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Abstract. Peat fires in the northern high latitudes have the
potential to burn vast amounts of carbon-rich organic soil,
releasing large quantities of long-term stored carbon to the
atmosphere. Due to anthropogenic activities and climate
change, peat fires are increasing in frequency and intensity
across the high latitudes. However, at present they are not
explicitly included in most fire models. Here we detail the
development of INFERNO-peat, the first parameterization of
peat fires in the JULES-INFERNO (Joint UK Land Environ-
ment Simulator INteractive Fire and Emission algoRithm for
Natural envirOnments) fire model. INFERNO-peat utilizes
knowledge from lab and field-based studies on peat fire ig-
nition and spread to be able to model peat burnt area, burn
depth, and carbon emissions, based on data of the moisture
content, inorganic content, bulk density, soil temperature,
and water table depth of peat. INFERNO-peat improves the
representation of burnt area in the high latitudes, with peat
fires simulating on average an additional 0.305× 106 km2

of burn area each year, emitting 224.10 Tg of carbon. Com-
pared to Global Fire Emissions Database version 5 (GFED5),
INFERNO-peat captures ∼ 20 % more burnt area, whereas
INFERNO underestimated burning by 50 %. Additionally,
INFERNO-peat substantially improves the representation of
interannual variability in burnt area and subsequent carbon
emissions across the high latitudes. The coefficient of vari-
ation in carbon emissions is increased from 0.071 in IN-
FERNO to 0.127 in INFERNO-peat, an almost 80 % in-
crease. Therefore, explicitly modelling peat fires shows a

substantial improvement in the fire modelling capabilities
of JULES-INFERNO, highlighting the importance of repre-
senting peatland systems in fire models.

1 Introduction

Peatlands are a globally important store of carbon, hous-
ing approximately one-third of the world’s soil carbon de-
spite only covering 3 % of the Earth’s land surface (Xu et
al., 2018; Yu et al., 2010). The high latitudes make up the
vast majority of global peatland area, with ∼ 50 % occur-
ring in Canada and Russia alone (UNEP, 2022). The north-
ern high latitudes are therefore critical carbon stores contain-
ing 415 Pg C (Hugelius et al., 2020a), exerting a net cool-
ing effect on the atmosphere (Frolking and Roulet, 2007).
Peatlands are rich in carbon as peat forms under waterlogged
anaerobic conditions, which reduces the decomposition rates
of vegetation, allowing for the build-up of carbon-rich or-
ganic matter within the soil. However, peatlands are being
increasingly threatened by both climate change and anthro-
pogenic activity, with 54 % of high-latitude peatlands drying
over the last 200 years (Zhang et al., 2022). Peatlands are an-
ticipated to continue to degrade with climate change, ampli-
fying carbon loss with the potential to switch peatlands from
being sinks to sources of carbon, creating a positive feedback
loop (Loisel et al., 2021; Swindles et al., 2019; Hugelius et
al., 2020; Tarnocai, 2009; Zhao and Zhuang, 2023). Further-
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more, the degradation of peatlands resulting from both hu-
mans and climate change is increasing the frequency and ex-
tent of wildfires in peatlands (Turetsky et al., 2015; Dadap et
al., 2019).

Peat fires are among the largest and most persistent wild-
fire phenomena on Earth (Rein, 2013). In the northern high
latitudes, peat fires largely originate from lightning strikes
(Wendler et al., 2011; McCarty et al., 2021; Xu et al., 2022).
However, human activities such as timber and energy extrac-
tion, prescribed burning, and tourism can also lead to fires
(McCarty et al., 2021). Peat fires are a fundamentally dif-
ferent phenomenon to vegetation fires as they burn predomi-
nately by smouldering combustion, which is characterized by
slow, low temperature and flameless burning with incomplete
combustion (Rein, 2013; Huang and Rein, 2017; Rein, 2015).
Smouldering is a volumetric phenomenon that also spreads
downwards within the soil (Rein, 2013). Smouldering com-
bustion is heavily influenced by soil properties (Rein, 2015;
Archibald et al., 2018), the most important being soil mois-
ture (Rein, 2013, 2015). In general, drier soils with deep wa-
ter tables facilitate greater and deeper burning with high fuel
consumption (Purnomo et al., 2020; Lin et al., 2019; Ben-
scoter et al., 2011; Turetsky et al., 2011a; Che Azmi et al.,
2021). However, fires can still be maintained at moisture con-
tents as high as 160 % (Rein, 2013; Hu et al., 2019b; Rein,
2015; Purnomo et al., 2020), albeit reliant on other param-
eters such as bulk density and inorganic content, indicating
the high combustion potential of peatlands. Inorganic con-
tent and bulk density also exert an important control on peat
fire ignition and spread (Rein, 2013, 2015). Higher inorganic
content levels in peat results in the slower spread rate of peat
fires (Yang and Chen, 2018; Christensen et al., 2020), whilst
increased peat bulk density is associated with increased fire
spread (Huang and Rein, 2019). Soil temperature is also im-
portant, as a peat fire will continue to spread downward and
laterally into the soil, existing and spreading underground for
months, until it is too cold to maintain a fire (Lin et al., 2021).
On average, peat fires burn 12 cm deep into the soil (Santoso
et al., 2019) but have been shown to burn to 100 cm deep in
laboratory experiments (Qin et al., 2023).

Due to the large quantities of carbon sequestered in peat-
lands, peat fires can release vast amounts of carbon, esti-
mated to be roughly equivalent to 15 % of that of anthro-
pogenic emissions (Lasslop et al., 2019; Loisel et al., 2021;
Poulter et al., 2006; Rein, 2015). Carbon emissions from peat
fires are heavily influenced by the depth of burn, as the deeper
a peat fire burns, the larger the pool of carbon that is exposed
to combustion (Lin et al., 2021; Huang and Rein, 2017; Che
Azmi et al., 2021). Smouldering peat fires also emit a range
of gas species, including CO2, CO, CH4, and NH3, alongside
a suite of aerosols and particulates (Hu et al., 2019a; Voulgar-
akis and Field, 2015), while they are also dominant in driving
the interannual variability in global fire emissions and their
consequent effects on global atmospheric composition (van
der Werf et al., 2010; Voulgarakis et al., 2015). Aerosols and

particulates from peat fires result in the degradation of air
quality and can lead to haze events (Turetsky et al., 2015;
Hu et al., 2018), consequently disrupting transport, tourism,
and agriculture (Hu et al., 2018; Heil and Goldammer, 2001).
Haze also leads to respiratory and cardiovascular problems
(WHO, 2006; Hu et al., 2018), with an estimated 25 000
to 50 000 premature deaths due to Arctic wildfire attributed
PM2.5 (Silver et al., 2023). For example, in 2010, peat fires
surrounding Moscow led to extreme air pollution and 11 000
additional deaths (Konovalov et al., 2011; Shaponshnikov et
al., 2014). Therefore, peat fires are of major concern for the
climate and air quality.

Peat fires also have widespread impacts on ecosystems
through altered ecosystem composition and successional tra-
jectories and changes to moisture and nutrient dynamics in-
cluding increased evapotranspiration, which may alter the
functioning of peatlands and further carbon losses (Kettridge
et al., 2015, 2019; Mekonnen et al., 2021). In the high lati-
tudes 50 % of peatlands are affected by permafrost (Hugelius
et al., 2020a). Following a fire, permafrost can be exposed
to warming, resulting in degradation, thermokarst develop-
ment, and further carbon losses (Chen et al., 2021; Nitze et
al., 2018). Therefore, peat fires have the potential to cause
large shifts in ecosystem functioning and escalate carbon
emissions from peatlands.

Peatlands are becoming increasingly vulnerable to fires
(York et al., 2020). The Arctic is currently warming at
twice the rate of the global average (Bruhwiler et al., 2021);
this alongside decreased precipitation can lead to earlier
snowmelt and increased water deficits, thus increasing peat-
land vulnerability to fires and burnt area (Talucci et al.,
2022). Land use change, drainage, agriculture, and log-
ging are also increasing peatland vulnerability (Rein, 2015;
Langner and Siegert, 2009). Coincidently, lightning fre-
quency has increased substantially in the high latitudes (Ve-
raverbeke et al., 2017), alongside an expansion of human
populations and activities into the high latitudes (Bartsch et
al., 2021). Increasing lightning and human ignitions, com-
bined with amplified peatland vulnerability to wildfires, is
resulting in an increase in fire activity across the high lati-
tudes (McCarty et al., 2021) and risks switching peatlands
from fire-resistant systems to fire-prone systems (Turetsky
et al., 2015). For example, 2019, 2020, and 2021 saw the
largest fire years on record in north-east Siberia, driven by in-
creased summer temperatures, earlier snowmelt, and greater
plant water stress (Descals et al., 2022; Scholten et al., 2022).

Climate change is expected to amplify the vulnerability of
peatlands to wildfires through rising temperatures, increased
frequency and intensity of droughts, and increases in fire
weather (Thompson et al., 2019; Descals et al., 2022; Lund
et al., 2023). Lightning strikes in the high latitudes are ex-
pected to increase by 113 % by 2100 (Chen et al., 2021).
As a result, peat fires are expected to increase in frequency
and severity (McCarty et al., 2021; Turetsky et al., 2015). In-
creased fire occurrence and severity leads to greater carbon
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emissions from fires and may result in a positive feedback
loop with the climate system and potentially a catastrophic
loss of carbon from the northern high latitudes (Mack et al.,
2011; Chen et al., 2021; Turetsky et al., 2015), potentially
resulting in peatlands switching from a carbon sink to source
by 2100 (Wilkinson et al., 2023).

Despite the importance of peat fires they are currently not
explicitly incorporated into most fire models, meaning that
the important climate and carbon feedbacks cannot be ac-
curately assessed. At present, the Community Earth System
Model (CESM) is the only model to represent peatland burn-
ing through its fire and land surface model CLM-Li (Li et al.,
2013). The CESM approach was a major step forward, but
it is limited by the fact that it does not consider the effects
of soil properties on peat fires (Li et al., 2013). Fire models
in general do not completely reproduce observed patterns of
burnt area (Jones et al., 2022), in particular in the high lati-
tudes. The absence of peat fires is often highlighted as a limit-
ing factor in a model’s ability to reproduce present-day burn-
ing (Mangeon et al., 2016; Teixeria et al., 2021). Therefore,
at present the capacity of fire models to predict future fire ac-
tivity is limited (Jones et al., 2022). Peat fire representation
in models is also key to accurately representing the northern
peatland carbon balance in Earth system models (Wilkinson
et al., 2023).

The INteractive Fire and Emission algoRithm for Natu-
ral envirOnments (INFERNO) is a reduced-complexity fire
model that is part of the Joint UK Land Environment Simula-
tor (JULES) land surface model (Mangeon et al., 2016; Bur-
ton et al., 2019). INFERNO estimates plant functional type
burnt area, utilizing lightning and population density to cal-
culate ignitions and key variables such as relative humidity,
precipitation, soil moisture, temperature, and fuel load to cal-
culate flammability (Mangeon et al., 2016). INFERNO has
been shown to accurately diagnose global burnt area com-
pared to observational data from the Global Fire Emissions
Database (GFED) (Mangeon et al., 2016) and compares well
to other fire models on a global scale (Hantson et al., 2020).
However, over the northern high latitudes INFERNO fails
to capture a significant amount of burnt area, particularly in
Canada, Alaska, and Siberian Russia. INFERNO also under-
estimates carbon emissions and fails to capture the interan-
nual variability in these emissions (Mangeon et al., 2016).
Mangeon et al. (2016) put these underestimates down to the
lack of representation of peat fires in INFERNO. We address
this gap here by developing a new peat fire parameterization
in INFERNO.

2 Model description and developments

INFERNO-peat is a simplified peat fire model, which uti-
lizes the existing JULES-INFERNO framework to add addi-
tional burnt area and carbon emissions from peatland burn-
ing. At present INFERNO-peat is an offline model run in

Python version 3.8, using outputs from JULES-INFERNO
(detailed below). Figure 1 provides an overview of the model.
In summary, INFERNO-peat utilizes ignition data from pop-
ulation density and lightning, along with plant functional
type (PFT) flammability calculated by INFERNO and PFT
fractions from JULES, to estimate the number of potential
peat fire ignitions. The likelihood of those ignitions develop-
ing into a peat fire is represented by a parametrization of peat
combustibility based on key relationships with soil moisture,
inorganic content, and bulk density (Frandsen, 1997). We
also parameterized the depth of burn in peatlands using crit-
ical soil temperature (Lin et al., 2021) and water table depth,
with soil and hydrology simulated by JULES. A parametriza-
tion of peatland carbon emissions was also implemented us-
ing calculated peat burnt area, depth of burn, and the carbon
content existing in the peat (Lin et al., 2021). In the sub-
sections below, we present the individual steps of the peat
fire simulation in more detail.

2.1 Peat fire ignitions (Ipeat)

The majority of peat fire ignitions results from a pre-existing
flaming vegetation fire (Rein, 2013). To account for this, peat
fire ignitions are based on the number of flaming vegetation
fires in a grid box identified from INFERNO (Eq. 1). Here,
the third ignition mode of INFERNO is used unchanged
from Mangeon et al. (2016). Total ignitions (IT) are com-
prised of human ignitions and suppressions, based on popu-
lation density, and varying natural ignitions, based on cloud-
to-ground lightning strikes. The flammability of each of the
13 PFTs represented in JULES is also calculated using the
original equations from Mangeon et al. (2016) in INFERNO.
Flammability of each PFT (FlamPFT) (0–1) is based on key
climatic drivers of fires such as temperature, relative humid-
ity, and precipitation, alongside fuel density and soil mois-
ture (Mangeon et al., 2016). From Eq. (1), the number of peat
fires (Ipeat) in a particular PFT is given by the flammability
(FlamPFT) multiplied by the gridbox ignition rate (IT) and
the fraction of the gridbox occupied by that PFT (FracPFT).

Ipeat =
∑
PFT
IT ·FlamPFT ·FracPFT (1)

2.2 Peat combustibility (Combpeat)

For each grid box where peat is located, the combustibility
of peat is calculated using Eq. (2) (Frandsen, 1997; Purnomo
et al., 2020).

Combpeat =

1
1+ exp(−(B0+ (B1 ·SM)+ (B2 · IC)+ (B3 · ρ)))

(2)

Combustibility describes the probability of a peat fire ignit-
ing and spreading. Peat combustibility depends on the peat-
land soil moisture (SM) (%), inorganic content (IC) (%), and
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Figure 1. Schematic summarizing the new parameterizations introduced as part of INFERNO-peat, the input variables, and their sources.

bulk density (ρ) (kg m−3). Soil moisture is the most impor-
tant variable affecting the ignition and spread of peat fires
(Rein, 2013, 2015). Here, soil moisture and peat combustibil-
ity exhibit a reverse sigmoid curve, where the likelihood of
peat combusting is high at low SM and low at high SM
(Frandsen, 1997; Fig. 2a). Fixed values are utilized for IC and
ρ of 9.4 % and 222 kg m−3, respectively (Frandsen, 1997),
due to a lack of robust observational datasets of peatland-
specific IC and BD on a global scale and to avoid adding ad-
ditional sources of uncertainty into the model. B values rep-
resent constants identified by Frandsen (1997), where B0 =

−19.8198, B1 =−0.1169, B2 = 1.0414, and B3 = 0.0782.

2.3 Peat burnt area (BApeat)

Calculating burnt area from peat fires uses a similar approach
to how PFT burnt areas are calculated in JULES (Mangeon
et al., 2016). In INFERNO, average burnt area values for
each PFT were heuristically determined (Mangeon et al.,
2016). However, here we obtain an average peat burnt area
(BApeat) from Santoso et al. (2019), who estimated an aver-
age peat fire burnt area, depth, and emitted carbon for boreal
peat fires based on reported field studies between 1983 and
2015. For use in INFERNO-peat, anomalously large values
reported from Santoso et al. (2019) were omitted from the
average. Therefore, an average peat burnt area of 381.7 km2

was used. The peat burnt area is then calculated following
Eq. (3), where BApeat (peatland burnt area in km2) results
from combining Ipeat, Combpeat, BApeat, and grid box peat-
land fraction (Fracpeat).

BApeat = Ipeat ·Combpeat ·BApeat ·Fracpeat (3)

2.4 Depth of burn (BDpeat)

We adapt the scheme used by Lin et al. (2021) to estimate
the depth of burn (m) resulting from a peat fire. Here we es-
timate the critical soil temperature (Tcrit) (°C), which repre-
sents the minimum environmental temperature that can sus-
tain a smouldering fire in peatlands and is driven by the
moisture content (SM) (%) of the soil (Lin et al., 2021;
Eq. 4). Lin et al. (2021) identified a linear relationship be-
tween Tcrit and SM, with increasing SM increasing the Tcrit,
which allows dry peat to burn at extremely low temperatures
(Fig. 2b). INFERNO-peat uses outputs of soil temperature
from JULES to then locate at what depth within the soil col-
umn Tcrit is reached. We then assume that a peat fire will
burn to this depth or the depth of the water table (zw) if
that is higher. A maximum depth of burn of 40 cm is used in
INFERNO-peat, meaning that no fire can burn deeper than
40 cm into the soil. Field studies conducted across the high
latitudes have shown that peat fires burn on average the top
5 to 20 cm of the soil (Turetsky et al., 2011b; Walker et al.,
2020; Santoso et al., 2019; Lukenbach et al., 2015; Hokan-
son et al., 2016; Wilkinson et al., 2018; Davies et al., 2013).
Although some lab-based studies have shown the possibil-
ity of peat burning up to 1 m into the soil (Qin et al., 2023),
only 7.4 % of the 905 sites studied by Walker et al. (2020)
showed burning deeper than 20 cm, with the maximum value
recorded being 34.2 cm. Therefore, capping burn depth at

Geosci. Model Dev., 17, 3063–3079, 2024 https://doi.org/10.5194/gmd-17-3063-2024



K. R. Blackford et al.: INFERNO-peat v1.0.0 3067

40 cm should still capture the variation seen in burning across
the high latitudes whilst preventing unrealistically deep burn-
ing. A sensitivity analysis using different caps on burn depth
showed that 40 cm produced the optimum model output com-
pared to observations (Sect. S2 and Fig. S3 in the Supple-
ment).

Tcrit = (42×SM)− 28 (4)

2.5 Carbon emissions (Cpeat)

Total emitted carbon from a peatland burning is calculated
using Eq. (5) and reflects common carbon emission calcula-
tions (Lin et al., 2021; Che Azmi et al., 2021; Hu et al., 2018).
Total emitted carbon from peat fires (Cpeat) is obtained from
peat burnt area (BApeat), the depth of burn (BDpeat), a com-
bustion completeness (CC) value, and the carbon content of
the peat in that grid box (C). A combustion completeness of
0.8 was used in this study. On average, data from field studies
collated by Walker et al. (2020) showed that on average the
proportion of total C combusted that is attributed to below-
ground carbon is 0.866. Similarly, smouldering combustion
is often cited as having a combustion completeness of less
than 0.9 (Wiggins et al., 2021; Urbanski, 2014). A sensitiv-
ity analysis was performed using multiple combustion com-
pleteness values which showed that using 0.8 for combustion
completeness resulted in the best modelled carbon in com-
parison to GFED 500m belowground burning observations
(Sect. S2, Fig. S3).

Cpeat = BApeat×BDpeat×C ×CC (5)

3 Experimental set-up and evaluation

INFERNO-peat is run as an offline model using Python ver-
sion 3.8, requiring output files from JULES and INFERNO.
JULES-INFERNO outputs, for the majority of variables,
were obtained from a TRENDY JULES simulation in JULES
vn5.4 using the TRIFFID (Top-down Representation of In-
teractive Foliage and Flora Including Dynamics) dynamic
vegetation model. For the peat soil variables (SM, water ta-
ble depth (zw), and soil temperature (tsoil)), an experimental
JULES run utilizing new peat module developments (Chad-
burn et al., 2022) was used which assumes from 50° N all
soils are organic, therefore producing a better representation
of the northern peatland soil physics and dynamics. Stan-
dard JULES operates in a similar manner but instead as-
sumes that all soils are mineral. Within early INFERNO-
peat testing this was identified to be causing a systematic
bias in the model towards peatlands being drier than they
should be and consequently resulting in inflated burnt area
estimates. This was resolved when using organic soil mois-
ture (Supplement Sect. S1). HYDE population density data

(Hurtt et al., 2011) were used to calculate human ignitions
and suppressions. For natural ignitions, we ran INFERNO-
peat with two datasets. Firstly, as in the original INFERNO
(Mangeon et al., 2016), we used a monthly lightning clima-
tology from LIS-OTD (Lightning Imaging Sensor – Optical
Transient Detector) (Christian et al., 2003). However, a light-
ning climatology does not represent year-to-year variation in
lightning and therefore could contribute to inaccuracies in the
model. Consequently, we also used the WGLC (Worldwide
Lightning Location Network – WWLLN – Global Lightning
Climatology and time series) lightning time series produced
by WWLLN covering 2010–2020 for comparison (Kaplan
and Lau, 2021). Gridded peatland fractions and their respec-
tive carbon contents were prescribed to the model from the
Northern Peatland Dataset (Hugelius et al., 2020b).

INFERNO-peat was run at N96 resolution (1.25° lati-
tude× 1.875° longitude) at monthly time steps from 1997 to
2014 for the LIS-OTD lightning run and from 2010–2014 for
the WGLC lightning run. Due to the availability of data from
the organic soil moisture run, INFERNO-peat could only be
run up until 2014.

To evaluate model performance, burnt area data from
GFED4s (van der Werf et al., 2017), GFED5 (Chen et al.,
2023a, b), and FireCCILT11 (Otón et al., 2021) were used.
The ABoVE-FED (Potter et al., 2022) dataset was also used
to evaluate burnt area in Alaska and Canada. Multiple ob-
servational datasets were used for evaluation due to known
deficiencies in the ability of remote-sensing-based products,
in particular MODIS, which is used in GFED4s, in being
able to detect peat fires in the high latitudes (McCarty et
al., 2021). GFED5 was therefore used as the most up-to-
date product which, on top of MODIS burned area, utilizes
high-resolution observations from Landsat and Sentinel-2,
leading to a 61 % increase in burned area globally com-
pared to GFED4s (Chen et al., 2023b). Additionally, FireC-
CILT11, which is based off Advanced Very-High-Resolution
Radiometer (AVHRR) images, was used as a non-MODIS-
based comparison (Otón et al., 2021). Spatial correlations
using Pearson’s R, alongside the RMSE metric, were used to
diagnose spatial performance in burnt area. Temporal corre-
lations were also conducted for the entire time series, along-
side comparisons of variation metrics such as standard devi-
ation and the coefficient of variation. Carbon emissions es-
timates were evaluated against total carbon emissions from
GFED4s (van der Werf et al., 2017), GFED 500m (van
Wees et al., 2022), and the Global Fire Assimilation System
(GFAS; Kaiser et al., 2012). Similarly to burned area, multi-
ple products were used in addition to GFED4s. GFED 500m
enhances the accuracy of carbon emissions estimations by in-
creasing the spatial resolution to 500 m, as well as differenti-
ating between aboveground and belowground carbon emis-
sions, allowing for enhanced analysis of INFERNO-peat’s
performance (Van Wees et al., 2022). GFAS, which is based
on MODIS fire radiative power (FRP) observations, was used
as an alternative to the GFED family of products (Kaiser et
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Figure 2. Relationship between soil moisture and (a) peat combustibility and (b) critical temperature.

al., 2012). Temporal correlation and variation metrics were
again examined for the carbon time series results. These anal-
yses were also carried out on subregions of the high latitudes
(Fig. S4). All datasets used for evaluation were resampled
to a N96 grid. A null model (Standard JULES-INFERNO
vn5.4) without peat fires was also used for comparison.

4 Results

4.1 Burnt area

INFERNO-peat results in an overall improvement compared
to the original INFERNO in total BA when evaluated against
observations (Fig. 3). On average peat fires contribute an ad-
ditional simulated 0.305× 106 km2 of burnt area per year
across the high latitudes, bringing the total INFERNO-peat
burnt area to within 0.09× 106 km2 of the GFED5 observa-
tions (Table 1). INFERNO-peat allows us to represent clus-
ters of burning more accurately across the high latitudes com-
pared to INFERNO, especially in western Canada and central
and eastern Siberia. However, overestimations are clear in
western Russia and eastern Canada, whilst in Alaska we are
under-representing the burning occurring. When driving the
lightning ignitions in the model with WGLC lightning time
series, we capture significantly less burning than when using
the LIS-OTD climatology (Fig. 3b, c). Whilst this brings the
annual total closer to that seen in FireCCILT11, it results in a
large underestimation compared to GFED5 (Table 1). There
is a notable area of southern Russia where there is a high de-
gree of burning in all observational datasets but which has
minimal burning in INFERNO or either of the INFERNO-
peat simulations. According to the land cover types mod-
elled by JULES, this area is dominated by C3 crops, and the
Northern Peatland Dataset indicates minimal peatland cover-
age (Figs. S5 and S7). Therefore, the underestimations seen
in southern Russia are likely a result of INFERNO underes-
timating cropland burning globally rather than representing
region-specific agricultural fire management (Burton et al.,
2021).

Over the entire model run (1997 to 2014), there are large
improvements in the representation of interannual variabil-
ity (IAV) in burnt area in INFERNO-peat compared to IN-
FERNO (Fig. 4). We capture significantly higher IAV in
INFERNO-peat, with the standard deviation increasing from
0.011 in INFERNO to 0.041 in INFERNO-peat, bringing the
model much closer to the magnitude of IAV seen in the ob-
servations (Table 2). Furthermore, there is an improvement
in the R value in INFERNO-peat across all observational
datasets, meaning that we are also more accurately captur-
ing the timing of the IAV in burnt area (Table 2). However,
when compared to GFED5 there is still a noteworthy under-
estimation of burnt area IAV in INFERNO-peat, mainly be-
tween 2001 and 2011. In particular, the large spikes in burn-
ing occurring in 2003 and 2008 are not as pronounced in
INFERNO-peat, even though they are captured in a quali-
tative sense.

Regional features and patterns are evident across the high
latitudes. To evaluate this, seven subregions were exam-
ined (Fig. S6). Across all three North American subre-
gions INFERNO-peat overestimates burning compared to
the observations including the North America only dataset
ABoVE-FED (Figs. 5 and S8). Whilst this is only minor
in Alaska, the overestimation is particularly pronounced in
western Canada, with burnt area in INFERNO-peat around
almost 4 times greater than in GFED5. However, in all other
subregions the opposite is true, especially when compared
to GFED5. In central Russia INFERNO-peat burns on aver-
age 0.151× 106 km2 yr−1, which is significantly lower than
the 0.187× 106 observed in GFED5. Similarly, we also see
a large underestimation in burning in eastern Russia when
compared to GFED5 and FireCCILT11. Despite this under-
estimation we do still see an improvement in RMSE in this
region, which is not seen in others (Table S2). In accordance
with the overall high-latitude results, INFERNO-peat cap-
tures more interannual variability in all regions compared to
INFERNO (Tables S2 and S3). This increase is a lot more
pronounced in western Canada, eastern Canada, central Rus-
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Table 1. The 2010 to 2014 average annual burnt area (M km2) fraction and statistics for the various models and observations.

Model BA R RMSE

GFED4S GFED5 FireCCILT11 GFED4S GFED5 FireCCILT11

INFERNO 0.215 0.485 0.530 0.486 0.061 0.095 0.068
INFERNO-peat LIS-OTD 0.520 0.414 0.431 0.398 0.098 0.124 0.099
INFERNO-peat WGLC 0.282 0.475 0.510 0.467 0.071 0.099 0.076
GFED4s 0.172 0.820 0.868 0.068 0.028
GFED5 0.429 0.820 0.879 0.068 0.053
FireCCILT11 0.276 0.868 0.879 0.028 0.053

Figure 3. The 2010 to 2014 average annual burnt area fraction for INFERNO (a), INFERNO-peat driven by LIS-OTD climatology (b),
INFERNO-peat driven by WGLC time series (c), GFED4s (d), GFED5 (e), and FireCCILT11 (f).

sia, and eastern Russia, which are also the regions where we
see the greatest change between the models.

4.2 Carbon emissions

On average, peat fires emit an additional 204.5 Tg of carbon
per year in INFERNO-peat (Fig. 6), significantly more than
the 103.28 Tg modelled by INFERNO. This brings emis-
sions estimates closer to the 305.35 Tg C in GFED 500m and
248.57 Tg C in GFAS (Table 3). Not only are annual aver-
ages brought closer to the observations, but INFERNO-peat

also allows for more accurate representation in the interan-
nual variability in carbon emissions. We also see an improved
temporal correlation between INFERNO-peat and the GFAS
and GFED 500m observations over this time period when
compared to INFERNO.

The GFED 500m product is uniquely useful as it has a
differentiation between aboveground and belowground car-
bon emissions. Belowground emissions come from the burn-
ing of organic matter within the soil, which occurs predomi-
nantly during peat burning. When compared to GFED 500m,
we are representing fire emissions and their sources well.
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Figure 4. The annual total burnt area across the high latitudes (< 50° N) from 1997 to 2014 compared between the models (indicated by
solid lines) and observations (indicated by dashed lines).

Table 2. The 1997 to 2014 average annual burnt area, temporal standard deviation (SD), coefficient of variation (cv), and temporal correlation
(R) for models and observations. Correlation coefficients for the WGLC period (2010–2014) are available in Table S1 in the Supplement.

Model Average annual BA SD cv R R R

(×106 km2) (GFED4s) (GFED5) (FireCCILT11)

INFERNO 0.181 0.011 0.058 0.463 0.206 0.370
INFERNO-peat LIS-OTD 0.434 0.041 0.094 0.676 0.323 0.394
INFERNO-peat WGLC 0.238 0.017 0.072
GFED4s 0.146 0.050 0.340 0.759 0.709
GFED5 0.514 0.155 0.300 0.759 0.692
FireCCILT11 0.267 0.051 0.192 0.709 0.692

Specifically, Fig. 7 shows the breakdown in above- and be-
lowground emissions, as well as peat vs. non-peat emissions
from INFERNO-peat. We can see that INFERNO, which
only represents vegetation fires, does an adequate job at cap-
turing the aboveground burning, albeit not capturing the in-
terannual fluctuations in burning. Emissions from peat fires
from INFERNO-peat fall relatively in-line with belowground
burning in GFED 500m. This indicates that the changes we
have implemented are successfully capturing the observed
belowground emissions.

The carbon emissions modelled by INFERNO-peat vary
greatly between subregions (Figs. 8 and S9, Tables S4, S5).
For example, whilst burnt area total is very close to the ob-
servations in Alaska (Fig. 5), carbon emissions are underes-
timated. There is an even more pronounced underestimation
in carbon emissions in eastern Russia, where emissions cap-
tured by the GFED 500m product are over 6 times greater
than the emissions modelled by INFERNO-peat. However,

INFERNO-peat is overestimating carbon emissions by al-
most double in central Russia compared to GFED 500m and
GFAS.

By examining the aboveground and belowground burning
reported in the GFED 500m product, we can look at what
is potentially driving these differences (Figs. 9 and S10).
For example, in Alaska INFERNO is capturing the majority
of GFED 500m aboveground emissions, but emissions from
the peat model are negligible. This means that the deficit
in carbon emissions estimate in Alaska is likely a result of
not capturing the belowground burning happening in GFED
500m. Similarly in eastern Russia, peat fires modelled by
INFERNO-peat emit on average only 5.127 Tg C yr−1, as op-
posed to the 107.002 Tg of carbon observed from below-
ground burning in GFED 500m. In contrast in central Russia,
carbon emissions are almost double that from peat fires as
they are from belowground burning in GFED 500m, meaning
that INFERNO-peat is likely over-representing peat burning
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Table 3. Time series of annual carbon emissions, standard deviation (SD), coefficient of variation (cv), and temporal correlationR coefficients
for models and observations over 2003 to 2014.

Model Average annual SD cv R R R

C emissions (Tg) (GFED4s) (GFED 500m) (GFAS)

INFERNO 103.282 7.341 0.071 0.685 0.601 0.670
INFERNO-peat LIS-OTD 307.786 48.663 0.158 0.657 0.768 0.702
INFERNO-peat WGLC 149.731 16.533 0.110
Peat-only LIS-OTD 204.503 45.587 0.223
GFED4s 180.192 77.259 0.429 0.858 0.914
GFED 500m – total 305.350 111.106 0.364 0.858 0.912
GFED 500m – aboveground 102.718 29.674 0.289
GFED 500m – belowground 202.632 86.844 0.429
GFAS 248.574 121.469 0.489 0.914 0.912

Figure 5. The average annual burnt area (2010–2014) from IN-
FERNO and INFERNO-peat driven by the LIS-OTD and WGLC
lightning data compared to the observations in each subregion.

in these regions. In western and eastern Canada, however,
peat fire emissions modelled by INFERNO-peat LIS-OTD
show only small overestimations compared to GFED 500m
belowground burning.

Underestimations in burnt area and carbon emissions seen
in eastern Russia and Alaska may be a result of inherent
biases within JULES-INFERNO. In these regions, temper-
atures are low, which results in INFERNO underestimating
the flammability of vegetation in these areas, which causes
INFERNO-peat to underestimate the number of ignitions in
these areas, resulting in underestimations in burnt area and
emitted carbon. Furthermore, simulated vegetation bias in
the TRIFFID dynamic vegetation model within JULES re-
sults in a high proportion of the land surface being cov-
ered by non-vegetative surface types, predominately bare
soil (∼ 67 % of the land surface north of 60° is classed as
non-vegetative) (Fig. S7). Therefore, the number of possible

ignition events in INFERNO-peat is further reduced. How-
ever, the opposite may be true in central Russia and western
Canada where we see large overestimations in burnt area and
carbon emissions. In these regions the most common plant
functional types are needleleaf deciduous trees, whereas,
in reality, these regions contain a large number of herba-
ceous wetlands, a PFT which is not currently represented in
JULES. This may be contributing to a possible inflation in
the number of flaming vegetation fires in these regions, lead-
ing to overestimates in burnt area and consequently carbon
emissions in INFERNO-peat.

5 Discussion

Through the explicit representation of peat fires in
INFERNO-peat, we have improved INFERNO’s ability to
capture burning in the northern high latitudes and in par-
ticular improved simulated estimates of wildfire carbon
emissions and their interannual variability. According to
INFERNO-peat, peat fires accounted for, on average, 58 %
of burned area and 68 % of carbon emissions north of 50°
latitude; therefore peat fires have a large impact on simulated
model performance. At present the only other fire model that
represents peat burning is CLM-Li (Li et al., 2013). However,
the inclusion of peat burning in CLM-Li did not show sub-
stantial improvements in the simulation of fire in the high lat-
itudes of North America and eastern Siberia (Li et al., 2013).
This was attributed to a wet simulation bias seen in CLM-Li,
whereby the latent heat flux was underestimated leading to
an inflation in the amount of water held by the land (Li et
al., 2013). This is in contrast to our findings, where we see a
substantial increase in burnt area, particularly in North Amer-
ica, presumably as a result of using organic soil moisture,
allowing us to represent the hydrology of peatlands more ac-
curately. However, in eastern Siberia, whilst INFERNO-peat
does improve our estimations of burning, we still see much
less burning compared to observations. Li et al. (2013) at-
tributed a similar feature they found to low fuel loads in their
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Figure 6. The annual total carbon emissions from fires across the high latitudes (< 50° N) from 1997 to 2014 compared between the models
(indicated by solid lines) and observations (indicated by dashed lines).

Figure 7. The annual total carbon emissions from fires across the high latitudes (< 50° N) from 1997 to 2014 compared between the GFED
500m products above- and belowground burning and INFERNO-peat emissions split to peat fires only and INFERNO only.

model. Similarly, land cover fractions modelled by the TRIF-
FID dynamic vegetation model in JULES show low levels of
vegetation in eastern Siberia and in particular show a dom-
inance of bare soil (Fig. S7). In reality, much of these tun-
dra ecosystems in eastern Siberia are dominated by grass,
moss, and lichen. At present there is no moss or lichen PFT
in JULES, and therefore the amount of burnable area is sig-
nificantly underestimated. Improvements in the simulation of

high-latitude ecosystems within dynamic vegetation models
are vital to improving fire modelling in these regions.

There is significant regional variation in the performance
of INFERNO-peat. One notable area of improvement is seen
in the Northwest Territories region of Canada, where pre-
viously INFERNO has struggled to replicate observed pat-
terns of burning. Simulating fires accurately in this region is
of vital importance because they have been shown to have
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Figure 8. The average annual carbon emissions (2010–2014) from
INFERNO and INFERNO-peat driven by the LIS-OTD and WGLC
lightning data compared to the observations in each subregion.

Figure 9. The average annual carbon emissions (1997–2014) from
INFERNO and peat fires only from INFERNO-peat driven by the
LIS-OTD and WGLC lightning data compared to the aboveground
and belowground burning from the GFED 500m product in each
subregion.

major climatic effects. For example, Canadian fires in 2013
led to high levels of black carbon deposition over Greenland,
which resulted in a lowering of albedo and consequently a
warming effect on the climate (Thomas et al., 2017). Sim-
ilar improvements are also evident in Russia, where large
peat fires are common. For example, fires in 2010 burned
at least 40 000 ha of peatlands in the Moscow region (Sirin
and Medvedeva, 2022). As shown here, peat fires can lead to
large carbon emissions; for example during the summer of

1998, peat and boreal forest fires in Russia burnt 11×106 ha
and emitted 176 Tg of carbon (Kajii et al., 2002), represent-
ing a substantial effect on the atmosphere, as well as peatland
carbon stores.

However, INFERNO-peat also overestimates peat burn-
ing compared to observations in Canada and Fennoscandia.
One potential cause of these overestimates may be a result of
how humans are represented in INFERNO. At present most
global fire models rely on simplistic relationships with pop-
ulation density, like INFERNO, or GDP, which fail to cap-
ture the highly complex relationship between humans and
fire (Perkins et al., 2022; Teckentrup et al., 2019). Humans
use fire as a land management tool around the world, altering
fuel loads; fragmenting landscapes; and converting land to
agriculture, pasture, or industry (Smith et al., 2022; Perkins
et al., 2022; Archibald, 2016). Therefore, improvements are
required in how we represent humans within INFERNO, po-
tentially through recent approaches that have accounted for
the Human Development Index (Teixeria et al., 2023) or on
agent-based modelling (Perkins et al., 2022). Recent analy-
sis has also shown land fragmentation metrics such as road
density to exert a strong control on burnt area globally (Haas
et al., 2022), and therefore this represents a potential future
improvements that could be made to INFERNO.

A lack of interannual variability is a common deficiency
across global fire models, with most models considered in
the Fire Model Intercomparison Project (FireMIP) failing to
simulate the interannual variability in fires (Li et al., 2019).
However, through the inclusion of peat burning in INFERNO
we see substantial increases in interannual variability in burnt
area and carbon emissions in the northern high latitudes. Fur-
thermore, we also see improvements in our ability to capture
large fire years, for example in 1998, 2003, and 2012 (Fig. 6).
Whilst INFERNO-peat cannot replicate real-life fire events
and only relies on an estimate of the likelihood of burning,
the simulated spikes in burning are also seen in observational
data and coincide with record fire years. For example, until
recently, 2003 was the largest fire season on record in Siberia
burning 22× 106 ha of land and emitting at least 72 Tg of
CO (Talucci et al., 2022). Not only did the 2003 fire season
have a major impact on Siberian populations and ecosystems,
but haze and smoke plumes were reported to have reached
Japan and the USA (Huang et al., 2009). Similarly in 2012,
there were a reported 17 000 wildfires in July and August
in Siberia, emitting 48 Tg of CO, with smoke reaching the
Pacific Northwest of the USA (Teakles et al., 2017). Conse-
quently, being able to accurately simulate these large-scale
fire events and their subsequent emissions is highly impor-
tant in the assessment of both local and global impacts of
wildfires. Furthermore, climate change is anticipated to fur-
ther increase peat fires, with significant impacts on climate,
air quality, and the peatland carbon store (Mack et al., 2011;
Chen et al., 2021; Turetsky et al., 2015). Therefore, it is im-
portant that fire models represent peat fires in order to better
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anticipate future changes in burning across the high latitudes
over the coming century.

A major challenge in modelling peat burning stems from
an absence of robust observational datasets on peat fires,
making model evaluation difficult. MODIS satellite prod-
ucts form the basis of the data of GFED4s, which is the
most used observational dataset to evaluate fire model per-
formance. However, MODIS and other satellite-based prod-
ucts likely omit a large number of peat fires, as such fires
tend to burn below ground and at low temperatures, making
them difficult to detect by remote sensing (McCarty et al.,
2021). For example, MODIS was shown to be insufficient at
detecting the peat fires that occurred in the Moscow region in
2010 (Sirin and Medvedeva, 2022). Further afield, burnt area
estimated from Sentinel-2 over sub-Saharan Africa was esti-
mated to be 80 % larger than MODIS through the improved
detection of small fires (Roteta et al., 2019). If that pattern
holds true for the high latitudes, then MODIS-based products
could be failing to capture a substantial amount of burning
and consequently carbon emissions. In this study, we have
also utilized data from the ABoVE-FED dataset for analysis
of North America, which uses the difference normalized burn
ratio calculated from Landsat imagery to enhance MODIS
estimates (Potter et al., 2023), which provides a slightly more
accurate estimation of burning across Canada and Alaska.
However, a similar more finely detailed satellite-based prod-
uct does not currently exist for Russia, nor is there a ground-
based dataset available (McCarty et al., 2021). Therefore,
it is challenging to sufficiently evaluate the performance of
INFERNO-peat due to an under-representation of peat fires
in observational datasets.

Refinements and developments to INFERNO-peat could
further improve the model’s capabilities to capture peat burn-
ing and the associated emissions. For example, through the
use of peat-specific emissions factors (Hu et al., 2018), the
modelling scope could be extended to include emissions of
other species such as CO2, CH4, and NOx . This would allow
for further investigation into the air quality impacts of peat
fires and in particular the impacts on human health. There is
also the possibility of the INFERNO-peat scheme being ex-
tended globally, with a particular focus on the tropics. Trop-
ical peat fires release vast quantities of carbon to the atmo-
sphere; for example, the 1997 peat fires in Indonesia released
up to 2.57 Gt of carbon, equivalent to 40 % of the global an-
nual carbon emissions from fossil fuel burning at that time
(Page et al., 2002). Therefore, representing peatland burning
in these regions would represent another substantial step for-
ward in fire modelling capabilities. INFERNO-peat can also
be used to model future changes in peatland burning over
the coming century under different climate change scenar-
ios, improving our ability to anticipate future fire regimes. It
is also anticipated that in the near future the INFERNO-peat
logic will be added into JULES-INFERNO as an optional
switch. This will allow for broader usage by the JULES com-
munity, easier integration of the peat fire functionality with

future JULES developments, and full Earth system simula-
tions accounting for peat fires using the UK Earth System
Model (UKESM).

6 Conclusions

The explicit representation of peat fires in INFERNO-peat
improves simulated burnt area estimates and has increased
our ability to capture the interannual variability in carbon
emissions across the northern high latitudes. Results pre-
sented here not only have addressed noted deficiencies in
the INFERNO fire model (Mangeon et al., 2016), but also
highlight the crucial need for representing peat burning in
fire models in order to simulate the release of vast amounts
of long-term stored carbon to the atmosphere. The high lat-
itudes are warming at twice the rate of the global average
(Bruhwiler et al., 2021), and continued climate change is
expected to cause peatlands to dry out, lightning strikes to
increase, and the frequency and severity of wildfires to es-
calate (Talucci et al., 2022; McCarty et al., 2021; Turetsky
et al., 2015; Chen et al., 2021). Increases in peat fire fre-
quency and severity may amplify carbon loss and create a
positive feedback loop on the climate system (Rein, 2013;
Hu et al., 2018; Turetsky et al., 2015), ultimately shifting
peatlands from sinks to sources of carbon by the end of the
century (Swindles et al., 2019; Turetsky et al., 2015; Loisel et
al., 2021). Therefore, it is vitally important that fire models
include a specific parameterization of peat fires in order to
be able to replicate historical and present-day burning more
accurately, allowing for more comprehensive assessments on
the impacts of fire on the climate system, air quality, and the
carbon cycle, both now and in the future.

Code and data availability. The JULES code, used for generating
inputs into INFERNO-peat including all soil, vegetation, and fire
variables, is freely available from JULES trunk version 5.4 on-
wards at https://code.metoffice.gov.uk/trac/jules (JULES collabora-
tion, 2023). Outputs cannot be made available and can only be ob-
tained from running the JULES code (registration required; last ac-
cess: 12 October 2023).

Code for INFERNO-peat is available from
https://doi.org/10.5281/zenodo.10007362 (Blackford et al.,
2023).

The peatland data used in INFERNO-peat are avail-
able from https://doi.org/10.17043/hugelius-2020-peatland-2
(Hugelius et al., 2020b). Population density data are available
from Hurtt et al. (2011). LIS-OTD lightning data are avail-
able from https://doi.org/10.5067/LIS/LIS-OTD/DATA311
(Cecil, 2015). WGLC lightning data are available from
https://doi.org/10.5281/zenodo.6007052 (Kaplan and Lau,
2021).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-17-3063-2024-supplement.
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