille/FWI_CMIP6, last access: 26 May 2023 and

https://doi.org/10.5194/essd-15-2153-2023

https://doi.org/10.5281/zenodo.7971275, Quilcaille et al.,
2023).

6 Usage notes

The provided data are produced by the Institute of Atmo-
spheric and Climate Science Institute of ETH Zurich. This is
an open-source and entirely free dataset. To illustrate possi-
ble paths for data users, we indicate in the following list some
of the many opportunities where this dataset could be used.
Some may rather be considered research questions, while
some other points may be of interest for societal issues re-
garding fires.

As detailed in Sect. 2, we highlight that CMIP6 data may
come with biases, while observations provide more realistic
inputs and information for fire-related studies. However, ob-
servations have lower temporal and spatial availability and
cover only the historical period. Thus, model-based data fa-
cilitate large-scale analysis.

— Comparison of FWI results with observations to evalu-
ate the biases in the models. Compared to observations,
some models show biases in their outputs. How does
that affect the calculation of a compound product like
the FWI? The FWI can be calculated using data based
either on models or on observations (e.g., Vitolo et al.,
2019). One may use the dataset provided here to eval-
uate the discrepancies and eventually how it affects fu-
ture projections in fire weather. A first work in this di-
rection has been produced with 16 ESMs and one en-
semble member over the historical period (Gallo et al.,
2022).

Earth Syst. Sci. Data, 15, 2153-2177, 2023
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— Discrepancies in the FWI across ESM projections. The

ESMs show different regional evolutions in some vari-
ables, though the effect of these discrepancies on the
FWI remains unclear. One may investigate how much
projections in fire weather depend on the ESM by us-
ing the provided dataset and investigate reasons for the
(dis)agreements.

Dependencies of the FWI on ensemble members. The
former path could be extended to the ensemble mem-
bers. An uncertainty in the projections of the FWTI arises
from the initial conditions as well. The provided dataset
may be used to assess this uncertainty and eventually
the natural variability in the FWIL.

Dependencies of the FWI on scenarios. Another di-
mension of projections in the FWI is the choice of the
scenario. Under low warming scenarios, the Earth sys-
tem gets more time to stabilize, allowing for different
regimes, e.g., in the water cycle. This may help to in-
vestigate the response of the fire regimes across differ-
ent scenarios. For example, the differences between low
warming or high warming scenarios or even overshoot
scenarios can be investigated using the provided dataset.

This can be used to understand the effects of humidity
regimes on fire regimes: minimum relative humidity and
average relative humidity have different dynamics, and
it is still unclear how they may affect the dynamics of
fire weather in current and future climates. The provided
dataset may help in assessing these regimes and their
differences.

Comparison of the climatology of the FWI in preindus-
trial, current, and future climates. Figure 8 of this pa-
per gives a brief overview of this path. What should we
expect from fire weather at different levels of climate
change? Such a question would be of interest to inform
society of the implications of climate change, and the
provided dataset may help to answer it.

Earth Syst. Sci. Data, 15, 2153-2177, 2023
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— Relationship of fire weather with modelled burned area.

There is literature showing the correlation between the
FWI and burned area (Jones et al., 2022), in spite of
other relevant factors such as fire ignition. One may use
the provided dataset to check in the CMIP6 ensemble
whether these relationships could be improved and how
they could be used, e.g., in impact models.

Attribution studies of the FWI to anthropogenic climate
change under historical and future projections. Heat-
waves, droughts, and other extreme events have been
attributed to climate change, but only limited studies
have been able to attribute fires or mega-fires to climate
change. The lack of relevant data explains this reduced
number of attribution studies. Thanks to this provided
dataset, attribution studies may use these data to assess
changes in probabilities due to climate change. How-
ever, the provided dataset does not provide runs under
the scenario “hist-nat”, the historical run with only nat-
ural forcings but not anthropogenic forcings. It remains
possible to use this dataset by considering the preindus-
trial period and current period with their corresponding
natural variability.

The FWI under CMIP5 and CMIP6. The FWI has been
calculated for CMIPS5 runs in Abatzoglou et al. (2019),
while the provided dataset calculates the FWI for the
latest CMIP6 exercise. A comparison of both datasets
would allow us to identify changes in fire weather be-
tween the ESMs. Coupled to their respective burned
areas, one may disentangle the causes of differences
in fires under ESMs between the fire modules and fire
weather of the models.
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Appendix A
Table A1. List of the fire weather indices in the literature, extracted from the WSL (2022) (de Groot et al., 2015).
Fire Weather Index =~ Temperature  Rainfall ~Relative humidity =~ Wind speed  Other Reference
Munger Days without rainfall Munger (1916)
Nesterov X Days without rainfall Nesterov (1949)
Angstrom X X Chandler et al. (1983)
Zdhanko X X Dew-point temperature ~ Zhdanko (1965)
GFDI X X X Fuel, grass condition McArthur (1967)
FFDI X X X Fuel availability McArthur (1967)
BI X X Baumgartner (1967)
KBDI X X Keetch and Byram (1968)
M68 X X Vegetation condition Kise (1969)
Orieux X X X Orieux (1974)
FFWI X X X Drought index Fosberg (1978)
NFDRS X X X X Lightning, clouds Deeming (1972)
EMC X X Bradshaw et al. (1984)
LFDI X X Meikle and Heine (1987)
FWI X X X X Van Wagner (1987)
187 X X X Carrega (1991)
Haines index X Dew-point temperature ~ Haines et al. (1983)
Numerical risk X X X Cloud cover Sol (1990)
Portuguese index X X X Dew-point temperature ~ Goncalves and Lourenco (1990)
F index X X X Sharples et al. (2009a, b)
FMI X X Sharples et al. (2009a, b)
Fire danger X X X Setzer and Sismanoglu (2012)
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Figure A1. Same as Fig. 1 but with runs selected with daily average relative humidity (hurs) instead of daily minimum relative humidity
(hursmin). Altogether, 1486 runs are presented here.
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Figure A2. Similar to Fig. 3 but on 1 January 2014.
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Method for global warming levels and uncertainties

Figures 7, 8, and A6 synthesize information on annual indi-
cators of FWI by representing the maps at a specific global
warming level (GWL) and then showing their robustness.
The first step is the identification of the maps of annual indi-
cators at each GWL.

1. With 1851-1900 as a reference period, we deduce the
change in global mean surface temperature (fas) from
each run used in this paper.

2. For a given GWL, we identify, for each run, whether the
GWL is exceeded and its first year.

3. For each annual indicator, if a run has exceeded the
GWL, we gather the maps of the indicator from the ex-
ceedance year —10 to the exceedance year +9.

4. If the run is a scenario with an exceedance year inferior
or equal to 2023, the historical period is used to extend
the missing year backwards.

5. If the run is historical and with an exceedance year su-
perior or equal to 2005, ssp245 is chosen to extend the
missing year forwards. For this reason, only runs for
which a corresponding ssp245 has been run are selected.

6. For each run, the maps over this 20-year period are av-
eraged to obtain the later Figs. 7 and A6. For Fig. 8, the
90th percentile is taken over this period.

7. We compile the ensemble of averaged maps reaching
this GWL and proceed to map the robustness and un-
certainties at each GWL.

We note that, the higher the GWL, the lower the number
of runs reaching this GWL. This implies that the subset of
runs used is different for each GWL. To avoid introducing
a bias in the comparison, we choose to restrain the subset of
runs to the runs that satisfy the higher represented GWL. This
ensures the same subset of runs, although at the appropriate
exceedance years. Because using this subset differs from the
usual method, we have also added Fig. A.6, where the full set
of runs respecting the GWL is used.

The former step provides us with a subset of maps at each
GWL, coming from different runs and defined by the ESM,
the scenario, and the ensemble member. This subset is av-
eraged using the following method to avoid models with
a higher number of scenarios or ensemble members being
overrepresented. Model democracy is used here without dis-
carding or weighting any model.

1. At each GWL, the subset of maps is first averaged
over the ensemble members, not to give more weight
to ESMs with large ensembles.

2. Afterwards, the subset of maps is averaged over the ex-
periments, not to give more weight to ESMs that run
more scenarios than others.

https://doi.org/10.5194/essd-15-2153-2023
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3. Finally, we average the ESMs.

We calculate the robustness of these maps following ap-
proach B of the IPCC (Gutiérrez et al., 2021), although the
problem of overrepresentation of models had to be accounted
for. Model democracy is also used here.

1. At each GWL, for each ESM, the maps for available
scenarios and ensemble members are pooled.

2. If more than 80 % of these runs have the same sign for
the evolution from the reference period, this ESM is
marked as having a robust signal. As a note, the ensem-
ble member and scenario dimensions are not differenti-
ated here, so that enough runs are used to evaluate the
robustness of the sign.

3. If more than 80% of the ESMs at this GWL were
marked as having a robust signal, then the signal is
marked as overall robust.
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