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Abstract Globally, fires are a major source of carbon from the terrestrial biosphere to the atmosphere,
occurring on a seasonal cycle and with substantial interannual variability. To understand past trends and
variability in sources and sinks of terrestrial carbon, we need quantitative estimates of global fire
distributions. Here we introduce an updated version of the Fire Including Natural and Agricultural Lands
model, version 2 (FINAL.2), modified to include multiday burning and enhanced fire spread rate in forest
crowns. We demonstrate that the improved model reproduces the interannual variability and spatial
distribution of fire emissions reported in present-day remotely sensed inventories. We use FINAL.2 to
simulate historical (post-1700) fires and attribute past fire trends and variability to individual drivers: land use
and land cover change, population growth, and lightning variability. Global fire emissions of carbon increase
by about 10% between 1700 and 1900, reaching a maximum of 3.4 Pg C yr�1 in the 1910s, followed by a
decrease to about 5% below year 1700 levels by 2010. The decrease in emissions from the 1910s to the
present day is driven mainly by land use change, with a smaller contribution from increased fire suppression
due to increased human population and is largest in Sub-Saharan Africa and South Asia. Interannual
variability of global fire emissions is similar in the present day as in the early historical period, but present-day
wildfires would be more variable in the absence of land use change.

1. Introduction

Global biomass burning is a source of roughly 2.5 Pg of carbon to the atmosphere annually (Randerson et al.,
2012; van der Werf et al., 2010), making fires a major component of the terrestrial carbon balance and an
important contributor of atmospheric trace gas and aerosol constituents with associated climate impacts
(e.g., Jacobson, 2014; Naik et al., 2007; Ward et al., 2012). To understand the sources and sinks of carbon in
the terrestrial biosphere historically, the past trends and variability in global fires need to be estimated
quantitatively. Charcoal sediment records suggest that regional fire dynamics are characterized by long term
(decade to century scale) trends, including a pronounced increase in fires from 1700 to the late 1800s,
followed by a decrease lasting through the middle to late twentieth century (Marlon et al., 2016; van der
Werf et al., 2013). Efforts to reconstruct twentieth century global fires using other proxies or modeling do
not agree on the sign of the trend (e.g., Mouillot & Field, 2005; Yang et al., 2014) and are complicated by
the increase in agricultural and deforestation burning in recent decades (Kloster et al., 2010).

Historical (post-1700) trends in global fire emissions are thought to result from changes in climate, changes in
land cover and land use, and changes in human population and associated ignition and fire suppression
activities. Yue et al. (2015) found a positive response in global wildfires to twentieth century climate changes,
despite excluding agricultural and deforestation fires in their study, consistent also with the results of Knorr
et al. (2016). The role of human population in driving global fire trends contains many uncertainties, especially
regarding the relative importance of ignition, suppression, and land use. The substantial historical decrease in
modeled fires shown by Knorr et al. (2014, 2016) is attributed to increasing population, while earlier work by
Kloster et al. (2010, 2012) found no trend in historical or projected global fires due to population change.
Bistinas et al. (2014) use a statistical model developed from present-day data sets to suggest fire suppression
dominates under increasing human population but do not claim a causal relationship due to the lack of
independence between model factors. The impact of land cover changes on fire activity is similarly difficult
to isolate from other drivers (Pechony & Shindell, 2010), but most studies have found that historical land use
and land cover changes have decreased fires globally (Andela et al., 2017; Houghton et al., 1999; Kloster et al.,
2012; Ward & Mahowald, 2015; Yang et al., 2014).
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Fire activity is also affected by both changes in the distribution of plant species in an ecosystem, such as the
introduction of nonnative grasses in the western United States (Balch et al., 2013), and regional trends in
lightning strikes (Krause et al., 2014). The importance of these different factors for driving trends in fire activ-
ity, in addition to being uncertain on a global scale, is not consistent between regions of the world because of
different ecology and fire management strategies (e.g., Bistinas et al., 2013; Kloster et al., 2010).

While modeling studies of global fires often focus on trends, less attention is given to the interannual to dec-
adal variability of global fires, although it is well established that emissions of carbonaceous aerosols and
trace gases from global fires vary substantially on an interannual basis (van der Werf et al., 2006, 2010).
Estimated global, annual fire emissions range between 1.8 Pg C yr�1 to 3.0 Pg C yr�1 for the 20 year period
between 1997 to 2016 (Giglio et al., 2013). While fossil fuel burning emits more carbon on a global basis, the
year-to-year variations in natural fire emissions are large enough to cause notable changes in the global CO2

growth rate (Nevison et al., 2008). Fires are also responsible for much of the observed interannual variability
(IAV) in global CO and carbonaceous aerosol concentrations, with consequences for year to year changes in
regional climate and air quality (Voulgarakis et al., 2015) and are a major contributor to IAV in arctic snowmelt
rate (Flanner et al., 2007).

Given the short satellite record available for fires, the large IAV of global fires limits our ability to detect a cli-
mate change signal in global fire emissions (Doerr & Santín, 2016; Giglio et al., 2013; Ward et al., 2016). Global
fire models are used to improve our understanding of fires responses to changes in climate, population, and
land cover before the satellite record (Hantson et al., 2016). However, many of these models simulate only
average quantities over long time periods and on coarse horizontal grids and do not capture variations in
regional emissions from year to year. On a regional basis, year-to-year variations in fires impact issues of air
quality (e.g., Lelieveld et al., 2015; Real et al., 2007; Reddington et al., 2014; Voulgarakis & Field, 2015) and
landscape management (e.g., Adams, 2013; Millar & Stephenson, 2015). Grandey et al. (2016) found that
the global radiative effects from fire aerosols are overestimated by 0.2 W m�2 when interannual variability
in emissions is neglected. The impact of neglecting the year to year variations on in radiative forcing is espe-
cially strong for boreal emissions (Clark et al., 2015; Grandey et al., 2016).

Global emissions variability is driven mainly by regional events in extratropical forests and in some tropical
areas where variability is associated with tropical sea surface temperature oscillations (van der Werf et al.,
2006). For example, fires in Indonesia in 1997–1998, responding to the concurrent major El Niño event and
primed for drought by recent land use, caused a noteworthy increase in the rate of global CO2 growth
(van der Werf et al., 2004). High IAV is also characteristic of fires in Central America and boreal regions due
to climate variability (Giglio et al., 2013).

While some global fire models capture the IAV and extremes in equatorial Asia fire emissions, IAV in boreal
fires has proven to be comparatively challenging to simulate (e.g., Kloster et al., 2010; Li et al., 2012; van
Marle et al., 2017; Ward et al., 2016). Annual fire emissions in these northern forests depend greatly on the
frequency of occurrence of extreme fires. Sometimes referred to as “megafires,” these can burn for weeks
to months, are often characterized by crown burning and associated enhanced fire spread rates, and account
for a large percentage of the burned area and emissions for a given fire season (Flannigan et al., 2009). The
potential for megafires in boreal North America is enhanced by favorable climate conditions, such as drought,
preceded by a wet year that boosts fuel availability (Abatzoglou & Kolden, 2013), although it is possible to
have extreme fires during years without a conducive climate (Lannom et al., 2014). Infrequent, long-duration
fires present a particular challenge to global fire models, which do not typically simulate individual fire events
and often use a fixed fire duration. Models that allow multiday burning produce more realistic fire IAV in bor-
eal regions (e.g., Le Page et al., 2015; Pfeiffer et al., 2013). HESFIRE (Human-Earth System FIRE) (Le Page et al.,
2015) includes both multiday burning and fire intensity dependent fire rate of spread (ROS) and is capable of
reproducing observed boreal fire emission IAV, although it exhibits a low bias in annual emissions in these
regions. Yue et al. (2014) developed an offline method to concatenate fixed-duration model fires into multi-
day fires that leads to realistic boreal fire IAV despite an underrepresentation of extreme large fires in the fire
size distribution.

In this study we describe several model improvements, including the addition of multiday fires, to the Fire
Including Natural and Agricultural Lands, version 2 (FINAL.2) global fire model (Rabin et al., 2017) coupled
with the NOAA-Geophysical Fluid Dynamics Laboratory (GFDL) land model (LM3), with a view toward
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improving the model representation of global and regional fire emission IAV. Specifically, we aim to reduce
the biases in boreal region area burned and in global fire IAV noted by Rabin et al. (2017). We compare the
model performance in the present day to available inventories of global fire characteristics, noting that the
model’s ability to capture observed global IAV provides an important test of its response to changes in cli-
mate. We then apply FINAL.2 with these developments in simulations of the historical time period (1700 to
2010) to estimate past trends in global and regional fires. With the results of these simulations we also assess
the importance of historical land use and land cover change and human population change for the IAV of
global fire emissions, and implications for projections of future fires.

2. Methods

The Fire Including Natural and Agricultural Lands model (FINAL) was introduced into the GFDL global terres-
trial model LM3 (Malyshev et al., 2015; Milly et al., 2014; Shevliakova et al., 2009) by Rabin et al. (2017). The
natural fire scheme in FINAL is based on Li et al. (2012, 2013), a process-based fire model that predicts area
burned from grid-scale fuel availability, fuel moisture, and ignition sources (Arora & Boer, 2005; Kloster
et al., 2010, Li et al., 2012). Li et al. (2012, 2013) introduced prediction of fire occurrence to the framework
of the previous schemes, formulated as a product of ignition events, and functions of fuel moisture, fuel avail-
ability, environmental temperature and relative humidity, and human fire suppression. The fire spread forms
an elliptical shape according to the wind speed forcing, and modified by soil and atmospheric moisture fac-
tors. A maximum fire rate of spread (ROS) is applied with values dependent on vegetation type (Li et al., 2013)
and characteristic of surface fire spread, not including the faster ROS associated with crown fire. Rabin et al.
(2017) adopted a maximum fire size for FINAL based on the work of Pfeiffer et al. (2013), designed to repro-
duce the effects of landscape fragmentation on fire spread. The fire ROS determines the burned area per fire
occurrence, which is multiplied by the number of fires to give the total burned area for a given model day.

Li et al. (2013) applied the same fire scheme to both unmanaged and managed lands such as pastures.
Agricultural fires, including burning of crop residue and pasture fires, are prescribed in FINAL according
to the data and methodology of Rabin et al. (2015). Pasture fires in particular were shown to comprise
a large percentage of present-day global burned area in FINAL (40 to 50%) and in Global Fire
Emissions Database version 3 with small fires (GFED3s) (Randerson et al., 2012) when separated into agri-
cultural and nonagricultural fires (Rabin et al., 2017). Most present-day agricultural fires occur in the tro-
pics, but they also dominate in areas of Eastern Europe. Agricultural fires depend on crop and pasture
area in FINAL, but not on environmental changes and, therefore, act to reduce the IAV of the modeled
fires. Emissions are computed by applying vegetation-type-dependent combustion completeness factors
to the aboveground biomass in the burned areas. Separate values are used for leaf, stem, and litter bio-
mass and follow those given by Li et al. (2012).

2.1. Crown Fire Spread

Fires that burn with sufficient intensity on a forested landscape with a closed canopy can spread from the
surface to the forest crown (Rothermel, 1991). Crown fires are observed most often in boreal forest biomes
(Archibald et al., 2013) and, due to differences in species composition, are more common in North America
than in Eurasia (Rogers et al., 2015). These fires are characterized by enhanced intensity and ROS
(Rothermel, 1991) and are a common component of megafires (Stephens et al., 2014). The limitations on
ROS in the initial version of FINAL (FINAL.1) are independent of fire type and characteristic of surface fires
(Li et al., 2012). Here we introduce an enhanced fire ROS for instances of high-intensity fires to better repre-
sent the impacts of crown fires in the new version of FINAL (FINAL.2).

We predict crown fires in FINAL.2 following the methodology of Thonicke et al. (2010) that first requires a cal-
culation of the fire intensity. As in SPITFIRE (SPread and InTensity of FIRE) (Thonicke et al., 2010), the surface
fire intensity, more specifically the fire line intensity, Isfc (kW m�1), is computed as a product of the fuel con-
sumption FC (kgdry matter m

�2), fire rate of spread ROSsfc (m s�1), and a constant fuel heat content h
(18,000 kJ kgdry matter

�1):
Isfc ¼ h�FC�ROSsfc (1)

The rate at which biomass is consumed by a wildfire depends on the class of the fuel being burned. Thonicke
et al. (2010) define four fuel classes characterized by the lag between changes in ambient moisture content
and fuel moisture content, measured in hours: 1 h, 10 h, 100 h, and 1,000 h. Generally, smaller diameter fuels
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respondmore quickly to atmospheric conditions and comprise the 1 h and 10 h classes. The three fuel classes
with the shortest moisture response lag time (1 h, 10 h, and 100 h) are used to compute the FC and contain
4.5%, 7.5% and 21% of hardwood and sapwood C, respectively, in SPITFIRE (Thonicke et al., 2010). The FC of
each fuel class is determined in SPITFIRE using a set of rules based on the ratio of fuel moisture content,ωo, to
the moisture of extinction, me (me = 0.69, Thonicke et al., 2010). In LM3, litter pools are not distinguished by
fuel class. Instead, we derive a relationship between FC and total litter carbon by first averaging the FC rules
for the 1 h, 10 h, and 100 h fuel classes described in Thonicke et al. (2010), weighted by their carbon content,
across 100 values of ωo between 0 and 1. We then fit a logarithmic function to the FC values by minimizing
the root-mean-square error:

FC ¼ ln ωo=me þ 0:63ð Þ þ 0:47½ ��DM (2)

where DM is the dry matter fuel content (kg), calculated as the total litter carbon divided by 0.45,
which is often used as the carbon:DM fuel ratio (e.g., Lamarque et al., 2010; Ward et al., 2012). The fuel
moisture content, ωo, is computed in FINAL. The fire line intensity can be used to determine the frac-
tion of fires in a grid box that reach the crown by first calculating the fire scorch height, SH (Thonicke
et al., 2010):

SH ¼ F�I0:667sfc (3)

where F is a plant functional type (PFT)-dependent scorch height parameter, given for different PFTs in
Thonicke et al. (2010). F is zero for grass PFTs, eliminating crown fire for grasslands regardless of the fuel
consumption. The crown scorch fraction, CK, is determined by comparing the SH to the average vegetation
stand height:

CK ¼ SH� Hþ CLð Þ=CL (4)

where H is the average stand height (computed online within LM3) and CL is the crown length, a PFT-specific
parameter for which we use the values given in Thonicke et al. (2010). CK is set to zero when SH or H is equal
to zero. Here we use the CK predicted in FINAL to represent the fraction of fires (measured by fire number)
that reaches the crown and experiences enhanced ROS as a result. While wind speed-dependent crown fire
ROS models have been developed (e.g., Cruz et al., 2005), here we take a simpler approach. Rothermel (1991)
developed an empirical relationship between surface fire ROS and crown fire ROS from observations in the
northern Rocky Mountains, finding an average crown fire enhancement of 3.34 times the surface fire ROS.
We use this enhancement factor for crown fires in FINAL.2, modifying the fire ROS to account for the CK as
follows:

ROS ¼ ROSsfc� 1� CKð Þ þ ROSsfc� CKð Þ�3:34 (5)

Cruz et al. (2005) found that using the Rothermel (1991) results leads to underpredicted ROS compared to
observed Canadian fires, meaning our ROS enhancement for crown fires may be considered conservative.

2.2. Multiday Burning

Fires represented in FINAL.1 burn for 24 h, as in Li et al. (2012), regardless of model environmental con-
ditions. This simplification of multiday fires, which can burn for months at a time (e.g., Running, 2006;
Wang et al., 2014) and even smolder through the winter season under snow cover to spark new fires
in the spring (Flannigan et al., 2009), may be sufficient for simulating fires on an annual average but is
limiting for addressing questions of fire IAV and changes in future fire activity. Fire duration itself may
change with the warming global climate, possibly increasing by up to a factor of 2 to 3 in Canada
(Wang et al., 2017).

To account for the occurrence of multiday fires, we allow fire duration to increase by 1 day for every 24 h per-
iod that passes without an “extinguishing” time step. A maximum duration of 30 days is imposed on all fires
for computational efficiency. This follows from similar schemes in which the number of fires on a given day is
the sum of fires initiated that day and fires from previous days that have not been extinguished (e.g., Le Page
et al., 2015; Pfeiffer et al., 2013). Extinction occurs when the conditions to support fire initiation fall below a
threshold value (defined below) at any time step in a particular grid cell. At such a time step all currently burn-
ing multiday fires in that grid cell are extinguished. The multiday fire scheme does not impact the number of
fires initiated, or the rate of spread parameters for a given day, and the burned area per fire (BApf) is com-
puted using the same formula as for initial-day fires (Rabin et al., 2017):
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BApf ¼ π� ROSf�dð Þ2
4�106�LB

� 1� HB�1
� �2

(6)

where BApf is in units of square kilometers, ROSf is the fire rate of spread (m s�1), d is the fire duration (s), and
LB and HB are the length:breadth and head:back ratios of the elliptical fire burn scar, respectively.

When fires are allowed to burn for multiple days, the size of the initial burn perimeter increases and the areal
consumption of the fire will proceed at a higher rate for the same ROS, compared to a fire beginning at an
ignition point. Moreover, the additional area burned on day n (subsequent to the ignition event) depends
on the area of the fire at the beginning of the day, which is the accumulated area burned over several days
with different spread rates. We alter the fire duration, dn(adj), in equation (6) to account for the nonlinear
expansion rate of the elliptical fire on days subsequent to the ignition day:

dn adjð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BAn�1
Nn�1

�d21day
BApf aveð Þ

s

where BAn � 1 is the total area burned by the multiday fire by 24 h prior to this calculation, Nn � 1 is the num-
ber of multiday fires burning during the previous 24 h, and d1day is a burning duration of 1 day (86,400 s). This
expression also uses the burned area per fire computed using the average ROS and fire shape parameters (LB
and HB) from the previous 24 h (BApf(ave)). The dn(adj) represents the age of the fire that would lead to the cur-
rent total area burned given the previous day’s rate of spread. In this way, if the fire grows slowly for a few
days but the rate of spread is suddenly increased in the 24 h prior to the new BApf calculation, the added
burned area will begin from the actual fire size, thereby accounting for the different daily rates of spread.

To compute the additional area burned in a day by a multiday (nonextinguished) fire (BApf(n)), the BApf(ave) is
computed using the adjusted duration and the BAn � 1 is subtracted to give the additional area burned dur-
ing that day:

BApf nð Þ ¼ BApf aveð Þ�
dn adjð Þ
d1day

� �
� BAn�1

As fires last longer and grow bigger, they consume greater and greater fractions of the initial model tile area,
and allowance needs to be made for the increased likelihood that fires will merge, reducing the number of
fires. We estimate the coalescence of fires from the results of a simple model that places elliptical shapes
at random locations on a fixed-size, square grid. Approximately 1,000 iterations of this model with different
LB, ellipse areas, and ellipse number give a distribution of number of ellipse mergings and the fraction of grid
area covered by ellipses. The results were not sensitive to the LB of the ellipses. For multiday fires, fire coales-
cence reduces the fire number to an “adjusted fire number” (Nadj) according to a function fit to the results
from this simple model by minimizing the root mean squared error:

Nadj ¼ Nmdf� 1� BAmdf

Amdf

� �2

where the subscript mdf indicates multiday fire and Amdf is the tile size associated with the day the fires
began. The size of the tile during the initial day of the fire is tracked throughout the total life of the fire, so
daily reductions in tile area from fires do not artificially inflate coalescence rates.

Multiday fires will continue to expand as long as conditions support formation of a threshold number of fires
per day (calculated every time step), similar to a “stopping rule” used for determining the end of a drought for
computing drought indices (Keyantash & Dracup, 2002). This threshold value (fext) is calculated using the
existing formula for fire occurrence in FINAL.1 and FINAL.2 with a constant ignition rate (10�5 ignitions
km�2) to allow for sustaining already-burning fires in the absence of ignition events. The impact of the
ignition-independent threshold calculation is negligible for the current model setup in which anthropogenic
ignitions change yearly, and natural lightning ignitions change only on a monthly basis. However, this would
become highly relevant for future applications which may include daily lightning or lightning calculated
online within an Earth System model.

The average duration of multiday fires in this new scheme is tested for fext values of 0.5, 1, 3, and 5 fires per
day using the same constant ignition rate for calculating new fire events. Ten year (2001 to 2010) simulations
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were conducted for each threshold following the protocol of Rabin et al. (2017) (details in section 2.4). The
results were fit against a data set of the frequency and duration of Canadian fires collected from 2001 to
2011 (Wang et al., 2014). An fext value of 1 new fire per day produced the best match to the data (Figure S1
in the supporting information) and was selected as the default value for this scheme.

2.3. Parameter Optimization

FINAL contains multiple tunable parameters that are optimized with respect to observed fire area burned
using the same approach as in Rabin et al. (2017). In this scheme, the full terrestrial model is run for the
20 years from 1990 to 2009 (with meteorological forcing specific for those years) for 246 randomly selected
grid points. The area burned for each point is optimized to the natural fire area burned from the GFED3s
(Rabin et al., 2015; Randerson et al., 2012) on a monthly average basis for the years 2001–2009.

Previously, the tunable parameters were optimized to single, globally representative values (e.g., Rabin et al.,
2017). Global area burned is dominated by tropical savanna and grassland fires, leading to an optimization
that is tailored to tropical fires andmay not be appropriate for fires in boreal and temperate zones that exhibit
different ecosystem characteristics and fire activity (Archibald et al., 2013). Here we sort the 246 selected grid
points into boreal and nonboreal subsets and optimize the parameters separately for each. Locations are
characterized as boreal or nonboreal based on their Köppen climate zone classification (Köppen, 1936;
Peel et al., 2007), with “cold” and “polar” climate zones comprising the boreal category. The cold and polar
zones contain Canada, much of the northern United States, Russia, Scandinavia, northeastern China, and
the Tibetan plateau. We use the Köppen climate zone data set from Kottek et al. (2006) who base their ana-
lysis on climate data from 1951 to 2000. Fifty-seven of the 246 grid points used for optimization were located
in the boreal category, and the remaining 189 grid points were nonboreal.

Parameters that describe the fuel moisture, relative humidity, fuel availability, and anthropogenic ignitions
and suppression functions were optimized using the optimized parameter values from FINAL.1 for initial
values. We do not retune the ROS parameters for tropical biomes as in Rabin et al. (2017) since these are
already specific to the tropics.

2.4. Experiment Setup

We label the version of FINAL that includes multiday burning, enhanced ROS in crown fires, and the separate
optimization for boreal zones, as FINAL version 2 (FINAL.2), and compare its performance to the previous
iteration, which we label in this study as FINAL.1 (Rabin et al., 2017). To make this comparison, we use the
same initial setup of LM3 as in Rabin et al. (2017) in a series of present-day simulations run for 10 years
between 2001 and 2010. All LM3 experiments are carried out at 2.5° longitude by 2.0° latitude horizontal reso-
lution. Most LM3 processes are computed on a 30min time step, including calculation of burned area and fire
intensity. Fire emissions, fire-caused tree mortality, and multiday burning are computed on a daily time step.
This configuration of LM3 includes the Carbon, Organisms, Rhizosphere, and Protection in the Soil
Environment model (CORPSE; Sulman et al., 2014) that simulates production and decomposition of leaf litter
and coarse wood litter carbon pools. LM3 was forced with time-varying atmospheric data from the Sheffield
et al. (2006) data set that includes shortwave and long-wave radiation fluxes at the surface, precipitation, tem-
perature, air pressure, specific humidity, and wind speed and direction. In addition, land use transitions follow
the historical time series of Hurtt et al. (2011) that was used as forcing for Coupled Model Intercomparison
Project phase 5 (CMIP5) simulations. Climatological monthly mean lightning flash density is sourced from
the 1996–2014 Lightning Imaging Sensor (LIS) and Optical Transient Detector (OTD) low-resolution monthly
time series product (Cecil et al., 2014), which was prepared as a climatology by Rabin et al. (2017). Human
population data are from History Database of the Global Environment (HYDE) 3.1 (Klein Goldewijk et al.,
2010) and interpolated linearly in time between data points to give annual populations. Initial conditions
from Rabin et al. (2017) for year 2001 are used for this set of simulations. Note that using initial conditions
developed with a FINAL.2 spin-up would lead to different results for this set of simulations, although the dif-
ferences are likely to be superficial. In general, output for years 2002 to 2009 are used for analysis.

The set of present-day simulations includes (1) FINAL.1 (Rabin et al., 2017), (2) FINAL.1 with separate tropical
and boreal optimized parameters (section 2.3), (3) FINAL.2 (fext = 0.5 fire day�1), (4) FINAL.2 (default; fext = 1
fire day�1), (5) FINAL.2 (fext = 3 fire day�1), and (6) FINAL.2 (fext = 5 fire day�1). Tunable parameters are opti-
mized for each model setup for simulations (2) through (6).

Global Biogeochemical Cycles 10.1002/2017GB005787

WARD ET AL. TRENDS AND VARIABILITY OF GLOBAL FIRE EMISSIONS DUE TO HISTORICAL ANTHROPOGENIC ACTIVITIES 127



The optimized FINAL.2 is then applied in a set of simulations covering the historical time period from 1700 to
2010. The basic LM3 framework remains the same as in the present-day simulations with the differences
being in how transient input data sets is applied. A potential vegetation spin-up is used to provide the initial
year 1700 conditions for these simulations. Here we define potential vegetation as themodel state with solely
natural land cover and no land use transitions applied. The spin-up is run for 300 years with preindustrial CO2

concentration of 283 ppmv (representative of the year 1800). The Sheffield et al. (2006) atmospheric forcing
from 1948 to 1972 is repeatedly cycled for all 300 years. Lightning input for these simulations is from a data
set based on a climatology of the World-Wide Lightning Location Network (Virts et al., 2013) that has been
extended by Pfeiffer et al. (2013) to cover the time period 1901 to 2013 using convection available potential
energy (CAPE) fields from the Twentieth Century Reanalysis project (Compo et al., 2011). Lightning flash den-
sity data for 1948 to 1972 are continuously cycled throughout the potential vegetation spin-up to match the
other atmospheric forcing. Three hundred years of simulation is sufficient to bring the above ground biomass
carbon pools and fluxes into quasi-equilibrium. During the last 50 years of spin-up the global total fire area
burned is 5.0 × 106 km2, with global emissions of 3.0 Pg C yr�1. We run a separate 300 years of potential vege-
tation spin-up with no impacts of fires on the carbon cycle of LM3 to produce initial conditions for a historical
transient run without fires.

Beginning in the initial year of the historical transient simulations, year 1700, with the initial conditions
from the potential vegetation spin-ups, Hurtt et al. (2011) annual land use transitions are applied and
human population increases following the HYDE 3.1 data set. Sheffield et al. (2006) atmospheric forcing
from 1948 to 1972 continues to be cycled until year 1948 when the forcing year is arranged to corre-
spond to the model year. Lightning forcing works similarly, cycling years 1948 to 1972 until the year
1948 when corresponding years are used for the remainder of the historical simulations. Global CO2 con-
centration remains at preindustrial values (283 ppmv) for 1700 to 1800 and begins to increase in year
1800 following the historical trajectory. The historical simulations are run from year 1700 to 2010, and
we test the sensitivity of trends and variability in fire emissions to various drivers by switching off, in
turn, transient population, land use, interannually varying lightning, and fire carbon cycle impacts.
Details of this set of five simulations are given in Table 1. For the analysis of the historical simulations
we do not include fire emissions from burned coarse woody debris on grasslands, including all agricul-
tural lands, noting that CORPSE is currently not configured to treat the decomposition of this litter pool
properly for this land cover type. This is solely a diagnostic adjustment since coarse woody debris does
not contribute to the aboveground carbon total that impacts fire spread rate.

Klein Goldewijk et al. (2017) describe an updated land use transitions data set, HYDE3.2, that includes
improved representation of rice agriculture and grazing statistics based on more recent census data and a
better understanding of time-varying per capita land use rates. Importantly for our assessment of FINAL.2,
HYDE3.2 contains substantially larger areas of crop and pasture land globally than in HYDE3.1, which we
are using for this study. Global cropland area in HYDE3.2 exceeds that of HYDE3.1 by nearly 1 × 106 km2 in
the year 1800, and year 1800 pasture area is doubled in HYDE3.2 compared to HYDE3.1 (Klein Goldewijk
et al., 2017). Yet midnineteenth century agricultural lands in HYDE3.2 are 40% lower than that reported in
the alternative prehistorical land use time series developed by Kaplan et al. (2012). Since crop and pasture
fire area burned is directly proportional to crop and pasture area in FINAL.2, the use of either of these higher
land use data sets to drive fires in our simulations would add substantial amounts of area burned to our glo-
bal totals during the 1700s and 1800s.

Table 1
Details of the Data Sets Used to Drive the Set of Historical Simulations (1700–2010) Described in Section 2.4

Simulation name Lightning Population Land use Fire effects

CTL Pfeiffer et al. (2013) HYDE 3.1 Hurtt et al. (2011) On
EXP1 Pfeiffer et al. (2013) HYDE 3.1 Natural land cover On
EXP2 Pfeiffer et al. (2013) HYDE 3.1 Hurtt et al. (2011) Off
EXP3 Pfeiffer et al. (2013) Constant year 1700 Hurtt et al. (2011) On
EXP4 LIS/OTD climatology HYDE 3.1 Hurtt et al. (2011) On
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3. Results
3.1. Model Evaluation

In the present-day simulations, FINAL.2 predicts extensive areas of crown scorch in the boreal forests, parti-
cularly in the Canadian RockyMountain region and in southern Siberia (Figure 1). Assessment of this aspect of
the model performance is difficult given the lack of regional-scale crown fire data available. Rogers et al.
(2015) developed a crown scorch index that incorporates observations of fire radiative power, postfire
albedo, and tree cover change. While not the same quantity produced by FINAL.2 (crown scorch fraction),
the crown scorch index illustrates where crown fires are likely to be most frequent and important in boreal
forests. Spatial comparison of the crown scorch fraction to the Rogers et al. (2015) index (Figure 1) largely vali-
dates the areas of maximum crown fire activity predicted by FINAL.2 in southern Siberia and northern
Canada/Alaska. However, the modeled crown fires in northern Europe and Scandinavia are not evident in
the observation-based scorch index (Figure 1). This could be a result of extensive forest management in
the Scandinavian countries that reduces the potential for large, intense fires (Stocks et al., 2001), a process
not represented in FINAL.2. Themodel is also not able to capture the difference in crown fire activity between
North American and Eurasian boreal forests. Rogers et al. (2015) show that this intercontinental distinction is a
result of differing tree species composition, another aspect not currently accounted for in LM3.

The Rogers et al. (2015) crown scorch index and other evidence (e.g., Wooster & Zhang, 2004) have estab-
lished that crown fires are more common in North America than in Asia. However, the satellite-retrieved for-
est cover data introduced by Hansen et al. (2013) has been used to show that stand-replacing fires do occur
frequently in Russia and exhibit seasonal and interannual variability (Krylov et al., 2014). As a proxy for crown
fires, stand-replacing fires are biased high since surface fires also lead to extensive vegetation die-off,
although with less frequency (Krylov et al., 2014). In a qualitative comparison, FINAL.2 is able to reproduce
the annual time series of crown fire fraction reported by Krylov et al. (2014) between 2003 and 2008 with
peaks in 2005 and 2007 (Figure S2). The model performs poorly in representing the seasonal cycle of the
stand-replacing fire fraction (Figure S2) which is observed to peak in late summer, and the latitudinal distri-
bution of the stand-replacing fire fraction (Figure S2) which is greatest between 60°N and 64°N (Krylov et al.,
2014). In general, of the total natural burned area (i.e., excluding cropland and pasture fires) produced by
FINAL.2 in Russia, roughly 2% to 4% is the result of crown fires (Figure S2). These estimates compare low
to a previous estimate of crown fire fraction in this region of 16% to 24% (Gromtsev, 2002). This suggests that
FINAL.2 is not fully capturing the enhanced fire ROS in boreal fires that spread to the crown.

Multiday burning in the FINAL.2 present-day simulations is important in the boreal regions but is more exten-
sive in the tropics where extinguishing events are less common during the lengthy dry season (Figure 2). As a
fraction of the total, multiday burned area is similar for tropical and boreal fires and generally ranges from
15% to 20%. For boreal fires, the percentage of area burned by multiday burning in FINAL.2 is probably an

Figure 1. Representations of crown fire activity in boreal latitudes from (a) LM3, the annual average crown scorch fraction (unitless) from the present-day simulations
(2002 to 2009), and (b) the crown scorch index from Rogers et al. (2015) (unitless) computed from data collected during 2003 to 2012.
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underestimate. Characterizations of observed boreal fire frequency and size suggest that the vast majority of
area burned (>90%) results from the small number of very large fires (<5%) that escape management and
burn for multiple days (e.g., Stocks et al., 2002). Since FINAL.2 is able to reproduce the distribution of fire
frequency against duration for boreal Canadian fires (Figure S1), we conclude that the model
underpredicts the burned area per fire for long duration events. This could result from coarse grid-
averaged wind forcing that does not include local high wind events (e.g., Lasslop et al., 2015), imposed
maximum ROS, or assuming a single ignition point for individual fires. The 30 day limit on fire duration
that we impose eliminates the potential for simulating the longest observed events, but with the current
model setup, boreal fire duration in FINAL.2 rarely exceeds even 20 days. The 2016 Fort McMurray fire in
Alberta, Canada, consumed over 700 km2 in a single day during its 40 day duration (Alberta Agriculture
and Forestry, 2017), whereas the FINAL.2 fire daily area burned for the boreal region between 2003 to
2009 reaches a rate of 30 km2 d�1 about twice a year, with six 100 km2 d�1 events in this time period, four
taking place during 1 year in North America.

The multiday fire burned area in FINAL.2 relies on uninterrupted periods of dry conditions and these are vari-
able on a year-to-year basis. At all latitudes, the IAV of multiday fire burned area, represented here by the
coefficient of variation of annual totals (2003–2009), far exceeds the IAV of single day fires (Figure 2). In this
way, the introduction of multiday burning acts to increase the IAV of global fire area burned.

3.2. Validation of FINAL.2

Optimizing the tunable parameters within FINAL.2 separately for boreal and nonboreal locations results in
different parameter values compared to the global optimization (Figure 3). With the new parameter set, both
boreal and nonboreal fires are responsive to changes in relative humidity. This makes relative humidity espe-
cially important as an extinguishing factor for multiday burning since it exhibits a diurnal cycle, typically
increasing at night. Also in both regions, particularly for boreal fires, burning will occur for higher values of
the soil moisture factor, θ, compared to FINAL.1. For FINAL.2, the impact of above ground biomass on fire
events remains roughly the same as for FINAL.1 in the tropics, but a much larger amount of biomass is
required to support burning for boreal fires. This could be a result of the optimization routine effectively scal-
ing down the boreal fire burned area that has been increased by enhanced ROS in crown fires and multiday

Figure 2. The spatial distribution of annual average burned area from wildfires (fires on natural or secondary lands) from the present-day LM3 simulations with all
wildfires in black and white and multiday burning burned area only in colors. The latitude band average fraction of burned area from multiday burning is shown in
the bar graph with the coefficient of variation represented by the stars for single-day burning (closed stars) and multiday burning (open stars).
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burning. In the tropics it appears that a similar scaling effect was accomplished by adjusting the moisture-
related functions, relative humidity, and θ (Figure 3).

To assess the relative performance of the two versions of the fire model, we compare the results from the
present-day simulations to burned fraction and carbon emissions data from the GFED with small fires
(Randerson et al., 2012) version 4 (GFED4s) for 2002–2009. Including the new optimized parameters and
the multiday fire and crown fire schemes in FINAL.2 leads to improvement in representation of boreal burned
fraction (Figure 4). These fires were missing in large part from FINAL.1, and while FINAL.2 shows a substantial
increase in this quantity compared to the previous model version (Figure 4d), it still underpredicts boreal fire
area burned in general (Figure 4e).

FINAL.2 burned fraction is decreased in equatorial regions, especially in Africa (Figure 4), where the high rela-
tive humidity is now a limiting factor for fires. Outside of the tropics, FINAL.2 generally simulates increased
fires compared to FINAL.1. This results from a combination of greater anthropogenic ignition rates
(Figure 3d) and the sustaining of multiday burning in areas with moderately moist soils (theta between 0.4
and 0.6) that do not support wildfires in FINAL.1. FINAL.2 results correlate better spatially with the GFED4s
(r2 = 0.68; log-transformed burned area data) than the FINAL.1 results (r2 = 0.40), and the global annual
burned fraction for FINAL.2 (431 Mha) is closer to GFED4s (467 Mha) compared to FINAL.1 (406 Mha).

The spatial correlation between the global annual carbon emissions from fires in FINAL.2 and the same quan-
tity in GFED4s (r2 = 0.66) also shows improvement (FINAL.1 r2 = 0.57) (Table 2). Overall, the differences
between FINAL.1 and FINAL.2 follow that of the burned area with increased boreal emissions in the new ver-
sion and a patchwork of increases and decreases in the tropics and temperate latitudes (Figure 5). Emissions
from fires are underpredicted compared to GFED4s in the tropics, especially in areas closest to the equator. In

Figure 3. Fraction of ignitions becoming fires as a function of (a) aboveground biomass, (b) relative humidity, and (c) soil
moisture, and (d) the number of ignitions as a function of human population for FINAL.1 (black line), FINAL.1 nonboreal
(blue, solid line), FINAL.1 boreal (blue, dashed line), FINAL.2 nonboreal (orange, solid line), and FINAL.2 (orange, dashed
line).
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FINAL.2, boreal emissions are high on average relative to GFED4s, even though the burned area is similar. This
could result from different fuel load or combustion completeness in LM3 compared to the model used to
produce carbon emission estimates in GFED4s and the different spatial distributions of the burned area
within the boreal region in FINAL.2 and GFED4s. For example, FINAL.2 overpredicts burned area in high-
carbon content areas including Scandinavia and northern Canada, leading to an even greater overprediction
of carbon emissions.

FINAL.2 results also show improved correlation with the time series of carbon emissions from GFED4s for the
years 2002 to 2009 (Figure 6; Table 2), while the time series of global area burned for FINAL.2 and FINAL.1 are
nearly identical (Figure S3). In FINAL.1, fire emissions in the Northern Hemisphere winter are large compared

Figure 4. The spatial distribution of annual average burned fraction from all fires for (a) FINAL.2, (b) FINAL.1, (c) GFED4s, averaged over years 2003–2009, (d) the dif-
ference between FINAL.2 and FINAL.1 and (e) the difference between FINAL.2 and GFED4s.

Table 2
Fire Carbon Emissions Statistics From Years 2002–2009 of the Present-Day Simulations Using FINAL.1 and FINAL.2 Compared to the Values for GFED4s From the Same
Time Period

Annual mean (Tg C) Coefficient of variation Temporal correlation coefficient Spatial correlation coefficient

Region FINAL.1 FINAL.2 GFED4s FINAL.1 FINAL.2 GFED4s FINAL.1 FINAL.2 FINAL.1 FINAL.2

BONA 17 121 71 0.58 0.50 0.43 0.06 0.48 0.06 0.29
TENA 56 34 16 0.46 0.21 0.37 0.50 0.62 0.06 0.37
CEAM 51 41 23 0.30 0.22 0.56 0.75 0.57 0.62 0.69
NHSA 40 29 28 0.23 0.17 0.48 0.49 0.76 0.27 0.36
SHSA 339 389 284 0.28 0.21 0.50 0.46 0.82 0.51 0.68
EURO 21 22 5 0.22 0.05 0.22 0.42 0.80 0.38 0.26
MIDE 10 22 1 0.39 0.32 0.23 0.31 0.74 0.33 0.35
NHAF 547 406 428 0.10 0.08 0.06 0.63 0.91 0.79 0.78
SHAF 742 608 668 0.12 0.13 0.04 0.75 0.94 0.76 0.79
BOAS 23 164 133 0.10 0.27 0.70 0.44 0.51 0.41 0.47
CEAS 159 144 70 0.51 0.22 0.12 0.69 0.60 0.55 0.64
SEAS 134 55 104 0.29 0.16 0.32 0.22 0.78 0.30 0.59
EQAS 14 7 97 0.12 0.15 0.80 0.47 0.65 0.44 0.37
AUST 85 200 95 0.21 0.22 0.46 0.77 0.62 0.69 0.69
GLOBAL 2236 2272 2021 0.07 0.09 0.09 0.40 0.86 0.57 0.66

Note. Correlation coefficients are computed between the fire model indicated and the GFED4s data set.
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to GFED4s, especially in North Africa and Central America, altering the seasonality of the global emissions.
The Fire Inventory (FINNv1.5; Wiedinmyer et al., 2011) and the Global Fire Assimilation System (GFASv1;
Kaiser et al., 2012) data sets are derived from an active fire product that captures small fires emissions more
effectively than the area burned-based GFED4s. Emissions from small fires are especially important in Central
America and Southeast Asia where agricultural waste burning is prevalent (Andela et al., 2013). Southeast
Asia emissions are particularly high in FINNv1.5, contributing to the February/March maxima in global emis-
sions shown for this inventory in Figure 6. FINAL.2 does not capture these maxima but does match well with
FINNv1.5 estimates of Central America fire emissions. Both versions of FINAL overestimate temperate North
America emissions with respect to GFED4s (Table 2) but are a better match with GFASv1, which reports more
extreme fire seasons in that region than FINNv1.5 or GFED4s. There is sufficient disagreement among the dif-
ferent satellite product-based fire emissions inventories that the annual cycle of fire emissions from both
FINAL.2 and FINAL.1 lie within the inventory range (Giglio et al., 2013; Kaiser et al., 2012; Wiedinmyer et al.,
2011). However, FINAL.2 correlates better with the GFED inventory that is used for optimization in both cases.
Changes in the interannual variability of boreal fire emissions between FINAL.1 and FINAL.2 are not apparent
from the global totals shown in Figure 6 which are dominated by tropical fires.

Figure 5. The spatial distribution of annual average carbon emissions from all fires for (a) FINAL.2, (b) FINAL.1, (c) GFED4s, averaged over years 2003–2009, (d) the
difference between FINAL.2 and FINAL.1, and (e) the difference between FINAL.2 and GFED4s.

Figure 6. Timeseries of carbon emissions from fires (red lines; Tg C month�2) output from the present-day set of simulations for (a) 2003 to 2009 from FINAL.1,
(b) annual cycle (averaged over 2003 to 2009) from FINAL.1, (c) 2003 to 2009 from FINAL.2, and (d) annual cycle (averaged over 2003 to 2009) from FINAL.2
compared to data from GFED4s (yellow lines), GFASv1 (blue lines), and FINNv1.5 (purple lines).
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3.3. Historical Impacts of Fires on Carbon Cycle

After the 300 year spin-up of LM3 with potential vegetation, the presence of fires has altered the spatial dis-
tribution of vegetation, particularly in the tropics. Fires cause the expansion and maintenance of grassland
ecosystems in LM3 in parts of central Africa, northern Australia and India (Figure 7), an effect also noted in
the nineteenth century in Africa (Brönnimann et al., 2009). The spatial distribution of grasses replacing forest
in the tropics closely resembles the pattern shown in Bond et al. (2004), which demonstrated that “switching
off” fires in a dynamic global vegetation model affects forest-grass boundaries, although that study was
using a fairly simple representation of fire occurrence and fire C flux. A more recent study shows that
multiple stable ecosystem states can be achieved with some models in tropical regions due to feedbacks
between fires and fractional tree cover (Lasslop et al., 2016). Bond et al. (2004) also found a reduction of
extratropical forest area by fires in their simulations, especially in Europe, and also noted that species
composition may be dramatically altered by fires in boreal forests even if the region remains forested.

In FINAL.2, midlatitude and boreal fires are not frequent enough to
maintain levels of biomass below the LM3-defined threshold for
the forest biome, except in a few isolated locations, including some
along the European Mediterranean coast (Figure 7). Improved
accounting of crown fires and their effects on vegetation could lead
to a different equilibrium state in boreal forests, possibly with
reduced forest area.

In addition to perpetuating grasslands in the tropics, fires also maintain
lower carbon storage in forests by stunting vegetation growth and by
removing dead biomass carbon, such as leaf litter and coarse woody
debris, from the terrestrial biosphere, while net primary production
remains similar with or without fires (Figure 8) (Yue et al., 2015).
Model results show that these maintenance effects could lead to an
atmospheric CO2 concentration that is 40 ppm higher compared to a
world without fires (Ward et al., 2012). In FINAL.2, fires reduce the living
biomass carbon by about 100 Pg C after the potential vegetation spin-
up, with this difference decreasing to about 50 Pg C during the twenti-
eth century (Figure 8), an indication that the carbon flux from the bio-
sphere to the atmosphere from all types of disturbance, mainly LULCC,
is decreased when fires are included. Fires reduce the amount of car-
bon available to be released to the atmosphere or into litter and

Figure 7. The difference in fractional area of grassland between the FINAL.2 spin-up simulations with and without fires
superimposed onto the distribution of vegetation species at the end of the spin-up simulation.

Figure 8. Twenty-five year running average time series of (a) net primary pro-
ductivity (NPP) (Pg C yr�1) and (b) total living biomass (Pg C) from 1700 to
2010 for the CTL (blue), EXP1 with no LULCC (green) and EXP2 with no fires
(orange).
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product pools following deforestation or vegetation harvesting. This effect was also shown by Ward and
Mahowald (2015), which attributed about half of this carbon flux reduction to lower LULCC carbon
emissions and half to LULCC-driven reductions in fire activity.

The carbon flux to the atmosphere from fires in FINAL.2 increases from 3.0 Pg C yr�1 in 1700 to 3.3 Pg C yr�1

by the year 1900, peaks at 3.4 Pg C yr�1 in the year 1920 and then begins to decline in recent decades
(Figure 9b). The late twentieth century decrease reflects a transition from fires burning mostly natural and
secondary lands to fires burning more area on agricultural lands that on a global basis contain less biomass
and emit less carbon (Figures 9a and 9b). The historical trend in fire emissions shown here agrees with the
model results of Pechony and Shindell (2010) (who report fire counts instead of emissions), Kloster et al.
(2010), and Ward et al. (2012). The latter two studies use an earlier version of the Li et al. (2012, 2013) model
that was the basis for FINAL. Reconstruction of global fire activity using charcoal sediment data suggests that
fires peaked in year 1870 before beginning to decline (Marlon et al., 2008). Uncertainties remain with regard
to age estimation of charcoal samples and in estimating emissions from the accumulation rates, which are
affected by many natural processes (Marlon et al., 2016), but on a global scale this proxy can be used to indi-
cate long-term trends. A more recent analysis of an expanded, global charcoal sediment data set shows a sec-
ondary maximum of global fire emissions in the midtwentieth century (Marlon et al., 2016), similar in a
qualitative sense to the FINAL.2 historical time series. van Marle et al. (2017) developed a fire emissions data
set that will be used to drive CMIP6 models by combining satellite retrievals with proxy records and model
results. Their time series shows relatively constant global fire emissions between the years 1750 and 2010
with a small decline after the 1990s. Other historical data sets that report burned area as a measure of fire

Figure 9. Time series from 1700 to 2010 of (a) burned area and (b) carbon emissions for all fires annual average (gray) and
25 year running average (black), and for natural land type (blue), secondary land type (green), pasture (orange), and
cropland (yellow), all 25 year running average. Time series from 1800 to 2010 of (c) burned area and (d) carbon emissions
for experiments CTL (blue), EXP1 (red), EXP3 (orange), and EXP4 (purple).
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activity show an increase between 1900 and today (e.g., Mieville et al.,
2010; Mouillot & Field, 2005). In contrast to FINAL.2, recent satellite ana-
lysis of area burned shows a steep decline (24%) over the past 18 years
(Andela et al., 2017) as a result of expanded land use.

3.4. Impacts of Population/LULCC on Global Fire Trends
and Variability

Changes in human population between 1800 and 2010 drive global fire
emissions downward, with almost all of this decrease realized since
1970 (Figure 9d). Population growth leads to increased fire events in
FINAL.2 due to additional fire ignitions until population density exceeds
about 5–10 people per square kilometer (Figure 3). At the higher popu-
lation density, suppression of fires becomes the dominant effect.
Population densities in the year 2010 for boreal forests do not exceed
10 people per square kilometer in most locations, but in tropical and
subtropical regions that are prone to fires, these higher population

densities are common. As human population rapidly increased in the tropics and subtropics during the latter
half of the twentieth century, the suppressive effect of people became large enough to decrease fire emis-
sions by about 10% (Figure 9d). Previous modeling efforts have shown a near-neutral contribution (Kloster
et al., 2010), a large positive contribution peaking midcentury (Pechony & Shindell, 2010), and a small nega-
tive contribution (Knorr et al., 2016; Yang et al., 2014) of population growth to the twentieth century fire
trend. Much of the disagreement stems from differences in the parameterization of the population impact
on fire suppression between models. On a global scale, our results are consistent with the analyses of
Bistinas et al. (2014) and Knorr et al. (2014) who showed using observational data sets that the principal effect
of population on fires is suppression, whereas additional ignition by people is a relatively minor effect.

The effect of historical LULCC has also been to decrease global fire activity, but with both a larger and
longer-term impact than human population growth (Figure 9). The replacement of natural land fires with
lower biomass agricultural land fires, especially in the tropics, reduces global fire emissions by about 30%
by the year 2010 in FINAL.2. Earlier modeling studies (i.e., Kloster et al., 2010; Pechony & Shindell, 2010)
show reductions in global fire emissions due to historical LULCC of between 5% and 20%, but more
recent analysis suggests a larger role for LULCC (Andela et al., 2017). We expect that the use of a higher
land use data set, such as HYDE3.2 (Klein Goldewijk et al., 2017) to drive land use transitions would lessen
the gradual increase in fire emissions during the 1700s and 1800s shown in Figure 9. This could improve
the comparison of our results with the historical emissions inventory produced by van Marle et al. (2017).
Most global fire models are structured such that LULCC can decrease fires on natural lands indirectly by
reducing the average aboveground biomass of the grid cell (Ward & Mahowald, 2015). Here because of
the tiling framework of LM3, natural lands’ aboveground biomass is not reduced by adjacent land cover
changes within a grid box, thereby removing this potential artifact of averaging biomass for fire modeling
on the coarse model resolution. Fire size in FINAL.2 may still be reduced by fragmentation of the land-
scape, which is related to LULCC (Rabin et al., 2017).

Interannual variability of fire emissions, shown for 20 year segments in Figure 10, does not exhibit a trend in
the historical period. We compute the coefficient of variation of the 20 year segments using only nonagricul-
tural fire emissions. When a climatological annual cycle of lightning is used to drive fire ignition (EXP4) in
place of the interannually varying data set, global fire emissions IAV is reduced, but the reduction is small.
Recent observational evidence shows lightning can be a major driver of year-to-year variability in fire area
burned in Alaska (Veraverbeke et al., 2017). However, FINAL.2 shows little change in boreal North America fire
emissions variability when using an annual lightning climatology (EXP4) compared to CTL, suggesting that
FINAL.2 is more responsive to variability in atmospheric and fuel moisture than lightning. A more realistic
representation of fire ignition would include observed or modeled lightning strikes that are synchronous with
the meteorology used to drive the land model (Felsberg et al., 2017) and could be used to explore the impor-
tance of lightning proposed by Veraverbeke et al. (2017). Differences in IAV caused by interannually varying
lightning and population change are smaller than the range in IAV in the CTL during the 1800 to 2010 time
period. In contrast, when LULCC is excluded, nonagricultural fires become much more variable from 1970 to

Figure 10. Coefficient of variation of global, annual fire emissions calculated for
20 year segments and plotted at the ending of every segment. The values for the
different experiments are compared to values from present-day inventories
(FINNv1.5; Wiedinmyer et al., 2011; GFASv1; Kaiser et al., 2012). Note the value for
the GFED4s is different than the value given in Table 2 because here we compute
the variability over a different time period (1997 to 2014).
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2010. This effect of land use on fire variability is evident in all major agricultural regions for the most recent
20 year segment (Figure S4b).

The separate representation of pasture and cropland fires in FINAL improves the seasonality of fires (Rabin
et al., 2017) by accounting for the different timing of pasture and cropland burning, which is driven partially
by human decision-making. However, the interannual variability of combined agricultural and nonagricul-
tural fire area burned and emissions is reduced by our use of a single, averaged annual cycle for fractional
area burned on crop and pasture lands. In general, agriculture and other land maintenance fires are more

Figure 11. Linear regression coefficient of annual fire emissions (kg C m�2 yr�2) at each grid point for the CTL experiment (a) years 1700–1920, and (b) years 1920–
2010, for the CTL experiment minus EXP1 (c) years 1700–1920, and (d) years 1920–2010, and for the CTL experiment minus EXP3 (e) years 1700–1920, and (f) years
1920–2010.
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consistent from year to year than wildfires (Giglio et al., 2013), but the areal extent of human-controlled fires is
still dependent in part on the ambient conditions. In Indonesia, land-clearing fires are set on an annual basis
but spread beyond the intended area during dry years or even short dry spells (Gaveau et al., 2014; Marlier
et al., 2015). In all, FINAL.2 fire IAV is artificially reduced by the use of a single annual cycle of fractional area
burned for agricultural fires. Moreover, the crop and pasture fractional area burned data sets were developed
for modern-day agricultural practices. Strategies and rules governing the use of fire in agriculture change
over time. We recommend future development that accounts for these changes to produce a more represen-
tative historical simulation of agricultural fires.

3.5. Regional Trends in Historical Fire Activity

Trends in fire emissions are spatially heterogeneous and on a regional basis do not always conform to the glo-
bal trend. Instead, different fire drivers dominate in different areas depending on the local land use, demo-
graphic, and climate changes. Between 1700 and 1920, fire emissions increase in nearly all regions
(Figure 11a). In South Asia fire emissions decrease, which can be explained partly by LULCC that took place
over this time period, without a large impact of population change (Figures 11c and 11e). Emissions increase
over central Asia and Europe in response to LULCC. Much of the increase in fire emissions in tropical Africa and
South America can likewise be attributed to LULCC between 1700 and 1920. After 1920 and through 2010,
fires maintain trends from the previous time period across Eurasia, the Americas, and Australia, with minor
exceptions in the eastern United States and parts of Europe (Figure 11b). However, major changes are evident
in Africa where some areas continue to experience a high rate of increase in fire emissions, but fires have
greatly decreased in adjacent grid points, containingmostly savanna and also some forests. These contrasting
trends are driven largely by LULCC (Figure 11d), and it is the decreasing trends in Africa that drive the global
mean fire emissions downward in the second half of the twentieth century. Figure 11 illustrates that global
fire emissions would be much greater in present-day Africa without the human impacts on land cover, while
South American fires would be greatly decreased. This is consistent with our understanding of the impacts of
the conversion of tropical landscapes to croplands on fires, thought to have led to a global decrease in fires
(e.g., Houghton et al., 1999), particularly in Africa (Andela & van der Werf, 2014) and South Asia (Yang et al.,
2014), but with increases in fire activity in South America (e.g., Nepstad et al., 2006; Chen et al., 2013). The
impact of changing population on fire emissions in the tropics is minor except for a few small areas where
large human population change coincides with an active fire zone (Figure 11f). In contrast, population change
is the major driver of increases in boreal fire emissions between 1920 and 2010 in the FINAL.2 simulations.

4. Conclusions

FINAL.2 combines an optimized version of the Li et al. (2012, 2013) fire model with fire intensity following
Thonicke et al. (2010), multiday burning in the vein of Le Page et al. (2015), and the agricultural fire model
from Rabin et al. (2017) to create a unique modeling system with reduced biases in boreal fires compared
to FINAL.1 and more accurate interannual variability in global fire emissions. In a study of historical fire IAV,
we find that the variability of global fire area burned and emissions does not change substantially during
the historical period in our simulations but is impacted by LULCC. Nonagricultural fires are less variable on
an interannual basis during the latter half of the twentieth century due to LULCC.

Evidence from proxy records of past fire activity and written records suggest that global average emissions
from fires have decreased during the twentieth century. We find that this decrease is tied closely to land
use land cover changes, with the expansion of crop and pasture lands leading to increased area burned glob-
ally but fewer emissions, as carbon-dense forests are replaced with agricultural lands with lower biomass
vegetation. Our results also show about a 10% reduction in present-day fire emissions from increases in
human population, consistent with the work of Knorr et al. (2016) on fire suppression.

While the predictions of the fire model are improved, FINAL.2 does contain limitations in its representation of
global fire activity. Deforestation occurs as a land use land cover change in LM3, but the carbon removed dur-
ing this process is sent to long-lifetime wood product and litter pools instead of being released immediately
into the atmosphere by fire, as occurs in some regions. According to van der Werf et al. (2010), deforestation
is the dominant fire type throughout much of the tropical forests and accounts for up to 25% of global fire
emissions. Past modeling efforts put the percentage of global carbon emissions from deforestation fires
between about 10% and 25% (Kloster et al., 2010; Li et al., 2013). If this source of carbon emissions, which
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is most important beginning in the midtwentieth century, was included in FINAL.2, we would expect to see a
smaller late twentieth century decrease in global fire emissions or possibly an increasing trend during that
time period. The burning of peat carbon is not included in FINAL.2 (a peat fire scheme has been developed
by Li et al., 2013 and used in other models). These smoldering fires are especially important in equatorial Asia,
where draining of peatlands during land use has made the landscape more combustible and the fire emis-
sions more variable from year to year. Fire emissions in equatorial Asia come almost entirely from deforesta-
tion, degradation, and peat burning (van der Werf et al., 2010). This explains, to a large degree, why FINAL.2
under predicts fire emissions in this region (Table 2). Including representation of peat fires, along with defor-
estation and degradation fires, could lead to substantial improvement in the model simulation of global fires
and fire emissions.

Altogether, we are now able to better simulate the spatial distribution and IAV of global fires within the GFDL
modeling system. The ability of FINAL.2 to better match the observed year-to-year variations in global fire
emissions suggests that the response of the model to fluctuations in climate has been generally improved
relative to previous studies. This lends confidence to FINAL.2 for simulating future changes in fire activity
related to a changing climate. Past modeling studies generally conclude that future climate change will lead
to greater fire activity globally (e.g., Kloster et al., 2012). Our results suggest that these increases may be tem-
pered by continuing land use and land cover changes, particularly tropical deforestation, similar to the con-
clusions of Andela et al. (2017). Standard outlooks of land use for driving models project a reduction in
tropical deforestation, although these may underestimate present-day deforestation and be too optimistic
about future rates of forest loss (Hansen et al., 2013; Mahowald et al., 2017).

Fires in the northern forests of Asia and North America are thought to be especially responsive to warming
temperatures because temperature-dependent factors including warm season length and relative humidity
are important predictors of fire activity in these regions (Flannigan et al., 2009). These fires may also depend
considerably on changes in lightning activity (Veraverbeke et al., 2017). Here where the anthropogenic
impact on land cover is small, trends and variability in fires are driven by the occurrence of extreme fires.
Our updates to the existing global fire model improve representation of long-lived, fast-moving fires but
appear to be too conservative to capture megafire events. Future development in this area with an aim
toward improved simulation of the frequency-area distribution of fires could improve our confidence for
modeling future changes in boreal fire activity.
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