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Abstract. Fire is the primary form of terrestrial ecosystem
disturbance on a global scale and an important Earth sys-
tem process. Most Earth system models (ESMs) have in-
corporated fire modeling, with 19 of them submitting model
outputs of fire-related variables to the Coupled Model Inter-
comparison Project Phase 6 (CMIP6). This study provides
the first comprehensive evaluation of CMIP6 historical fire
simulations by comparing them with multiple satellite-based
products and charcoal-based historical reconstructions. Our
results show that most CMIP6 models simulate the present-
day global burned area and fire carbon emissions within the
range of satellite-based products. They also capture the ma-
jor features of observed spatial patterns and seasonal cy-
cles, the relationship of fires with precipitation and popu-
lation density, and the influence of the El Nifio—Southern
Oscillation (ENSO) on the interannual variability of trop-
ical fires. Regional fire carbon emissions simulated by the
CMIP6 models from 1850 to 2010 generally align with the
charcoal-based reconstructions, although there are regional
mismatches, such as in southern South America and eastern

temperate North America prior to the 1910s and in temperate
North America, eastern boreal North America, Europe, and
boreal Asia since the 1980s. The CMIP6 simulations have
addressed three critical issues identified in CMIP5: (1) the
simulated global burned area being less than half of that
of the observations, (2) the failure to reproduce the high
burned area fraction observed in Africa, and (3) the weak
fire seasonal variability. Furthermore, the CMIP6 models
exhibit improved accuracy in capturing the observed rela-
tionship between fires and both climatic and socioeconomic
drivers and better align with the historical long-term trends
indicated by charcoal-based reconstructions in most regions
worldwide. However, the CMIP6 models still fail to repro-
duce the decline in global burned area and fire carbon emis-
sions observed over the past 2 decades, mainly attributed to
an underestimation of anthropogenic fire suppression, and
the spring peak in fires in the Northern Hemisphere mid-
latitudes, mainly due to an underestimation of crop fires.
In addition, the model underestimates the fire sensitivity to
wet—dry conditions, indicating the need to improve fuel wet-
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ness estimation. Based on these findings, we present specific
guidance for fire scheme development and suggest a post-
processing methodology for using CMIP6 multi-model out-
puts to generate reliable fire projection products.

1 Introduction

Fire is the primary form of terrestrial ecosystem disturbance
on a global scale and a critical Earth system process (Ran-
derson et al., 2006; Bowman et al., 2009). Fire has occurred
since the emergence of terrestrial plants over 400 million
years ago (Scott and Glasspool, 2006; Bowman et al., 2009)
and presently burns more than 400 Mha of vegetated land and
emits 2—3 Pg carbon globally each year (van der Werf et al.,
2017; Giglio et al., 2018; Chuvieco et al., 2018; Chen et al.,
2023). Fire is regulated by climate and weather, vegetation
characteristics, and human activities and at the same time in-
fluences them in multiple ways, resulting in intricate feed-
back loops (Bond-Lamberty et al., 2007; Jiang et al., 2016;
Li and Lawrence, 2017; Li et al., 2017, 2019; Lasslop et al.,
2020; Kim et al., 2020; Wu et al., 2022; Lou et al., 2023).
Despite a reduction in the global burned area over the past 2
decades, emissions from forest fires and the occurrence of ex-
treme fires have increased (Andela et al., 2017; Zheng et al.,
2021). Moreover, global fires are projected to rise in most re-
gions of the world, particularly if climate mitigation efforts
are weak (Li et al., 2021; Yu et al., 2022; UNEP, 2022).

Earth system models (ESMs) simulate the processes and
interactions within and across the atmosphere, the land, the
ocean, sea ice, and the biosphere, which are crucial for ana-
lyzing historical climate and environmental changes and for
projecting the Earth’s future (Scholze et al., 2013; Danaba-
soglu et al., 2020; Song et al., 2021). ESMs became the pre-
dominant coupled model type in the Coupled Model Inter-
comparison Project Phase 6 (CMIP6; Eyring et al., 2016),
which is the latest iteration of CMIP to release model outputs
for general use and supports the Intergovernmental Panel
on Climate Change Sixth Assessment Report (IPCC ARG6;
IPCC, 2021). Given the critical role of fire in the Earth sys-
tem, most ESMs already include fire modeling.

Kloster and Lasslop (2017) assessed fire simulations in
CMIP5 based on nine models that had submitted historical
fire simulations. They found these models severely under-
estimated the global burned area by more than 50 % com-
pared to observations, although the simulated global fire car-
bon emissions were within the range of observations. They
also showed that all CMIP5 models failed to reproduce the
spatial patterns of the burned area, mainly because they un-
derestimated the high values in Africa, and only MPI-ESM
performed better than a random model in simulating the ob-
served seasonal phase of burned area. The most used fire
scheme in CMIP5 models was GlobFIRM (Thonicke et al.,
2001), which has several limitations that explain the short-
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comings in CMIP5 coupled model fire simulations. Glob-
FIRM calculates annual burned area fraction as a nonlin-
ear function of fire season length, which is determined by
summing fire occurrence probability over a year. This ap-
proach leads to underestimation in grid cells where multiple
fires occur in a single time step because the probability can-
not exceed 1. Additionally, the lack of observational data for
fire occurrence probability makes it impossible to calibrate
fire occurrence parameters. GlobFIRM’s annual burned area
simulation cannot capture fire seasonality. While some mod-
els modified GlobFIRM to operate at sub-daily to monthly
time steps by using weighted differences in running annual
mean burned areas, the Kloster and Lasslop (2017) evalua-
tion showed that this modification did not result in skillful
simulations of burned area seasonality.

Many more models have conducted fire-enabled historical
simulations for CMIP6, in which the most used fire scheme
has evolved from the GlobFIRM scheme in CMIPS5 to the
Li scheme (Li et al., 2012, 2013; Li and Lawrence, 2017).
However, it remains unknown how well CMIP6 ESMs per-
form in fire simulations. This study provides the first com-
prehensive evaluation of CMIPG6 fire simulations, including
the global total, spatial pattern, seasonality, recent and his-
torical trends, and interannual variability of burned area and
fire carbon emissions. To disentangle biases and inter-model
differences arising from fire parameterization schemes and
climate simulations, we also evaluate the modeled relation-
ship between fires and two key driving variables: precipita-
tion in the tropics and subtropics (35° S to 35° N) and popula-
tion density globally. This evaluation can deepen our under-
standing of past, present, and future changes in fires, as well
as the closely related carbon cycle, within CMIP6 simula-
tions. Based on the results, we also suggest strategies for fire
scheme development and for the post-processing methodol-
ogy of CMIP6 multi-model ensemble simulations to generate
more reliable projections of future fire changes.

2 Data and methods
2.1 Fire simulations

We downloaded CMIP6 historical fire simulations that
cover the period of 1850-2014 from http://esgf-node.llnl.
gov/search/cmip6/ (last access: March 2023) (Eyring et al.,
2016). A total of 19 ESMs submitted fire simulations, of
which 9 models submitted burned area, and 18 models sub-
mitted fire carbon emissions (Table 1). All the simulations
were driven by the same forcing data, e.g., prescribed green-
house gas concentration (Meinshausen et al., 2017), anthro-
pogenic and biomass burning emissions (Feng et al., 2020),
and land use and land cover change (Hurtt et al., 2020).

The fire schemes employed in all 19 ESMs are pro-
cess based, simulating the processes of both fire occur-
rence and fire spread. Of the nine models providing burned

https://doi.org/10.5194/gmd-17-8751-2024
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Table 1. Summary description of CMIP6 ESMs used in the study.
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ESMs Institute BA FireC Land model Fire scheme Human ign/sup  Crop fires

AWI-ESM-1-1-LR AWI (Germany) i JSBACH3.2 SPITFIRE4 S 0
(modified)

CESM2 NCAR (USA) WAV CLMS5 Li? VI i

CESM2-WACCM NCAR (USA) v Y CLM5 Li? V1Y Vv

CMCC-CM2-SR5 CMCC (Italy) VAV CLM4.5 LiP I J

CMCC-ESM2 CMCC (Italy) WAV CLM4.5 LiP NN 4

CNRM-ESM2-1 CNRM-CERFACS (France) + 4/ ISBA-CTRIP  GlobFIRM® VA 0
(modified)

E3SM-1-1 DOE (USA) V ELM LiP JIV J

E3SM-1-1-ECA DOE (USA) i ELM LiP NN 4

EC-Earth3-CC EC-Earth-Cons. (Europe) i i LPJ-GUESS GlobFIRM

EC-Earth3-Veg EC-Earth-Cons. (Europe) Wi J LPJ-GUESS  GlobFIRM

EC-Earth3-Veg-LR ~ EC-Earth-Cons. (Europe) 4 LPJ-GUESS  GlobFIRM

GFDL-ESM4 NOAA-GFDL (USA) i LM4.1 FINALf NN 4
Li¢

MPI-ESM1-2-HAM  HAMMOZ-Cons. (Europe) J JSBACH3.2 SPITFIREY V1Y 0
(modified)

MPI-ESM1-2-LR MPI (Germany) i JSBACH3.2 SPITFIREY NN 0
(modified)

MRI-ESM2-0 MRI (Japan) Vv HALLI GlobFIRM

NorCPM1 NCC (Norway) i CLM4 1obFIRM

NorESM2-LM NCC (Norway) NV CLM35 Li® NN NV

NorESM2-MM NCC (Norway) WAV CLMS5 LiP NI i

TaiESM1-0 AS-RCEC (Taiwan) Vv CLM4 GlobFIRM® V1Y

@ Lietal. (2012, 2013) and Li and Lawrence (2017); bLietal (2012, 2013); © Li et al. (2012); d SPITFIRE (Thonicke et al., 2010) with modifications from Lasslop et al. (2014);
€ GlobFIRM (Thonicke et al., 2001) but adapted to a daily time step, tuning parameters, and assuming no fire in the grid cell where the cropland fraction is over 20 %; f FINAL (Li
et al., 2012) but tuning parameters and using prescribed cropland and pasture fires based on GFED3 (Rabin et al., 2018), as well as introducing the landscape fragmentation effect
on fire spread, multiday burning, and the SPITFIRE canopy fire scheme (Ward et al., 2018); &€ GlobFIRM (Thonicke et al., 2001) but adapted to a sub-hourly time step (Kloster

etal., 2010).

References for ESMs: AWI-ESM-1-1-LR (Contzen et al., 2022), CESM2 family (Danabasoglu et al., 2020), CMCC-CM2-SR5 (Cherchi et al., 2019), CMCC-ESM (Lovato et al.,
2022), CNRM-ESM2-1 (Séférian et al., 2019), E3SM-1-1 and E3SM-1-1-ECA (Burrows et al., 2020), EC-Earth3 family (Doscher et al., 2022), GFDL-ESM4 (Dunne et al., 2020),
MPI-ESM1-2-HAM (Neubauer et al., 2019), MPI-ESM1-2-LR (Mauritsen et al., 2019), MRI-ESM2-0 (Yukimoto et al., 2019), NorCPM1 (Bethke et al., 2021), NorESM2 family

(Seland et al., 2020), and TaiESM1-0 (Lee et al., 2020).
Human ign/sup: human ignitions or suppression.

area data, six used the Li scheme (Li et al., 2012, 2013;
Li and Lawrence, 2017), while the remaining three uti-
lized the GlobFIRM scheme (Thonicke et al., 2001). Among
the 18 models that provided fire carbon emissions data,
8 adopted the Li scheme, 7 employed the GlobFIRM scheme,
and 3 used the modified SPITFIRE scheme (Thonicke et al.,
2010) by Lasslop et al. (2014). The SPITFIRE scheme is the
most complex since it uses the Rothermel model to calcu-
late the fire spread rate in the downwind direction, consid-
ers the impact of the fuel structure, and distinguishes surface
and canopy fires. On the other hand, Li’s scheme employs a
simple empirical function in which the fire spread rate in the
downwind direction is determined by fuel wetness and wind
speed, and GlobFIRM does not calculate the fire spread rate
at all. The fire schemes differ in their fundamental equations
for calculating the burned area. The Li fire scheme and SPIT-
FIRE calculate the time step of the burned area in a grid cell
as a product of the number of fires and the average spread
area per fire. For GlobFIRM, the annual burned area fraction
is a nonlinear function of fire season length, in which the fire

https://doi.org/10.5194/gmd-17-8751-2024

season length is calculated by summing fire occurrence prob-
ability throughout the year. CNRM-ESM2-1 modifies the an-
nual calculation of GlobFIRM to a daily time step using the
methodology of Krinner et al. (2005) for simulations of fire
seasonality (Delire et al., 2020).

The fire schemes also vary in how they model anthro-
pogenic influence on fires (Table 1). GlobFIRM does not
account for direct human effects on fires, but its variant
(used in CNRM-ESM2-1) considers human suppression by
assuming no fire occurrence when croplands cover more
than 20 % of the grid cell. The Li scheme models crop
fires, fires caused by anthropogenic deforestation in tropi-
cal closed forests, and human ignition and suppression of
both fire occurrence and spread in regions outside of trop-
ical closed forests and croplands. However, in the CESM2,
CESM2-WACCM, NorESM2-LM, and NorESM2-MM sim-
ulations for CMIP6, the crop module was active and as-
sumed no fires occurred in managed croplands. The vari-
ant of SPITFIRE used in MPI-ESM1-2-HAM, MPI-ESM1-
2-LR, and MPI-ESM2-0 also considers the effect of human

Geosci. Model Dev., 17, 8751-8771, 2024
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ignition and suppression on fire occurrence and sets burned
area to zero in croplands. In addition, all the ESMs treat fires
in pasturelands as natural grassland fires, except for GFDL-
ESM4.1, which uses prescribed pasture fires derived from the
multi-year average burned area of the Global Fire Emissions
Database version 3 with small fires (GFED3s) (Rabin et al.,
2018). The MPI-ESM family (using a variant of SPITFIRE)
sets high fuel bulk density for the pasture plant functional
types (PFTs), which indirectly distinguishes these from nat-
ural grassland fires due to differences in fuel availability.

The fire schemes calculate fire carbon emissions by multi-
plying the burned area, fuel load, and combustion complete-
ness. The combustion completeness is a proportion (0 %—
100 %) of live plant tissues and ground litter consumed by
fires. It depends on PFT and plant tissue type in both the
GlobFIRM scheme and the Li scheme and on fuel type and
wetness in SPITFIRE.

For comparison, we downloaded CMIP5 historical
fire simulations from http://esgf-node.llnl.gov/search/cmip5/
(last access: March 2023). The CMIP5 historical simulations
cover the period from 1850 to 2005 (Taylor et al., 2012)
and thus end 9 years earlier than CMIP6 historical simula-
tions. Seven models submitted burned area simulations in
CMIP5 (CCSM4, CESM1-BGC, CESM1-CAMS, CESM1-
FASTCHEM, CESM1-WACCM, MPI-ESM-LR, and MPI-
ESM-MR), and 12 models submitted fire carbon emissions
simulations (BNU-ESM, CCSM4, CESM1-BGC, CESM1-
FASTCHEM, CESMI1-WACCM, CMCC-CESM, GFDL-
ESM2G, GFDL-ESM2M, IPSL-CM5-LR, IPSL-CM5-MR,
MPI-ESM-LR, and MPI-ESM-MR). The majority of the
CMIP5 models (5 out of 7 and 8 out of 12) used the Glob-
FIRM fire scheme (Thonicke et al., 2001) but adapted the
scheme’s annual time step to a sub-daily to monthly time step
using a similar method to CNRM-ESM2-1 in CMIP6 (Krin-
ner et al., 2005; Kloster et al., 2010; Kloster and Lasslop,
2017).

2.2 Fire benchmarks

There are differences between satellite-based fire products
(Li et al., 2019; Hantson et al., 2020). To account for the
uncertainty in observations, we employed multiple products
as benchmarks.

For burned area, we used the Global Fire Emissions
Database version 5 (GFEDS5; Chen et al., 2023), the Eu-
ropean Space Agency Fire Climate Change Initiative ver-
sion 5.1 (FireCCI51; Chuvieco et al., 2018), and the Col-
lection 6 Moderate Resolution Imaging Spectroradiometer
(MODIS C6; Giglio et al., 2018), all of which provide
monthly data at 0.25° spatial resolution. We used the pe-
riod of 2001-2014 to compare with the CMIP6 historical
simulations. Burned area since 2001 in GFEDS is based on
the MODIS global burned area product MCD64A1, with
omission and commission errors corrected by dynamic ad-
justment factors estimated using the Landsat or Sentinel-
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2 burned area (Chen et al., 2023). The FireCCI51 burned
area is derived using the MODIS C6 250 m daily surface re-
flectance, MCD14ML 1 km daily active fire products, and a
two-phase approach for seed detection and regional growth
(Chuvieco et al., 2018). The MODIS C6 burned area is gener-
ated from the MODIS C6 Terra and Aqua 500 m daily surface
reflectance products, MOD14A1 and MYD14A1 1km daily
level-3 active fire products, and the MCD12Q1 500 m annual
land cover product (Giglio et al., 2018).

For present-day fire carbon emissions, we used GFED4s
(van der Werf et al., 2017; GFEDS fire emissions have not
been released), the Global Fire Assimilation System version
1.2 (GFAS1.2; Kaiser et al., 2012), and the Fire Energet-
ics and Emissions Research version 1.0-G1.2 (FEER-G1.2;
Ichoku and Ellison, 2014) as benchmarks. The GFED4s
fire emissions from 1997 at 0.25° are constructed using the
CASA biogeochemical model with GFED4s burned area
and observed meteorology and vegetation as inputs (van der
Werf et al., 2017). The 0.1° daily GFAS1.2 from 2003 to
the present is based on observations of fire radiative power
(FRP) from MODIS and the biome-specific conversion fac-
tors derived based on GFED3.1 dry matter burned. The 0.5°
daily FEER-G1.2 fire emissions from 2003 are derived from
MODIS FRP and constrained with the MODIS aerosol op-
tical depth (AOD) product MODO04_L2 (Ichoku and Ellison,
2014). The three fire carbon emissions products represent the
range of satellite-derived inventories well (Li et al., 2019;
Wiedinmyer et al., 2023). We used the 2003—-2014 period of
these satellite products as it overlaps with the time frame of
the CMIP6 historical simulations.

To evaluate long-term trends in fires starting from 1850,
we used 992 charcoal records from the Reading Paleofire
Database (RPD; Harrison et al., 2022). Sedimentary char-
coal records reflect changes in biomass burning, which are
primarily influenced by burned area (Haas et al., 2022) but
are also affected by combustion completeness. In the CMIP6
simulations, biomass burning is represented by the variable
of fire carbon emissions, and model-submitted fire carbon
emissions are much more than submitted burned area. Con-
sequently, this study examined the similarity in trends be-
tween these records and simulated fire carbon emissions. The
largest number of records in the RPD is from North Amer-
ica and Europe, but there are enough records for other re-
gions to construct trustworthy regional composites, except
for Northern Hemisphere Africa (NHAF), Southern Hemi-
sphere Africa (SHAF), and the Middle East (MIDE) (Fig. S1
in the Supplement).

2.3 Simulations and observations of fire drivers

We downloaded the CMIP6 model outputs of precip-
itation and sea surface temperature (SST) from http://
esgf-node.lInl.gov/search/cmip6/ (last access: March 2023)
and CMIP5 precipitation simulations from http://esgf-node.
IInl.gov/search/cmip5/ (last access: March 2023).

https://doi.org/10.5194/gmd-17-8751-2024
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Observed 0.5° monthly precipitation observations were
obtained from the Climatic Research Unit Time-series ver-
sion 4.04 (CRU TS v.4.04) (Harris et al., 2020). The 1870—
2023 1° monthly SST observations were from the Hadley
Centre Sea Ice and Sea Surface Temperature (HadISST) data
set (Rayner et al., 2003). Annual population density data
from 1850 to 2014 at 0.5° spatial resolution were taken from
HYDEV3.2 (Klein Goldwijk et al., 2017), which were also
used to drive the CMIP6 models.

2.4 Data processing

For CMIP6 fire simulations, we corrected unit errors and
then uniformly adopted % mon~! for the burned area frac-
tion and kgCm~2s~! for fire carbon emissions. The data
were then regridded to a 1° spatial resolution using bi-
linear interpolation for coarser-resolution simulations and
area-weighted averaging for finer-resolution simulations and
satellite-based products.

For RPD charcoal records, we constructed composite time
series for different regions (Fig. S1) after rescaling the in-
dividual records using a minimax transformation, homoge-
nizing the variance using the Box—Cox transformation, and
rescaling the transformed values to z scores (Power et al.,
2010). The composite curve for each region was constructed
with decadal resolution and a base period from 1750 to 2010.
The loess regression with a half-window width of 10 years
was used to yield estimates for each decade. Uncertain-
ties (95 %) were calculated by bootstrap resampling of the
records 1000 times.

For the regional analysis, we divided the global land
into 16 regions (Fig. 1). This was done by combining the
14 GFED regions with the 12 RPD regions.

The Nifio3.4 index, a widely recognized indicator of the
El Nifio—Southern Oscillation (ENSO), is defined as the SST
anomaly averaged over the central-eastern equatorial Pacific
(5°S-5°N, 120°-170° W). Based on this definition, we cal-
culated the simulated and observed Nifio3.4 index.

2.5 Evaluation methods

Our evaluations focus on the total amount, spatial distribu-
tion, seasonal cycle, long-term trend, and interannual vari-
ability of burned area and fire carbon emissions, as well as
the relationship between fires and climatic or socioeconomic
factors.

The global and regional totals or averages of a variable
were calculated as the area-weighted sum or average across
global land areas and specific regions, respectively. The Pear-
son correlation coefficient between observations and simula-
tions was used to evaluate the skill of spatial and temporal
variability patterns, and Student’s ¢ test was used to assess
their significance. To test the significance of the spatial cor-
relation, the effective degrees of freedom (EDOFs) were es-
timated via the widely used method of Bayley and Hammer-
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sley (1946) and Clifford et al. (1989), in which autocorrela-
tion in observed and simulated spatial patterns reduces the
EDOFs, thereby raising the thresholds for statistical signifi-
cance.

We estimated the long-term trend using the ordinary least
squares (OLS) method and evaluated its significance using
the Mann—Kendall test.

The coefficient of variation (CV; standard deviation di-
vided by the average) was used to quantify the magnitude
of interannual variability and seasonality. Given that ENSO
is the dominant driver of the interannual variability of pan-
tropical fires (Chen et al., 2017), we evaluated simulations
of fire interannual variability using the correlation between
detrended tropical fires and the detrended Nifio3.4 index.

When evaluating the relationship between fire and its
drivers, we examined how the annual burned area fraction in
the tropics and subtropics (35° S to 35° N) varied with annual
precipitation, following Prentice et al. (2011) and Kloster and
Lasslop (2017), and how the global annual burned area frac-
tion changed with population density as in Li et al. (2018).

3 Results
3.1 Global totals

The present-day global burned area estimated by six out
of nine CMIP6 models and the multi-model ensemble
(MME) fall within the range of satellite-based products
(430-802 Mha yr_l) (Fig. 2a). CMIP6 models perform much
better than CMIPS models (150-184 Mhayr~!, below half
the area shown by the benchmarks). The inter-model dis-
crepancy of CMIP6 models is larger than that of the CMIP5
models, primarily due to the large difference in the three
models that incorporate the GlobFIRM fire scheme and its
variant (764, 172, and 176 Mhayr‘1 for CNRM-ESM2-1,
EC-Earth3-CC, and EC-Earth3-Veg, respectively). CNRM-
ESM2-1 tuned the parameters of GlobFIRM based on fire
occurrence measurements to obtain a more reasonable esti-
mate of the global burned area (Delire et al., 2020).

The global totals of fire carbon emissions estimated by
11 out of 18 CMIP6 models fall within the range of bench-
marks, as does the MME (Fig. 1b). The CMIP6 ensem-
ble mean outperforms the CMIP5 ensemble mean, although
inter-model differences are larger, mainly due to the anoma-
lously low value of NorCPM1. Overall, EC-Earth3 models
in CMIP6 and most CMIP5 models that use the GlobFIRM
scheme reasonably simulate the global total of fire carbon
emissions, even though the estimated global burned area is
less than half that of the observed values. This is mainly
because GlobFIRM uses higher combustion completeness
factors for woody tissues (70 %—90 % for stem and coarse
woody debris) than those used in Li (27 %-35 % for stem
and 40 % for coarse woody debris), SPITFIRE (0 %-73 %
for 100h fuel type and 0 %—41 % for 1000 h fuel type) (Li

Geosci. Model Dev., 17, 8751-8771, 2024
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Figure 2. Present-day global totals of (a) burned area and (b) fire carbon emissions for benchmark averages (dashed lines) and model
simulations (bars). The shaded areas show the range of the benchmarks, and error bars show the range of the models. The assessment is made
for 2001-2014 for burned area and 2003-2014 for fire carbon emissions. The CMIP multi-model ensembles span 2001-2005 for burned area
and 2003-2005 for fire carbon emissions. G and G denote models that use GlobFIRM or its variant. Other models used the Li fire scheme

in (a) and Li or modified SPITFIRE in (b).

et al., 2019), and the satellite-based GFED family (20 %—
40 % for stem and 40 %—60 % for coarse woody debris) (van
der Werf et al., 2017). CNRM-ESM2-1 employs GlobFIRM
but decreases the completeness factors to obtain a reasonable
estimate of fire carbon emissions (Delire et al., 2020).

3.2 Spatial pattern

All the CMIP6 models capture key features of the observed
spatial pattern of present-day burned area fraction, with
global spatial correlations between simulations and observa-
tions that are statistically significant at the 0.05 level (Fig. 3).
CMIP6 models outperform CMIP5 models in simulating spa-
tial patterns, with correlation coefficients increasing from a

Geosci. Model Dev., 17, 8751-8771, 2024

range of 0.15-0.34 in CMIPS5 (Fig. S2 in the Supplement)
to 0.28-0.70 in CMIP6. CMIP6 models incorporating the
Li fire scheme have even higher correlations, ranging from
0.54 to 0.70. Most CMIP6 models successfully reproduce
the observed high values in Africa, except for EC-Earth3-
CC and EC-Earth3-Veg, which both use GlobFIRM (Fig. 3).
However, CMIP6 models, except for EC-Earth3 family mod-
els, overestimate burned area in South American savannas
(Fig. 3; Table S1 in the Supplement), possibly due to the un-
derestimation of precipitation in this region during the fire
seasons (Fig. S5 in the Supplement). Additionally, models
using GlobFIRM overestimate the burned area in the western
United States and tropical rainforests, whereas those using

https://doi.org/10.5194/gmd-17-8751-2024
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Figure 3. The 2001-2014 spatial distribution of the annual burned area fraction (% yr_l) for (a—c) benchmarks and (d-1) CMIP6 models.
The spatial correlations of simulations with three benchmarks are also given in parentheses. * — correlation significant at the 0.05 level based
on Student’s ¢ test with estimated effective degrees of freedom (EDOFs), which consider the impacts of autocorrelation in observed and
simulated spatial patterns. G and GV denote models using the GlobFIRM fire scheme and its variant, respectively, while the other models

use the Li scheme.

the Li scheme typically underestimate it in boreal shrublands,
possibly because the wet and cold bias during the fire season
in the ESM climate simulations (Figs. S3c in the Supplement
and 4c¢) leads to underestimations of fuel flammability.

The significant underestimation of burned area in EC-
Earth3 models in CMIP6 for Africa (around 1/5 and 1/10 of
observations for NH and SH Africa, respectively, as shown
in Fig. 3 and Table S1) is primarily due to limitations of the
GlobFIRM fire model they employ, as discussed in Sect. 4.2.
However, climate simulation biases may also affect fire sim-
ulations to some extent. During fire seasons, EC-Earth3 ex-
hibits a cool bias in NH Africa, similar to other CMIP6
models except CESM2 (Fig. S61 and n in the Supplement).
This cool bias may decrease fuel flammability due to re-
duced water evaporation from fuel, leading to underestima-
tion of burned area. In contrast, SH Africa shows a warm bias
(Fig. S6k and m), which tends to cause an overestimation of
burned area. During fire seasons, EC-Earth3 models show no
significant precipitation biases and do not have larger precip-
itation biases than other ESMs in Africa (Fig. S5). Outside of
fire seasons, EC-Earth3 models exhibit distinct precipitation

https://doi.org/10.5194/gmd-17-8751-2024

biases across Africa. In NH Africa, EC-Earth3 models show
a dry bias (Fig. S5m and o); even though this dry bias is less
pronounced than in CNRM-ESM2-1 (Fig. 5i), it may con-
tribute to lower burned area estimates due to underestimated
fuel load. In SH Africa, EC-Earth3 models display a wet
bias, which potentially leads to higher burned area estimates
due to overestimated fuel load. The CMIP6 models skillfully
reproduce the observed spatial pattern of fire carbon emis-
sions, except for MRI-ESM2, which utilizes GlobFIRM and
incorrectly places the areas of high emissions north of 45° N
(Fig. 4). The incorrect simulations of MRI-ESM2 (Fig. 4q)
are likely due to a wet bias and particularly a large warm
bias north of 45°N outside the fire season (Fig. S7 in the
Supplement), which contributes to the accumulation of fuel
for burning. Compared to CMIP5 models (Fig. S8 in the Sup-
plement), CMIP6 models improve the simulations of spatial
patterns, but the improvement is not as evident as that for the
burned area fraction. The bias in the simulations of fire car-
bon emissions (Fig. 4, Table S2 in the Supplement) is similar
to that for burned area fraction simulations. Models incor-
porating the complex SPITFIRE scheme do not outperform

Geosci. Model Dev., 17, 8751-8771, 2024



8758 F. Li et al.: Evaluation of global fire simulations in CMIP6 Earth system models

(a) GFED4s

(b) GFAS1.2

(c) FEER-G1.2

60N T
30N 1

30s {

60N %2
30N 1

308 ¢

(g) CMCC-ESM2 (0.43* 0.42* 0.39*)

(h) CNRM ESM2 1 (. 40* 0.42* o 46%)

60N 2
30N 1

30s {

(i) E3SM1-1-ECA (0.56* 0.54* 0.60°)

(k) EC-Earth3 CC (0 55* 0 47* 0 53%)

60N T
30N 1

30s {

(

60N {57 ;«..
30N 1

30s {,

60N T
30N 1

30s 1

60N T
30N 1

30s {

120W 60W 0 60E 120E

120W 60W 0

60E 120E 120W 60W 0 60E 120E

[ T 00 ]

01 02 05 1

I
5 10 20 50

Figure 4. Same as Fig. 3 but for 2003-2014 fire carbon emissions (g C m—2 yr 1) for (a—c) benchmarks and (d—u) CMIP6 models. S indicates

models using the SPITFIRE fire scheme.

simpler fire schemes, showing similar overestimations in the
western United States and Arctic tundra to those using Glob-
FIRM (Fig. 4).

The CMIP6 MME exhibits an improved skill in simulating
spatial patterns compared to CMIPS MME, particularly for
burned area fraction (Fig. 5). The global spatial correlation
between simulations and observations for the CMIP6 MME

Geosci. Model Dev., 17, 8751-8771, 2024

is 0.69, more than twice that for the CMIP5 MME (0.30). The
most notable improvement in the burned area simulations
is that CMIP6 models capture the observational high val-
ues in tropical savannas across Africa, South America, and
Australia, as well as the moderate values observed in the bo-
real forests in Eurasia (Fig. Sa—c). CMIP6 MME outperforms
CMIP5 MME for fire carbon emissions, mainly by reducing

https://doi.org/10.5194/gmd-17-8751-2024
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Figure 5. Spatial distribution of (a—c) annual burned area fraction (BAF; %yrfl) averaged over 2001-2005 and (d—f) annual fire carbon
emissions (ng_2 yr_l) averaged over 2003-2005 for benchmark average (Obs), CMIP6 MME, and CMIP5 MME. The global spatial
correlation between the simulation and observations is also given, with * representing a correlation significance at the 0.05 level. The
benchmarks are GFEDS, FireCCI5.1, and MODIS C6 for burned area and GFED4s, GFAS1.2, and FEER-G1.2 for fire carbon emissions.

the underestimation in Asian boreal forests and South Asia
and the overestimation in western North America and South
America (Fig. 5d-f). However, there are notable outliers in
the simulations. The EC-Earth models, for instance, overes-
timate both burned area (Fig. 3i and j) and fire carbon emis-
sions (Fig. 4k—m) in the Sahara region, likely due to an over-
estimation of fuel load (Song et al., 2021). As a result, the
CMIP6 MMEs show some burned area and fire carbon emis-
sions over the Sahara (Fig. 5b and e) due to these EC-Earth3
simulations. In contrast, MRI-ESM2 overestimates fire car-
bon emissions in regions north of 45° N (Fig. 4q).

3.3 Seasonal cycle

The CMIP6 models capture major features of the burned
area seasonality: peak month occurs in the dry season in the
tropics and in the warm season in the extra-tropics (Fig. 6).
The CMIP6 models accurately capture the peak fire month in
July—August in NH high latitudes (Fig. 6a and b) and January
in SH mid-latitudes (Fig. 6i and j). The temporal correlation
with observations ranges from 0.87 to 0.95 for the NH high
latitudes and 0.57 to 0.70 for the SH mid-latitudes, all signif-
icant at the 0.05 level. On the contrary, most CMIP5 models
fail to capture the seasonal phase of these regions (Fig. 6b
and j).

In the NH tropics, the peak timing of CMIP6 models and
the MME occurs in March, which is later than the observed
peak in December—January (Fig. 6e and f). Despite this, they
still outperform the CMIP5 models, which peak in March—
May. In the SH tropics, both CMIP6 and CMIP5 models ex-
hibit similar timing, peaking 1 or 2 months later than ob-
served (Fig. 6g and h). The delays in fire peak timing for
both CMIP5 and CMIP6 models are partly attributed to a
simulation bias in precipitation, where the month with the

https://doi.org/10.5194/gmd-17-8751-2024
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Table 2. Skill scores of seasonality simulations for CMIP6 and CMIP5 MMEs. The correlation coefficient and coefficient of variation (CV)
are used to evaluate the phase and magnitude of seasonal variability, respectively. * — correlation significant at the 0.05 level.

NH high NHmiddle NHlow SHlow SH middle
Correlation coefficient
CMIP6-MME  0.98* 0.53* 0.22 0.58* 0.66*
CMIP5-MME  0.93* 0.20 —0.39 0.33 0.38
CV
Obs 1.69 0.74 1.17 0.96 0.43
CMIP6-MME  1.73 1.28 0.88 1.02 0.99
CMIP5-MME  0.20 0.24 0.29 0.39 0.23
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Figure 7. Same as Fig. 2 but for the relative trends in the present day (2001-2014 for the burned area and 2003-2014 for the fire carbon

emissions).

minimum precipitation in the models occurs 1 or 2 months
later than observed (Fig. S9 in the Supplement).

In the NH mid-latitudes, there are two observed fire peaks:
one in spring, mainly caused by crop fires, and the other
in summer, caused by fires occurring in natural vegetation
areas (Fig. 6¢). The CMIP6 models reproduce the summer
peak with greater accuracy than the CMIP5 models, which
peak 2 months later than the observations. However, neither
the CMIP6 models nor the CMIP5 models capture the spring
peak (Fig. 6¢ and d).

CMIP6 models reasonably simulate the magnitude of the
seasonal variability of burned area and outperform CMIPS5
models, except for the SH mid-latitudes (Fig. 6; Table 2).
CMIP5 models severely underestimate the seasonal variation
across all regions, simulating an abnormally flat seasonal cy-
cle that represents only about 30 % of the observed variation
(Table 2).

The performance of CMIP6 models in simulating the sea-
sonal phase of fire carbon emissions is similar to that for
burned area (Fig. S10 in the Supplement). Models using the
Li and SPITFIRE schemes capture the peak in NH high lat-
itudes (Fig. S8a and b) and the summer peak in NH mid-

Geosci. Model Dev., 17, 8751-8771, 2024

latitudes (Fig. S10c and d). They exhibit a 1- to 2-month
delay in the fire peak timing in NH and SH low latitudes
(Fig. S10e-h). The peak in the SH mid-latitudes is cap-
tured accurately by models using the Li scheme but occurs
2 months later for SPITFIRE (Fig. S10i and j). In addition,
different from the burned area simulations, both CMIP6 and
CMIPS models generally reproduce the observed magnitude
of seasonal variability for fire carbon emissions (Fig. S10),
although the CMIP5 models underestimate the seasonal vari-
ation in NH high latitudes (Fig. S10a and b) and SH mid-
latitudes (Fig. S10i and j).

3.4 Trend

In recent decades, satellite-based products have revealed a
significant decline in burned area and fire carbon emissions
(dashed lines with shades in Fig. 7), but CMIP6 models do
not capture this trend (bars in Fig. 7), similar to CMIP5 mod-
els (Kloster and Lasslop, 2017) and FireMIP dynamic global
vegetation models (DGVMs) (Andela et al., 2017). Spatially,
the observed decline in 2001-2014 burned area is most pro-
nounced in tropical savannas in South America, NH Africa,
and Australia, showing significant trends of —1.9 to —0.4,

https://doi.org/10.5194/gmd-17-8751-2024
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—3.8to —2.2, and —2.2 to —1.7Mhayr~? (range of differ-
ent benchmarks) for the three regions, respectively. However,
CMIP6 models exhibit trends of —0.6 to 0.8, —0.3 to 0.9, and
—1.5 to 0.6 Mhayr~2 for these regions. The failure is partly

https://doi.org/10.5194/gmd-17-8751-2024

due to the inadequate representation of human fire suppres-
sion efforts in the fire schemes (Andela et al., 2017).
Looking back to the period starting from 1850, most
CMIP6 models and the CMIP6 MME simulate the change
between the present day (1985-2005) and the pre-industrial

Geosci. Model Dev., 17, 8751-8771, 2024
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Figure 10. Same as Fig. 7 but for the coefficient of variability (CV; the standard deviation divided by the mean) of interannual variability.

period (1855—1875) that has the same sign (either an increase
or decrease) as the charcoal-based reconstructions in 11 out
of the 12 regions (Fig. 8). In eastern boreal North Amer-
ica (BONA-E), although the signs differ between the CMIP6
MME and RPD, both values are very small (Fig. 8b). In con-
trast, CMIPS models show trends consistent in sign with the
RPD reconstructions in only 4 of the 12 regions (BONA-E,
TENA-E, ARCD, and SEAS/EQAS), indicating poorer per-
formance compared to CMIP6 models (Fig. 8).

For time series changes, most CMIP6 models can cap-
ture the overall downward trend for 1850-1990 in western
boreal North America (BONA-W), western temperate North
America (TENA-W), Europe (EURO), boreal Asia (BOAS),
and Australia (AUST) (Fig. 9a, c, h, i, and 1) and upward
trend for the arc of deforestation (ARCD) (Fig. 9f) as de-
picted in RPD. However, simulations and RPD have dif-
ferent trends in eastern temperate North America (TENA-
E) and the southern arc of deforestation in South Africa
(SARC) prior to the 1910s (Fig. 9d and g), as well as in
temperate North America (TENA-E and TENA-W), eastern
boreal North America (BONA-E), EURO, and BOAS from
the 1980s onwards (Fig. 9b—d, h, and i). Since the 1980s,
CMIP6 simulations have shown an increase in these regions,
whereas the RPD reconstructions show a decline. The long-
term (1982-2018) fire reanalysis product FireCCILT11 sup-
ports the rising trend in EURO simulated by the CMIP6 mod-
els but shows a decrease in BOAS similar to RPD (Otén
et al., 2021). Furthermore, the increase in TENA-W, de-
picted in most CMIP6 models, is supported by the analyses
of remote-sensing-based fire perimeter data sets (e.g., Abat-
zoglou and Kolden, 2013; Abatzoglou and Williams, 2016;
Williams et al., 2019), contrary to the RPD.

Most CMIP6 models also show a decline in TENA-E fire
emissions before the 1910s, while RPD and some CMIP5
models suggest an increase (Figs. 9 and S11 in the Supple-
ment). From 1850 to 2010, the CMIP6 models using SPIT-
FIRE simulate increased fire emissions in TENA-W, and

Geosci. Model Dev., 17, 8751-8771, 2024

the CMIP6 models using GlobFIRM simulate decreased fire
emissions in ARCD, which are not seen in the RPD recon-
structions and CMIP6 models using the Li scheme (Fig. 9¢c
and f).

3.5 Interannual variability

Unlike DGVMs that are driven by observed climate data (Li
et al., 2019; Hantson et al., 2020), coupled models in CMIP
are free running and driven solely by anthropogenic forcing.
Consequently, they do not aim to synchronize with the actual
climate state of specific years (Taylor et al., 2012; Eyring
et al., 2016). Therefore, expecting a one-to-one match be-
tween CMIP-simulated and observed fires in any given year
is unrealistic. Instead, we evaluate the magnitude of interan-
nual variability and how fire activity responds to key climate
drivers, such as ENSO, a dominant climate oscillation on an
interannual timescale, affecting fires in the tropics (van der
Werf et al., 2006; Prentice et al., 2011; Chen et al., 2017).

CMIP6 models demonstrate large inter-model discrepan-
cies in simulating interannual variation. For burned area,
the modifications of GlobFIRM implemented in CNRM-
ESM2 (Delire et al., 2020) and the updates to the Li scheme
employed by CESM2 and the NorESM family (Li and
Lawrence, 2017) weaken interannual variation compared to
EC-Earth3 and the CMCC family, respectively (Fig. 10a).
For fire carbon emissions, models using the Li scheme over-
estimate the interannual variation, while those using SPIT-
FIRE underestimate it (Fig. 10b).

The warm phase of ENSO (El Nifio), characterized by
warm SST anomalies in the tropical central-eastern Pacific
(quantified by the Nifio3.4 index), is typically initiated dur-
ing the boreal summer and persists through the following
spring, reaching its peak in boreal winter. Here, we assess the
influence of winter (DJF) El Nifio on the interannual vari-
ability of annual tropical fires averaged from the preceding
June to the following May. In observations, El Nifio-induced
anomalies in the Walker circulation along the Equator lead to
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Figure 11. Correlation coefficient between the DJF Nifio3.4 index
and tropical fire carbon emissions averaged from the preceding June
to the following May for GFED4s (1997-2019) and CMIP6 models
(1850-2014). *— benchmark GFED4s. EC-Earth3 models, which
only provide annual total fire emissions at the end of the year, are
excluded.

decreased precipitation, increased fuel flammability, and en-
hanced burning and fire carbon emissions in equatorial South
America and Southeast Asia, whereas they produce the op-
posite effect in eastern Africa (Fig. S12 in the Supplement).
In general, the CMIP6 models successfully capture the re-
sponse of fire carbon emissions to El Nifio in the three re-
gions, except for the models using the SPITFIRE scheme
(Fig. 11). The failure of these models mainly stems from their
poor simulations of the relationship between local precipita-
tion and fire carbon emissions in Southeast Asia (i.e., mainly
caused by fire model) (Fig. S13a in the Supplement) and is
due to poor simulations of the relationships between both
El Nifio and precipitation and precipitation and fire carbon
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emissions for eastern Africa and equatorial South America
(Figs. S13b, c and S14b, ¢ in the Supplement).

3.6 Relationship between fires and climatic and
socioeconomic factors

Observations indicate a distinct unimodal relationship be-
tween burned area and mean annual precipitation in the trop-
ics and subtropics (Fig. 12a): burned area increases as precip-
itation increases due to increased fuel load, peaking at an an-
nual precipitation of 1100 mmyr~!, and then declines as pre-
cipitation increases due to decreased fuel flammability (van
der Werf et al., 2008; Archibald et al., 2009). CMIP6 mod-
els using the Li scheme reproduce the unimodal relationship,
whereas models using GlobFIRM peak at an annual precip-
itation of 100-500 mmyr~! (Fig. 12b—j). However, all the
CMIP6 models show weaker variability in magnitude than
observations, indicating that the sensitivity of fires to humid
conditions is underestimated.

CMIP6 models using the Li scheme outperform all CMIP5
models in reproducing the relationship between fires and
wet—dry conditions. All CMIP5 models peak at lower annual
precipitation values than those of the observations (Fig. S15
in the Supplement). Specifically, CESM1-BGC and CCSM4
have a maximum for mean annual precipitations of around
700-900 mmyr~!, while MPI models exhibit a peak at
around 400 mmyr~!. Similar to CMIP6 models, all CMIP5
models underestimate the sensitivity of tropical and subtrop-
ical fires to humidity but to a greater extent (Fig. S15).

The observed burned area fraction rises with increasing
population density, mainly due to increased human ignitions,
peaking at 10—18 persons km~2, and then falls due to in-
creased human suppression (Fig. 13a) (Pechony and Shin-
dell, 2009; Bistinas et al., 2014; Haas et al., 2022). CMIP6
models using the Li scheme and CNRM-ESM2-1 using the
GlobFIRM variant reproduce the observed relationship well,
while CMIP6 models using GlobFIRM and all CMIP5 mod-
els fail due to a lack of representation of human influence on
fire occurrence and spread (Figs. 13b—j and S16 in the Sup-
plement).

4 Conclusions and discussion
4.1 Summary

This study provides the first comprehensive evaluation of
global fire simulations in CMIP6 ESMs and documents con-
siderable improvements compared to CMIP5 models. Our
main findings can be summarized as follows:

— Global totals. Most CMIP6 models, along with the
multi-model ensemble mean, estimate global totals of
burned area and fire carbon emissions within the range
of satellite-based observations. CMIP6 addresses the
major issue identified in the CMIP5 models that sim-
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Figure 13. Burned area fraction changes with increasing population density for (a) benchmarks and (b—j) CMIP6 model simulations.

ulate a global burned area of less than half that of the
observed. The increased inter-model range in CMIP6 is
due to the inclusion of models using the GlobFIRM fire
scheme.

Spatial pattern. CMIP6 models and the ensemble mean
skillfully simulate the spatial patterns of burned area
and fire carbon emissions. Models using GlobFIRM
have around half the skill (measured as spatial correla-
tions) in simulating burned area compared to those us-
ing the Li scheme. Models that use the complex SPIT-
FIRE fire scheme do not outperform the other models.
Notably, CMIP6 models capture the high burned area
fraction observed in Africa, whereas all CMIP5 mod-
els fail to reproduce this feature. The global correlation
between the CMIP6-simulated burned area and obser-
vations is twice that of the CMIP5 models. Simulations
of fire carbon emissions have been improved as well,
albeit to a lesser degree.

Seasonal cycle. CMIP6 models and the ensemble mean
capture the major features of the fire seasonal phase
(timing) but fail to reproduce the spring peak at NH
mid-latitudes. They also simulated fire peak timing
around 2 months later than the observed in the trop-
ics, partly due to the bias in the simulated precipitation.
Overall, CMIP6 models outperform CMIP5 models in
replicating the timing. Importantly, CMIP6 addresses

Geosci. Model Dev., 17, 8751-8771, 2024

the major issue identified in CMIP5 models, which sim-
ulated burned area seasonal variation (quantified using
CV) at only about 30 % of the observed level.

Long-term trend. CMIP6 models still fail to reproduce
the observed significant decline in burned area and fire
carbon emissions over the past 2 to 3 decades, largely
due to an underestimation of anthropogenic influences
that suppress fires. For the period 1850-2010, simulated
regional changes in fire carbon emissions align with the
RPD charcoal-based reconstructions, except for south-
ern South America and eastern temperate North Amer-
ica before the 1910s and temperate and eastern bo-
real North America, Europe, and boreal Asia since the
1980s. CMIP6 simulations are generally closer to RPD
than CMIP5 simulations.

Interannual variability. CMIP6 models can capture the
response of interannual variability of tropical fires to
ENSO, except for models using the SPITFIRE fire
scheme. However, there are large inter-model differ-
ences in simulating the magnitude of interannual vari-
ation.

Relationship of fires with precipitation and population
density. CMIP6 models capture the unimodal relation-
ship between burned area and precipitation in the tropics
and subtropics and between the global burned area and
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population density, except for models using the Glob-
FIRM fire scheme. CMIP6 models outperform CMIP5
models, but all CMIP6 and CMIP5 models consistently
underestimate fire sensitivity to precipitation.

4.2 Reasons for improved fire simulations in CMIP6

The improved fire simulations from CMIP5 to CMIP6 are
mainly attributed to the development of fire schemes. The
most used fire scheme has evolved to the Li scheme in
CMIP6 from the GlobFIRM in CMIP5. Li et al. (2012, 2013)
assessed the two schemes in CLM4 offline simulations us-
ing the same inputs (observed climate, lightning frequency,
CO» concentration, land use and land cover change, socioe-
conomic conditions) and experimental design. The results in-
dicated that the Li scheme not only aligned more closely with
the observed global burned area, with estimates twice that
of GlobFIRM, but also doubled the simulated skill in spa-
tial pattern, notably capturing the high burn area fraction in
Africa. Liet al. (2019), Hantson et al. (2020), and Wang et al.
(2022) evaluated fire simulations of the DGVMs participat-
ing in FireMIP, which used the same protocol and input data,
and confirmed the superiority of the Li scheme.

The Li fire scheme outperforms GlobFIRM primarily due
to its superior core equation for calculating burned area and
its calibration of parameters and functions based on obser-
vations. The Li fire scheme calculates the time-step burned
area as the product of fire counts and average fire spread area
per fire, in which all variables have observations, allowing
for parameter calibration (Li et al., 2012, 2013). Such cal-
ibration has indeed been performed on the parameters, as
documented by Li et al. (2021, 2013). GlobFIRM, on the
other hand, calculates the annual burned area fraction as a
nonlinear function of fire season length, where the fire sea-
son length is calculated by summing fire occurrence prob-
ability over a year (Thonicke et al., 2001). Since the prob-
ability cannot exceed 1, the burned area will be underesti-
mated in grid cells where multiple fires occur in a time step.
Furthermore, fire occurrence probability has no observations,
so fire occurrence parameters cannot be calibrated. In addi-
tion, because the annual burned area is simulated, models
using GloFIRM do not simulate fire seasonality. To address
this, some models modified GlobFIRM to run at sub-daily
to monthly time steps by using the weighted difference of
running annual mean burned areas between the current and
previous time steps (Krinner et al., 2005; Kloster et al., 2010;
Kloster and Lasslop, 2017). However, this modification still
results in a significant underestimate of seasonal variation in
burned area, as shown in Fig. 6. Besides the two primary
reasons, the incorporation of human influence on fires, even
though partially, enhanced the simulations of the global spa-
tial pattern of burned area.

Improvements and changes in climate simulations in
CMIP6 also contribute to improved fire simulations com-
pared to CMIPS in some regions. The CMIP6 models reduce
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the wet bias in NH Africa during the fire season (Fig. S3),
resulting in higher fuel flammability and increased burned
area. CMIP6 models also simulate a warmer climate in the
Arctic boreal zone year-round, displaying a larger warm bias
or a shift from cold bias in CMIP5 to warm bias (Fig. S4 in
the Supplement). The warm bias can lead to increased veg-
etation growth and hence an increase in fuel availability and
fuel flammability during the fire season through increased
drying. Besides, CMIP6 models that incorporate the Li fire
scheme simulate biomass and leaf area index (LAI) more rea-
sonably than their model versions in CMIP5 (Danabasoglu
et al., 2020; Seland et al., 2020), which contributes to more
accurate estimates of fuel availability.

4.3 Implications for future fire model development

Our evaluation results indicate four critical issues in current
fire models, suggesting directions for future model develop-
ment.

First, CMIP6 models fail to reproduce the observed
present-day significant decline in burned area and fire carbon
emissions. The observed decline is largely attributed to in-
creased human suppression (Andela et al., 2017). Archibald
(2016) and Andela et al. (2017) found that the increase in
land fragmentation from cropland and pasture expansion de-
creases fuel continuity, resulting in less burned area and
lower fire emissions. Nevertheless, no fire scheme in CMIP6
ESMs parameterizes this. Furthermore, although CMIP6
ESMs using the Li scheme include parameterization on how
economic development, measured by GDP per capita, en-
hances fire suppression, this has no impact on the CMIP6
simulations due to the GDP per capita forcing data they used
being fixed at year 2000 levels. Therefore, considering the
influence of landscape fragmentation on fires and using time-
varying GDP per capita as forcing data could be a promising
direction for future model development.

Second, CMIP6 models still underestimate the global
burned area, though they are much better than CMIP5 mod-
els. The underestimation is partly because the models do not
simulate multiday fires, which would allow for larger fires
and thus increase the burned area. Another reason for the un-
derestimation may be that these models calibrated their pa-
rameters and functions using older remote-sensed products.
For example, the Li scheme used GFED3 (Giglio et al., 2010)
for calibration (Li et al., 2012, 2013), which reports a global
total burned area of around half of that indicated in the latest
GFEDS product (Chen et al., 2023). Revisiting model cali-
brations and considering multiday fires would be helpful to
improve model performance.

Third, the CMIP6 models fail to reproduce the observed
spring peak in fires at NH mid-latitudes. The peak is mainly
attributed to fires that occurred over croplands. While CMIP6
models using the Li scheme do simulate crop fires (Table 1),
they underestimate them for two main reasons: (1) the cali-
bration of crop fire parameters in the Li scheme was based on
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GFED3 (Li et al., 2013), in which crop fires, generally clas-
sified as small fires, are much underestimated (Chen et al.,
2023); (2) ESMs using the Li scheme and crop growth model
(e.g., CESM family and NorESM family) assume no crop
fires in managed croplands. The CMIP6 models using other
fire schemes either assume that no fires occur in croplands
or treat them as fires occurring in natural vegetation, lead-
ing to an underestimation or incorrect timing of crop fires.
Recently, Millington et al. (2022) have deepened our under-
standing of fire use in croplands, detailing the varied pur-
poses for burning, which influence the timing of burns and
how environmental conditions affect these practices. Addi-
tionally, Hall et al. (2024) have developed a global cropland-
focused burned area product. Incorporating the information
in fire models would be a helpful step in improving model
performance.

Finally, all CMIP6 models underestimate fire sensitivity
to precipitation, either by increasing fuel loads as precipita-
tion increases in more arid climates or by reducing flamma-
bility in more humid climates. This suggests the need to re-
examine the parameterizations of fuel buildup and to improve
the estimation of fuel wetness.

4.4 TImplications for developing a reliable future fire
projection product

A reliable fire projection product is crucial for knowing how
fire regimes may change in the future (Pechony and Shindell,
2009; Kloster and Lasslop, 2017; Li et al., 2021; Wu et al.,
2022; Yu et al., 2022). It not only aids in guiding fire man-
agement, but also is necessary for quantifying the influence
of future fires on carbon, water, and energy cycles, as well as
climate and human well-being (Ward et al., 2012; Jiang et al.,
2016; Xie et al., 2022; Li et al., 2022; Lou et al., 2023; Park
et al., 2024). Despite the clear need, such a product is cur-
rently lacking. The future fire emission forcings for CMIP6,
for example, are derived from integrated assessment mod-
els (IAMs), which lack the spatial variability within a broad
vegetation category (e.g., forest, grassland) across a country
and the interannual variability (Feng et al., 2020). These data
are not based on mechanistic models and cannot realistically
represent future fire dynamics.

The CMIP6 fire simulations, based on mechanistic fire
models, represent state-of-the-art multi-model source data
for generating global projections of future fires. Our eval-
uation provides valuable insights into how to use them to
produce a reliable fire protection product. Clearly, includ-
ing models that perform poorly, either with respect to burned
area (e.g., EC-Earth3-CC, EC-Earth3-Veg) or with respect to
emissions (e.g., MRI-ESM2-0, NorCPM1), will downgrade
the quality of the multi-model projection. Correcting biases
in multi-year averages (val Marle et al., 2017; Lou et al.,
2023), the relationship of fires with socioeconomic factors
(e.g., population density, GDP per capita, road density), cli-
matic variables (Xie et al., 2022; Yu et al., 2022), and land
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cover change (Wang et al., 2023) would also improve the
reliability of the projections. Finally, instead of relying on
multi-model mean or median values (van Marle et al., 2017,
Lou et al., 2023), it is desirable to use a weighted-average
approach, in which weights are assigned based on model per-
formance when constructing multi-model ensembles.

Code and data availability. CMIP6 and CMIP5 outputs can be
accessed through the Earth System Grid Federation (ESGF) at
http://esgf-node.llnl.gov/search/cmip6/ (last access: March 2023)
(Eyring et al., 2016) and http://esgf-node.llnl.gov/search/cmip5/
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spectively. The post-processing scripts are available at
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